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Abstract

Crop wild relatives are important for agriculture due to the genetic richness they possess.
They have been used in plant breeding to develop high yielding varieties; varieties with im-
proved resistance to biotic and abiotic stresses, and enhanced nutritional content. Securing their
conservation in the long-term is critical to enable the continuous development of crops’ vari-
eties able to respond to future challenges. The work presented in this thesis is a contribution to
the effort of understanding the ex situ conservation gaps of crop wild relatives, their expected
response to climate change and their needs for conservation. Methods used in this thesis include
species distribution modelling, gap analyses, a case study assessing the preliminary IUCN Red
List categories, species distribution projections onto future climate change scenarios, and an
estimation of the global value of crop wild relatives based on their likelihood of being used in
plant breeding, and the contributions of their associated crops to human diets and agricultural
production systems. The methods used here can be applied to more crop gene pools for global
conservation planning, and can also be adapted for analysis at the regional and national level.
The results presented here are being used to improve the conservation of the wild relatives of

29 crops.
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CHAPTER 1

INTRODUCTION

1.1 Context

Agriculture is an important economic activity, contributing up to a third of the Gross Domestic
Product (GDP) in low income countries, providing employment to one of three people living in
low and lower income countries and is a driving force of rural development in least-developed
countries (FAO et al., [2012; The World Bankl, 2014alb). Moreover, agriculture is the basis of
food security and nutrition.

Multiple studies had shown that agriculture will be negatively affected by climate change
(Challinor et al.| 2014 |Porter et al., 2014). This, in combination with a growing population
demanding food, less natural resources available for food production, and the need of reducing
the negative impacts of agriculture to the environment, pose the challenge of producing more
food in a more sustainable manner (Foley ez al., 2011; Tilman et al., 2011).

Having access to the total wealth of genetic diversity and using it to develop crop varieties,
is one of the strategies we can rely on for making agriculture more sustainable and at the same
time resilient to climate change (Foley et al.,[2011; /Guarino and Lobell, 2011; McCouch et al.,
2013). Many modern cultivars have been described as having a narrow genetic base (Kannen-
berg and Falk, [1995; van de Wouw ef al.l 2009), therefore securing novel sources of genes that
can help expanding the genetic base of crops is warranted. Crop wild relatives (CWR) have not

undergone the genetic bottleneck as domesticated species had, allowing them to carry a wide



genetic diversity, and thus, they can be used as a source of genes for cultivated species (Doeb-
ley et al.,|2006; McCouch et al., 2007; van de Wouw et al., 2009; Fuller et al., [2014). Despite
their importance, crop wild relatives are currently under-represented in ex sifu collections and
their habitats are exposed to threats that can jeopardize their availability in the future (FAO|
2010; Ureta et al., 2012). Understanding the current status of ex sifu conservation, the geo-
graphical distribution patterns and the threats potentially affecting crop wild relatives can help
to guide future conservation efforts, and therefore, enhance their availability for being used in

crop improvement.

1.2 Relevance of agriculture in the world

Agriculture plays a key role in income generation and human nutrition globally. In 2012, Agri-
culture contributed 12.5% of the global Gross Domestic Product (GDP), representing up to 33%
and 17% of the GDP in low and lower middle income countries respectively (The World Bank,
2014a.b). This sector provides employment to 17-30 % of the workforce in lower and upper
middle income countries (see Figures [I.1]and [I.2)). In addition, about 2.5 billion people (35%
of world population) depend directly from agriculture for their livelihoods (IFAD and UNEP,
2013).

Agricultural systems vary around the world, from industrialized holdings growing crops for
food, animal feed and biofuels, to small sized farms providing around 35% of the global pro-
duction of maize, soybean, wheat and rice altogether (Syngenta, 2013). Moreover, a large share
of smallholders in the world are involved in agriculture (about 85% of the farms worldwide
have an extension of less than two hectares. See Figure [I.3). Smallholder agriculture plays
an important role in food security and nutrition. For instance, Asia and Sub-Saharan Africa,
consume 80% of the agricultural output produced by smallholders, and Latin America and the
Caribbean consume 73% of the regional production (Berdegué¢ and Fuentealba, |[2011; IFAD and
UNEP, 2013)).

Likewise, strong linkages between agriculture and poverty alleviation have been found, with
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noticeable differences between regions (Irz ef al.,2001)), where least-developed countries more
benefited from agriculture to reduce poverty (FAO et al| 2012). Impact assessments of in-

vestments in research and development (R&D) for agricultural productivity growth have shown

positive effects reducing poverty in Africa, Asia and a handful of countries in Latin Amer-

ica (Thirtle ez al., [2003). Due to the aforementioned considerations, agriculture, in particular

that involving smallholders, is being promoted as a means to guarantee food security, improve

nutrition and foster economic growth in the world (HLPE, [2013).



1.3 Constraints and challenges for agriculture

According to the Intergovernmental Panel on Climate Change (IPCC), Fifth Assessment Report
(ARS), agriculture is considered one of the major economic activities contributing to green-
house gas emissions (GHG), particularly non-CO; emissions as methane and nitrous oxide, ac-
counting for 10-12% of the global GHG derived from human activities (Ahammad et al.| 2014).
Main sources of such emissions are the use of manure and synthetic fertilizers and paddy rice

cultivation (Figure [I.4).

Figure 1.4: Agriculture GHG emissions in the last four decades. Source: |[Ahammad et al.
(2014)).

Simultaneously, agriculture is being affected by climate change. Effects of climate change
like warmer temperatures, changes in precipitation patterns and an elevated concentration of
CO; and O3 in the atmosphere, affect negatively the productivity of crops (Ainsworth et al.,
2012; |Ruiz-Vera et al., [2013)), even under the assumption that adaptation measures are imple-

mented on time (Porter et al., 2014). It is expected that by 2030, reductions of crop yields



will become more evident as a consequence of higher temperatures (Porter ef al.l 2014). In a
meta-analysis, Challinor ef al.| (2014)) described the impact of climate change in three major
cereals (maize, wheat and rice), in temperate and tropical areas, finding that general losses of
crop yields may occur with a rise of 2 °C in temperatures, and crop productivity in the trop-
ics is expected to be comparatively more affected than crop productivity in temperate regions.
Similarly, studies assessing the vulnerability of crops of importance for food security found a
significant reduction in crop productivity by mid-century, as it is the case for sorghum (-17%
of its current production), millet (-17%), groundnut (-18%) and cassava (-8%) (Schlenker and
Lobell, 2010). Multiple studies have analyzed the impact of climate change in areas consid-
ered climatically suitable for growing bananas, beans, potatoes and cassava globally, finding an
overall reduction of suitability in most cases, with the exception of cassava, where new areas
meeting the climatic requirements of the crop are likely to appear towards the outer limits of
the tropical belt (Beebe et al.,[2011; Ramirez et al., 2011; Schafleitner ef al., 2011; Jarvis et al.,
2012)). Besides the negative effects in crop yields and shifts in climatic suitable geographies,
climate change is expected to affect the nutritional content of crops and forages (Taub et al.,
2008} |Perring et al.,[2010; Myers et al., 2014).

At the same time, a higher pressure on food systems is expected as human population is
likely to increase to 9.6 billion people by mid-century (United Nations, |2013), along with the
increasing intake of calories obtained from fewer crop commodities as wheat, rice and maize
(FAO et al.,2012; Khoury ef al., 2014), and growing consumption of animal derived products
like meat, eggs and dairy as a consequence of higher incomes and purchasing power around
the world (Delgado, [2003; Cordell et al. 2009; Msangi and Rosegrant, |2011). Moreover, in-
puts such as water for irrigation, fertilizers and arable land, required for food production are
becoming scarcer and/or more unevenly distributed around the world (Rosegrant et al., 2002;
Van Vuuren et al.,|2010), and the trade-offs associated with the use and exploitation of such re-
sources, are compelling reasons to explore an enhanced and more efficient use of the resources

required for crop production (Foley et al.l 2005 Bodirsky et al.| 2014).



1.4 Plant genetic resources and agriculture

Plant genetic resources (PGRs), as functional elements of biodiversity, are sources of diver-
sity of genetic material within plants important for agriculture including plant landraces, ge-
netic stock, primitive forms of cultivated species, modern and obsolete cultivars, breeding lines,
weeds, wild relatives and unrelated species (Hawkes et al., 2000). Historically, humanity has
benefited from PGRs in multiple ways. Landraces of maize (Zea mays L.) are reported to be
used to prepare traditional dishes in North and Central America (CONABIO, 2012), traditional
cultivars of achiote (Bixa orellana L.) have been used as a natural dye since pre-Columbian
times (Smith and Schultes, [1990) and Oryza glaberrima Steud. has been reported to be used
in rituals in West Africa (Linares, |2002), just to mention few cases. Likewise, plant genetic
resources are key elements of livelihoods and a safeguard strategy in case of harvest failures for
some communities (Olson et al., 2012; [Vasconcelos et al.| [2013; |[Zimmerer, [2013)

Similarly, modern plant breeding has relied on plant genetic resources and associated allelic
diversity to produce hybrids and varieties with certain characteristics as higher yields, better
resistance and tolerance to pest and diseases, enhanced nutritional content, improved end-use
quality and more recently, to broaden the genetic base of some crops (IRRI, |1990; [Hoisington
et al.,|1999; Gepts, 2006). Likewise, plant breeding has been considered as one of the strategies
with potential to improve crop productivity, to enhance the efficient use of agricultural inputs
and to adapt crops to the climatic conditions expected under climate change (Singh ez al., 2009;
Subbarao et al.,[2009; Ceccarelli et al., 2010; Godfray et al., 2010; [Foley et al., 2011).

Given the importance and potential of plant genetic resources for global agriculture, differ-
ent initiatives and strategies have been put in place to facilitate the access, conservation and use
of such resources globally. Some remarkable milestones in this effort are: the FAO/IBP Tech-
nical Conference on the Exploration, Utilization and Conservation of Plant Genetic Resources
(1976) where concerns were raised over the rapid loss of genetic diversity and discussions on
long term conservation strategies for breeding (i.e., ex sifu and in situ approaches) took place
(Pistorius, [1997); the establishment of a global network of genebanks and further collection of

120,000 new accessions coordinated by the International Board for Plant Genetic Resources
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(IBPGR) (1974-1984) (Pistorius, |1997); and the negotiations and following adoption of the In-
ternational Treaty on Plant Genetic Resources for Food in Agriculture (ITPGRFA) which pro-
vides the basis for facilitating access and benefit sharing derived from the use of PGRs (FAO,
2009).

There are about 7.4 million accessions conserved ex situ, with a large proportion of them
believed to be duplicates (65-70% of the total accessions) (FAO, 2010). However, some cate-
gories, in particular the crop wild relatives (CWR) are still inadequately represented (10% of
the total holdings), especially in crop groups like food legumes (4%), fibre crops (4%), cereals
(5%) and vegetables (5%) (FAO. 2010).

1.5 Crop wild relatives

1.5.1 Definition of CWR

Crop wild relatives are the wild and weedy taxa genetically related to crops, including their
ancestors (Maxted et al.l 2006; Heywood et al., 2007). Unlike their associated crops, CWR
have not undergone the genetic bottleneck of domestication, dispersal and modern breeding,
resulting in CWR being more genetically diverse than their cultivated counterparts, as it has
been evidenced for some crops like pearl millet [Pennisetum glaucum (L.) R. Br.] (Mariac et
al., 2006)), wheat (Triticum aestivum) (Reif et al., 2005]), pigeonpea [ Cajanus cajan (L.) Millsp.]
(Yadav, 2012), soybean (Glycine max) (Lam et al.l 2010), and African rice (Oryza glaberrima)
(Nabholz et al., 2014). Thanks to the genetic diversity, unique traits, adaptations to particular
environmental conditions and relative easiness for crossing with cultivated species, CWR are
important for plant breeding and therefore agriculture (Dale, 1992; Tanksley and McCouch),
1997).

Various classification schemes have been proposed to describe the degree of relatedness of
crop wild relatives and their associated crops. Harlan and de Wet (1971)) proposed the Gene

Pool concept, composed by the category primary gene pool (GP-1) subdivided into GP-1a for



cultivated taxa, and GP-1b for spontaneous taxa, the secondary gene pool (GP-2) for the taxa
that can cross with the crop but may produce sterile hybrids, and the tertiary gene pool (GP-3)
for the taxa that produces sterile hybrids when crossed with the crop, and additional biotech-
nological tools are required for rescuing the offspring produced after the crossing. However,
hybridization essays between CWR taxa and cultivated species have been performed and re-
ported for a handful of crops, and therefore alternative working definitions have been proposed.
Maxted et al.|(2006) proposed the Taxon Group concept as a mean to predict the degree of relat-
edness between CWR taxa and their associated crop based on taxonomic hierarchy. The Taxon
Group concept contains the levels: Taxon Group la (TGla), enclosing the cultivated species;
Taxon Group 1b (TG1b), including the subspecies and varieties of the cultivated species; Taxon
Group 2 (TG2), enclosing the taxa of the same series or section as the crop; Taxon Group 3
(TG3), composed by the taxa in the same subgenus as the crop; Taxon Group 4 (TG4), for the
taxa of within the same genus as the crop; and Taxon Group 5 (TGS5) containing the taxa from
the same tribe but different genus than the crop. Wiersema et al.| (2012)) proposed the genetic
relative concept. This concept uses data on phylogeny, ploidy, reproductive biology, and reports
of natural hybridization events to define four ranks: the primary genetic relative status (PGR),
the secondary genetic relative status (SGR), the tertiary genetic relative status (TGR), and the
graftstock class for perennial species that are used as grafts. Finally, the provisional gene pool
concept is used when no gene pool concept has been reported in literature, but published evi-

dence of crossings is available (Vincent ez al.,2013) (Figure[L.5).

1.5.2 Utilization of CWR

CWR have been used in crop breeding as novel materials to increase the genetic diversity and
broaden the genetic base of crops, and as sources of various traits, some examples include: resis-
tance to coffee leaf rust in Coffea arabica derived from C. canephora and C. liberica (Anthony
et al., 2011), resistance against rust and late leaf spot in peanut (Arachis hypogaea) obtained
from A. cardenassi Krapov. & W.C. Gregory (Moss et al.,|1997), tolerance to corn rootworms

in Zea mays L. through crossings with Tripsacum dactyloides L. (Prischmann et al., 2009),
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Figure 1.5: Classification schemes of the degree of relatedness of CWR to their associated
Ccrops.

changes in the size of leaves and inflorescence in pearl millet as a result of introgressing Pen-
nisetum squamulatum (Dujardin and Hannal,|1989), enhanced yields in barley by using Hordeum
vulgare subsp. spontaneum and chickpea using Cicer reticulatum, improved end-use quality of
tomatoes using Solanum chmielewskii for increasing the soluble solids content in tomato fruits
(Rick and Chetelat, 19935)), improved flavors in strawberries derived from Fragaria vesca (Ah-
madi and Bringhurst, |1992), and enhancement of the nutritional content of maize (Wusirika ef
al.,2011), broccoli (Traka et al.,|2013)), and cassava, beans and wheat (Pfeitfer and McClafferty,
2007).

Likewise, CWR have been used as sources of resistance to abiotic constraints like drought in
wheat (Gororo et al., 2002), oats (Suneson, 1967)), strawberries (Ahmadi and Bringhurst, 1992),
and rice (Zhang et al.l,|2006); salinity in tomatoes (Rick and Chetelat, [1995)), wheat (Farooq e
al.l 11995) and sunflower (Miller and Seiler, 2003)); and heat in rice (Ishimaru et al.l, 2010).
These particular traits make CWR perfect candidates for helping crops to adapt to the expected

conditions of climatic change (Guarino and Lobell, 2011} McCouch et al.l 2013 Dempewolf



et al.l 2013 Maxted et al., 2014). Additionally, the cost of the technologies that can further
advance the understanding of the genes controlling particular traits in CWR, the underlying
processes that enable two different species to interbreed successfully, and hybridization between
CWR and wild species is decreasing, and therefore it is expected that the use of CWR for
producing more productive, nutritious and resilient varieties is expected to grow (Tanksley and
McCouch, [1997)). Furthermore, CWR pre-bred materials should progressively become more
available for conventional breeding programs, playing a decisive role to continue incorporating
wild genes into crops (Nass and Paterniani, 2000; Valkoun, 2001; [Dempewolf et al., 2013
Sharma et al., 2013).

1.5.3 Threats affecting CWR

Crop wild relatives, as a group of plants, may be threatened to the same degree as other groups
of living beings like mammals (Brummitt and Bachman, 2010; [Brummitt e al., 2015a). Using
the Sampled Red List Index (SRLI), Brummitt ez al.|(2015a)) found that 22% of the plant species
in the world are threatened with extinction, as they are classified within the IUCN categories
“Critically Endangered” (CR), “Endangered” (EN), and “Vulnerable” (VU).

The destruction, degradation and loss of habitats, species over-exploitation, pollution and
invasive species, are identified as the main drivers of threats for biodiversity (Hudson et al.,
2014). The major threat for plants is the conversion of natural habitats to agriculture (Brummitt
and Bachman, 2010). Climate change will compound the risk of extinction for many plant
species, including CWR. For instance, high fragmentation and significant reductions of the
ranges of CWR have been estimated for the wild relatives of potato (Solanum), cowpea (Vigna),
peanut (Arachis) and maize (Zea) in a warmer world (Jarvis et al., 2008} |Ureta et al., 2012).

The transference of genes from domesticated crops to CWR taxa has been described as an
additional threat that may result in the extinction of rare CWR taxa, due to the probable loss
of genetic integrity or outbreeding depression (Ellstrand et al., [1999). Oryza rufipogon subsp.
formosana, Gossypium darwinii and G. tomentosum have been considered under the risk of

extinction due to their hybridization with their associated crops (Ellstrand et al., |1999).
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1.5.4 Policies supporting the conservation of CWR

Given the importance of plant genetic resources (including the wild relatives of crops), several
international policy frameworks have been established to promote the conservation and use, and
secure the equitable distribution derived from the use of plant genetic resources. These policy
frameworks include: The Convention on Biological Diversity (CBD) (including the Nagoya
Protocol), the ITPGRFA, the Second Global Plan of Action for Plant Genetic Resources for
Food and Agriculture, and more recently the United Nation’s Sustainable Development Goal 2,
Target 2.5. Herein a brief explanation of these frameworks.

The aims of the Convention on Biological Diversity (CBD) are:

“The conservation of biological diversity, the sustainable use of its components and
the fair and equitable sharing of the benefits arising out of the utilization of genetic
resources, including by appropriate access to genetic resources and by appropriate
transfer of relevant technologies, taking into account all rights over those resources
and to technologies, and by appropriate funding.” (CBD\ 1992

The CBD is implemented through the Strategic Plan for Biodiversity 2011 - 2020, which
contains five strategic goals and twenty Aichi Biodiversity Targets. The Strategic Goal C (“To
improve the status of biodiversity by safeguarding ecosystems, species and genetic diversity”),

comprises the Aichi Target 13, an ambitious target for conserving PGR by 2020:

“By 2020, the genetic diversity of cultivated plants and farmed and domesticated
animals and of wild relatives, including other socio-economically as well as cul-
turally valuable species, is maintained, and strategies have been developed and im-
plemented for minimizing genetic erosion and safeguarding their genetic diversity.”
(Secretariat of the CBD,|2010)

The Nagoya Protocol on Access to Genetic Resources and the Fair and Equitable Sharing
of Benefits Arising from their Utilization to the Convention on Biological Diversity (Nagoya
Protocol for short) is a supplementary agreement to the CBD to comply with the objective of
sharing the benefits derived from the use of genetic resources in a fair and equitable manner

(Secretariat of the CBD) 2011)).

11



Aligned to the CBD is the ITPGRFA (or “Plant Treaty”), in force since 2004. The Plant
Treaty aims to promote the conservation and use of plant genetic resources for sustainable agri-
culture and food security, guaranteeing at the same time access to PGR and an equitable sharing
of the benefits derived from their use. For this, members of the Treaty (i.e., Contracting Parties)
are called to promote the conservation, exploration, collection, characterization, evaluation and
documentation of PGR, and to reduce threats that may affect them (FAO, 2009). The Treaty
also devised the Multilateral System of Access and Benefit-sharing as a mechanism to facilitate
the access to PGR held among the Contracting Parties and the International Network of Ex Situ
Collections (i.e., the collections conserved in trust for the global community by the Interna-
tional Agricultural Research Centres of the CGIAR, and other international institutions), and
securing benefit sharing, whilst reducing the transactions costs that bilateral negotiations may
imply (FAO, 2009).

The Second Global Plan of Action for PGRFA (Second GPA), a supporting component of
the Treaty, is a global framework for the conservation and sustainable use of PGRFA in the face
of the challenges of food insecurity and climate change (CGRFA, 2012). The Second GPA 1is
considered a reflection of the commitments of governments to promote plant genetic resources
under the challenges of food insecurity and climate change and new opportunities arisen since
the Global Plan of Action on Conservation and Sustainable Use of PGRFA, adopted in 1996,
such as new tools available for the management of PGR, biotechnological advances for using
PGR in plant breeding, and the development of products derived from agriculture (CGRFA|
2012)). Its implementation is expected to greatly complement the Treaty and the achievement of
the Aichi Target 13 (CGRFAL2012).

And finally, the United Nation’s Sustainable Development Goals (SDGs) include an explicit

call to conserve the genetic diversity of crops in its Goal 2 (‘“Zero hunger”), Target 2.5:

“By 2020, maintain the genetic diversity of seeds, cultivated plants and farmed
and domesticated animals and their related wild species, including through soundly
managed and diversified seed and plant banks at the national, regional and interna-
tional levels, and promote access to and fair and equitable sharing of benefits arising
from the utilization of genetic resources and associated traditional knowledge, as
internationally agreed.” (SDGs; http://www.un.org/sustainabledevelopment/
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hunger/).

1.5.5 Conservation assessments for CWR

Conservation assessments are critical for defining the conservation priorities of taxa, popula-
tions and/or areas that may need to be conserved, enabling a conservation effort to use resources
more efficiently, while at the same time meeting its conservation objectives.

Various methodologies have been used for assessing the conservation status of CWR, they
vary according to the scope of the conservation effort and for the case of PGR, whether the
planned conservation will be in situ or ex situ. Regarding the specific case of CWR, [Flor et al.

(2006)) proposed a group of five criteria for prioritizing European CWR for conservation:

e Threat: Assesses the risk of extinction of taxa, or any existing and potential threat that

may hamper their survival.

e Conservation: Assesses whether the taxa is already in sifu or ex situ conserved, and to

what extent.

e Genetic: Assesses the degree of relatedness of CWR to its associated crops, and if the

taxa have been affected by genetic erosion or genetic pollution.

e Economic: Assesses the actual and potential economic importance of CWR at the local

and national level.

e Utilization: Assesses the social importance of CWR taxa, the harvesting frequency, and

if there is any cultural use associated to the taxa.

Ford-Lloyd et al.| (2008) proposed a one-criteria prioritization approach for CWR, based
on either one of these parameters: distribution as a proxy of threats, assuming that if a taxon
is endemic to a single country it might be at higher risk of extinction, if compared to a more
widespread taxon distributed in two or more countries; and a socio-economic value score based

on experts’ opinions. Meanwhile, Brehm et al. (2010) in an analysis circumscribed to Portugal
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used the following eight criteria for defining the conservation priorities of CWR with potential
and confirmed socio-economic value: 1) Native status of the taxa (whether the taxa is consid-
ered native to the country, introduced, allien, or there is not enough information to define this
category), 2) Economic value, 3) Ethnobotanic value, used to capture whether the taxa has an
use associated to the local traditions and culture, 4) Distribution in the world, 5) Distribution
within the country, 6) In situ and ex situ conservation status, 7) Legislation, and 8) IUCN Red
Listing category.

The Gap Analysis, a widely applied methodology for identifying elements of biodiversity
that are not actively conserved, has been also used to determine the conservation priorities of
CWR. Maxted et al.| (2008]) designed a framework consisting in four steps for using the Gap

Analysis for identifying the in sifu and ex situ conservation needs of CWR:

e Step 1: Definition of target taxon and target area. Given the breadth of CWR taxa and
their geographical distributions, this first step helps focusing the conservation assessment
to the taxon (e.g., order, family, genus, species), and geographic scope of interest for the

analysis.

e Step 2: Assessment of natural diversity. The Gap Analysis needs a baseline of the current
existing diversity of the taxon to be analyzed, as it will help identifying the taxa, popula-
tions and areas unrepresented and underrepresented whether ex situ or in situ. Maxted ef
al.| (2008)) proposed four evaluations within this step: 1) Taxonomic diversity assessment,
2) Genetic diversity assessment, 3) Ecogeographical diversity assessment, and 4) Threat

assessment.

e Step 3: Assessment of current conservation strategies. This step consists on reviewing
the extent of conservation of the taxon(a) of interest within protected areas, genetic re-
serves and on-farm conservation initiatives for the case of in situ conservation. For ex
situ conservation, an analysis of the representativeness of the taxon(a) under analysis in

genebanks is required.

e Step 4: Reformulation of conservation strategy. Gaps in conservation are identified after
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comparing the existing diversity of the taxon(a) under study versus the extent of repre-
sentativeness of such taxon(a) in ex sifu and in situ conservation strategies. Once the gaps
are identified, in situ and complementary ex situ conservation strategies are subsequently

designed.

Maxted et al.| (2008) applied its Gap Analysis framework to the CWR of cowpea (Vigna
unguiculata L.) native to Africa.

A Gap Analysis methodology for determining the extent of representativeness of CWR in
genebanks, and therefore defining the ex situ conservation priorities of CWR taxa was proposed
by Ramirez-Villegas et al.| (2010). This methodology combines some of the parameters from
Maxted et al. (2008 with enviromental niche models (ENM) and geographical analyses, pro-
ducing distribution maps of each CWR taxon under analysis, maps presenting the areas where
new collections of plant material should be conducted, richness maps portraying areas where
multiple CWR taxa may occur, and three quantitative metrics that describe how well represented

is a CWR taxon in a genebank. These metrics are:

e Sampling Representativeness Score (SRS): This score compares the amount of existing

genebank accessions of the CWR taxon under analysis with the number of reference
records (e.g., herbarium specimens, inactive germplasm accessions, field observations),
providing a general overview of the sufficiency of genebank accessions of the CWR

taxon.

e Geographical Representativeness Score (GRS): This score assesses the current geograph-

ical adequacy of genebank accessions versus the potential environmental niche that the
taxon can occupy. In order to obtain this score a circular buffer area of 50km (CAS50)
(Hiymans and Spooner, 2001) is calculated around each georeferenced genebank acces-
sion, and an enviromental niche model is prepared to represent the potential extent of the
taxon. Environmental drivers and georeferenced occurrences are used as inputs for the
modelling algorithm of preference. Here the authors assume that the GRS is a proxy for

identifying unique populations.
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e Environmental Representativeness Score (ERS): This score indicates the adequacy of en-

vironmental coverage of genebank accessions. The ERS is obtained by comparing the
existing germplasm accessions with the complete environmental range of the ENM. The
ENM is used as a proxy for abiotic adaptations, assuming that a different environment has

an associated adapted population responding to its particular environmental conditions.

These three metrics (SRS, GRS, ERS) are combined in an equally-weighted average to pro-
duce a “Final Priority Score” with a scale between 0 to 10, where 0 is the minimum score
indicating that the taxon is currently unrepresented in terms of number of samples, geographic
extent and environmental coverage, while 10 is the maximum score indicating adequate repre-
sentativeness of samples available on genebanks. A “Final Priority Category” is produced based
on the quantitative “Final Priority Score”, taxa with scores between 0 and 3 or no genebanks
samples are categorized as ‘High Priority Species” (HPS), the “Medium priority species” cate-
gory is assigned for values between 3.01 and 5, the “Low priority species” category is given
when the numeric score is between 5.01 and 7.5, and the “No further urgent conservation
required” (NFCR) category is assigned when the final priority score is between 7.51 and 10
(Ramirez-Villegas et al., 2010). This methodology was firstly applied for the CWR of beans
(Phaseolus spp.), and the results obtained were evaluated and contrasted by an expert author-
ity on the genus Phaseolus, obtaining a high correlation on the numeric priority scores, and
detecting an overall underestimation of priorities for conservation of the Gap Analysis when
compared to the expert’s opinion.

Conservation assessments can be complemented with geographic analysis thanks to the
growing availability of data containing explicit geographic references, as shown in Ramirez-
Villegas et al. (2010). These geographic references include: countries administrative bound-
aries, climate layers, soils maps, digital elevation models, georeferenced species occurrence
records. Likewise, the reduction of costs of hardware for processing and storing information,
and the development of specialized software for processing and analyzing this type of informa-
tion facilitates the application of conservation studies with a strong geographic component.

The importance of combining geographic analysis with conservation assessments relies in
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the possibility of identifying priority areas for conservation, but also helps planning work in
the field by identifying the areas where target species are likely to be found. For the case of
PGRFA, conservation assessments with a strong geographic component include: optimization
of field collections by targeting specific areas (Jarvis et al., 2005)), more efficient germplasm col-
lections using homogeneous ecogeographical units (Parra-Quijano et al., 2011)), and acquisition

of materials with potential adaptations to climatic extremes (Afonin and Greene, |1999).

1.6 Aims of the study

This thesis aims to identify crop wild relative taxa that are priorities for immediate conservation
action, and the regions where such conservation actions need to be directed. Species distribution
models are used to determine the geographies where crop wild relatives are likely to be found.
An ex situ gap analysis is then performed to understand how well conserved are crop wild rela-
tives in genebanks, and thus determine collecting priorities. Projections of species distribution
models into future climates are then used to assess the potential impacts of climate change on
the distributions of crop wild relatives. A set of complementing metrics are calculated to pri-
oritize groups of crop wild relatives aggregated per associated crop (i.e., crop gene pool). The

following objectives were set to achieve this aim:

1. Create an electronic database containing georeferenced occurrence records of crop wild
relative taxa. This database has a global coverage and contains information gathered from

multiple data sources.
2. Model the potential distributions of crop wild relative taxa.

3. Assess the degree of completeness of crop wild relatives genebank collections by per-
forming an ex situ gap analysis. Based on the results obtained, identify taxa and geo-

graphic regions that are urgent for collecting and subsequent ex situ conservation.

4. Evaluate the potential impacts of climate change on the environmental niches of crop wild

relatives.
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5. Estimate a set of complementing metrics that can be used as additional layers to further

refine conservation priorities.
In order to achieve the objectives enumerated before, this thesis is structured as follows:

e Chapter2|provides a description of the creation of the global occurrence database of crop
wild relatives. This chapter reports the procedures applied to gather, organize, standard-
ize and validate data. The database here presented contains data on reference records
(e.g., botanical specimens, referenced sightings, unavailable germplasm accessions), and
germplasm accessions. The occurrence data presented in this chapter are key inputs to
produce the species distribution models that are used in Chapters 5l [6]and [7] Like-
wise, the information on germplasm accessions is used for the ex situ gap analyses per-

formed in Chapters [3] | and [5|

e The potential distribution maps of crop wild relatives are produced by using the occur-
rence records stored in the global database presented in Chapter [2] and environmental
layers as inputs of MaxEnt, a modelling algorithm. These potential distribution maps are
in turn used in the ex sifu gap analyses, and also used to produce richness maps indicating

areas where distinct crop wild relative taxa may overlap.

e FEx situ gap analyses are initially performed with two individual case studies, presented in
Chapter 3] and Chapter ] The ex situ gap analysis consists of evaluating the representa-
tiveness of crop wild relatives in genebanks in terms of the gross number of accessions
conserved in genebanks (compared to that existing as reference sightings), the proportion
of the geographic extent (i.e., species potential distribution) represented as accessions in
genebanks, and the proportion of distinct ecological units represented in genebanks. Each
of these chapters explore in detail the how well represented are the crop wild relatives
of two distinct associated crops: potato and eggplant, and conservation considerations
particular to each case. Chapter [3|explores the ex sifu conservation needs of the wild rel-
atives of potato, a group of taxa with a long history of use in plant breeding. This chapter

concludes with the identification of three levels of priority for further conservation, and
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observations on the urgency of conservation action because of the rapid land use changes
experienced in the habitats of potato wild relatives. Chapter[]is devoted to analyze the ex
situ needs of conservation of the wild relatives of eggplant. This chapter includes a defi-
nition of the gene pool concept for eggplant built upon information on crop wild relatives
and crop crossability and recent taxonomic revisions. This chapter reports an extensive
analysis of different conservation aspects of the crop wild relatives of eggplant, including

a prioritization of taxa and areas for ex sifu and in sifu conservation.

An ex situ gap analysis performed in 81 different crop gene pools is presented in Chapter
5l This chapter summarizes the analyses of potato (Chapter [3)), earlier versions of the
eggplant analysis (Chapter @) and 79 additional crop gene pools. Chapter [5] analysis to
what extent the potential diversity of 1,076 crop wild relatives (associated to 81 crop gene
pools) is available through genebanks, which taxa are considered as high priorities for ur-
gent collecting and ex situ conservation because of their low extent of representativeness,
and the regions considered as collecting hotsposts, where multiple high priority taxa for
collecting are likely to occur. In addition, this chapter presents a set of global priorities

for crop wild relatives.

Chapters [0] and [7] provide further elements that can help refining the conservation prior-
ities presented in [5 Chapter [6] discusses the potential effects of climate change on the
distributions of crop wild relatives. This chapter identifies the crop gene pools and indi-
vidual taxa that are most susceptible to climate change, the susceptible taxa that are also
poorly represented in genebanks (as per the results presented in Chapter [5)), and the crop
gene pools and taxa that may not be largely affected under a future scenario of climate

change.

Chapter [7|focuses on producing a set of complementary metrics that can be used as addi-
tional layers of analysis to further refine conservation priorities (Chapter[5). This chapter
uses publicly available statistics of global agricultural production, global contributions of

macronutrients for diets, and the likelihood of using crop wild relatives in plant breed-
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ing, to produce three complementary metrics for refining conservation priorities. These
metrics are used to estimate the value of crop gene pools, and in consequence the value
of crop wild relatives. The chapter concludes with the identification of crops and regions
that are of highest priority given the value of the crop (and therefore crop wild relatives)

and the urgency for collecting (Chapter [3)).

The work presented in this thesis is expected to provide an overview of the needs of ex sifu
conservation of the crop wild relatives of multiple crops. It is also expected that the methodolo-
gies, data and approaches used in this thesis can be used to analyze the conservation needs of
individual crop wild relative taxa, other crop gene pools not included in this study, and different

spatial scales (e.g., global, regional, national and/or subnational).
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CHAPTER 2

A GLOBAL OCCURRENCE DATASET FOR CROP
WILD RELATIVES

The work presented in this chapter is being submitted to Scientific Data.

Nora P. Castaﬁeda-Alvarez, Colin K. Khoury, Chrystian C. Sosa, Steven Sotelo, Ingrid
Vanegas, Shirley S. Calderén, Holly Vincent, Ruth H. Harker, Vivian Bernau, Ruth J. East-
wood, Julian Ramirez-Villegas, Hannes Dempewolf, Luigi Guarino, Jane Toll, Andy Jarvis,
Jonas Miiller, the Global Consortium of Crop Wild Relative Occurrence Data Providers* and

Nigel Maxted.

N.PC-A., CKK., HD, RIJE, L.G.,, RHH., AlJ., NM., JM.,, JR-V.,, H.V. and J.T. con-
ceived the study, searched for and coordinated the collection of occurrence data. N.P.C-A.,
C.K.K., R.H.H. and H.V. collected occurrence data. N.P.C-A., CK.K., JR-V., SH.S., H.V,,
S.K., R.J.E, and N.M. designed the database. S.H.S. developed and documented the stand-
alone tool in java. I.V., S.C. and C.S.S. digitized data from herbaria and gray literature. C.S.S.,
C.K.K. and V.B. standardized taxonomic names. H.A. analyzed the survey responses from
experts. N.M. and the Global Consortium of Crop Wild Relative Occurrence Data Providers
contributed occurrence data. N.P.C-A led the writing with major inputs from C.K.K. and N.M.,
and further inputs from all other authors.

* For the complete list of authors please refer to the Supplementary Table [2.1]
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2.1 Abstract

The wild relatives of cultivated plants are important sources of traits for agriculture thanks to
their rich genetic diversity. For being used, crop wild relatives (CWR) taxa and populations
must be conserved and available for plant breeders via germplasm banks, however many CWR
taxa are currently underrepresented in these facilities. Furthermore, complementary in situ
conservation efforts currently cover few CWR taxa and populations. Improving the represen-
tativeness of CWR taxa in germplasm banks, and defining new sites for in situ conservation
can be achieved by prioritizing CWR taxa and geographical sites. In this context, databases
storing information on the taxa identity, and detailed descriptions of the localities where the
taxa have been recorded are critical to understand the distributions of species, detect hotspots of
taxa richness, and assess threats that may affect the habitats of CWR. To support these needs,
an open-access global database was created by assembling occurrence records obtained from
digital databases, literature, researchers’ archives and herbaria. The database provides informa-
tion on the geographic distributions of CWR. All records were subjected to standardization, and
validation to secure the quality of the information stored in the database. This dataset provides a
valuable source for researchers in the fields of conservation, population ecology, plant diversity,

evolution, domestication, and rehabilitation of ecosystems.

2.2 Background and summary

Agriculture is challenged to continue producing food for a growing population under a changing
climate (Porter et al.,|2014). Furthermore, natural resources required to produce more food are
projected to become scarcer. In the same way the negative impacts of agriculture to the envi-
ronment need to be reduced (Rosegrant and Cai, [2001; |Van Vuuren et al.,2010; Johnson et al.,
2014])). Sustainable intensification of food production proposes various mechanisms to respond
to these challenges, including the development of more productive and better adapted varieties

through plant breeding (Foley ef al., 2011). Plant genetic resources are used as the main sources
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of genetic diversity and agronomic traits for developing new crop varieties. Crop wild relatives,
a class of plant genetic resources, play a crucial role in plant breeding, particularly for pest and
disease resistance, tolerance to abiotic stresses, quality and nutritional traits (Abberton et al.,
20135)). Their use is increasing due to the advances in breeding technologies and lack of desired
traits within the crop itself, but is constrained by the limited availability of these wild genetic
resources in genebanks and general lack of information on species identities and distributions
(Tanksley and McCouch, 1997; [FAO, 2010; Khoury et al., |2015a; Castafieda-Alvarez et al.,
2016). More than 70% of the wild relatives associated to crops of global importance are cur-
rently either unrepresented or underrepresented in genebanks (Castafieda-Alvarez et al., 2016).
Moreover, crop wild relatives are threatened in the wild by habitat destruction, invasive species,
and climate change (Jarvis et al., 2008; Kell et al., [2012; |Ureta et al.l, 2012; Brummitt et al.,
2015b).

Efforts to enhance the conservation, availability and use of crop wild relatives are taking
place by collecting, conserving and preparing the crop wild relatives of more than 20 crops im-
portant for global food security, like cereals, roots and tubers (Dempewolt et al., 2013). Com-
plementary initiatives are still needed to conserve crop wild relatives in their habitats (in situ
conservation), and to further increase the representativeness in genebanks of the wild relatives
of vegetables and fruits. In terms of facilitating access to crop wild relative plant material (and
plant genetic resources in general), genebanks are setting-up digital catalogues where seeds can
be requested, and the associated passport data of each germplasm accession are being made
publicly available.

Genebank databases storing the passport data of germplasm accessions, and herbaria databases
holding the voucher information of botanical specimens are the main sources of occurrence data
of crop wild relative taxa. Both types of database contain information on the identity of each
sample, descriptions of the locality where the sample was taken (more recent collected samples
contain geographic coordinates), the collector(s), sample identifiers, common names, reported
local uses, descriptions of the habitat where the sample was acquired, and institutions holding

duplicates of the material. As the objectives of collecting germplasm differ from those guiding

23



a botanical expedition, different types of information are found in germplasm databases when
compared to herbaria databases. For instance, germplasm databases contain information on the
biological status of the sample (i.e., whether it corresponds to wild, weedy, traditional cultivar,
landrace, breeding or research material, advanced or improved cultivar, or GMO), and the type
of germplasm storage (e.g., seed collection, field collection, in vitro collection, cryopreserved
collection or DNA collection). While herbaria databases provide information on who did the
taxonomic identification of the specimen, when was it identified, taxonomic determinations
available on the specimen, the type status of the specimen (e.g., holotype, lectotype, isotype,
paratype, neotype), and whether the plant had flowers, fruits or seeds at the moment of being
collected.

Currently, many genebanks and herbaria have embarked on the digitization and mobilization
of information related to accessions and botanical specimens held in their collections. However,
large collections remain in non-digitized formats, or have applied different standards that pre-
vent the integration with larger existing databases. In the case of germplasm accessions, there
are about 450 institutes holding germplasm collections that have made their collections digitally
available, and thus visible to the global community, however there are about 1,400 that still need
to prepare their collections to be digitally available. In terms of botanical specimens, herbaria
are digitizing their collections under the umbrella of various initiatives (e.g., Global Plants Ini-
tiative), and the mobilization of digital records is increasingly growing thanks to initiatives like
the Global Biodiversity Information Facility, which offers access to 172 million Plant records
(September 2015). Previous compilations of crop wild relatives’ occurrence records are com-
mon within the frame of individual projects, however to the date, none of them have provided
web-based and open-access to the complete set of occurrence records utilized for their analyses
and studies.

Here we present a comprehensive description of the process followed to develop and vali-
date the global occurrence dataset of crop wild relatives. This is the first database devoted to
the compilation of information on the taxa names and localities of crop wild relatives in the

world. The database has been populated with information derived from digital portals, herbaria,
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researchers’ archives and literature. The database stores information on species and where they
have been found in the world (at national, and sub-national level). The database is free of
access here: http://www.cwrdiversity.org/checklist/cwr—-occurrences.
phpl Both the structure and technical validation are described to allow updates of the existing

database and compatibility with subsequent initiatives..

2.3 Methods

Close collaborations were established with researchers and institutions, who have accumulated
a wealth of occurrence records, to gather the data making up the global occurrence dataset for
crop wild relatives (Supplementary Table[2.2)). After the data collection phase was completed,
all these data needed to be standardized and curated in order to develop a single unified database
containing all the relevant information associated with crop wild relatives records. The follow-
ing section describes in detail the process that was used to gather and prepare the occurrence

records that conform the global database. A summarized scheme of these processes is shown in

Figure[2.1]

2.3.1 Data collection

Here we provide additional detail on the methodology of data collection used in (Castaneda-
Alvarez et al. (2015, 2016); Khoury et al.| (2015a,b); Kantar et al. (2015), which utilize subsets
of the dataset presented here.

An initial list of 193 genera belonging to 44 different botanical families and related to more
than 130 crops of global importance was prepared to guide the collection of occurrence data.
Commonly, a single genus is associated to a cultivated plant species, but for some specific cases
(e.g., maize and wheat), more than one genus is associated to the crop, thus these additional
genera were also included in the initial list (Table [2.1]). The objective of gathering information

for all members of a genus of crops is to collect information of crop wild relatives of present
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Figure 2.1: Scheme of the process of collecting, preparing and validation crop wild relatives’
occurrence data. The blue box corresponds to the list that was used as reference for gathering
occurrence data; yellow boxes correspond to the major groups of data sources; green boxes
represent processes; purple boxes represent validation steps; and the red cylinder represents the
final database.

and future use for plant breeding. Occurrence data were obtained from 420 data sources. We
categorized these data sources in four major groups: digital databases, researchers, literature,

and herbaria.
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Table 2.1: List of genera and associated crop name used for guiding the collection of occurrence data

Family Genus (Crop name) Family Genus (Crop name) Family Genus (Crop name) Family Genus (Crop name)
Sapindaceae Acer (Sugar maple) Rubiaceae Coffea (Coffee) Schisandraceae Illicium (Badian) Poaceae Psathyrostachys (Wheat)
Poaceae Aegilemma (Wheat) Brassicaceae Coincya (Cabbage, horseradish, rapeseed, Poaceae Imperata (Sugarcane) Poaceae Pseudoroegneria (Wheat)
turnip)
Poaceae Aegilonearum (Wheat) Araceae Colocasia (Yautia) Convolvulaceae Ipomoea (Sweetpotato) Myrtaceae Psidium (Guava)
Poaceae Aegilopodes (Wheat) Rosaceae Comarum (Strawberry) Brassicaceae Isatis (Cabbage, horseradish, rapeseed, turnip) Rosaceae Pyrus (Pear)
Poaceae Aegilops (Wheat) Poaceae Comopyrum (Wheat) Convolvulaceae Jacquemontia (Sweetpotato) Brassicaceae Raphanobrassica (Cabbage, horseradish, rape-
seed, turnip)
Poaceae Agropyron (Wheat) Convolvulaceae  Convolvulus (Sweetpotato) Juglandaceae Juglans (Walnut) Brassicaceae Raphanus (Cabbage, horseradish, rapeseed,
turnip, radish)
Amaryllidaceae Allium (Garlic, onion and leek) Betulaceae Corylus (Hazelnut) Poaceae Kiharapyrum (Wheat) Poaceae Rhaphis (Radish)
Poaceae Alopecurus (Sugarcane) Brassicaceae Crambe (Cabbage, horseradish, rapeseed, Fabaceae Lablab (Lablab) Fabaceae Rhynchosia (Pigeonpea)
turnip)
Poaceae Amblyopyrum (Wheat) Poaceae Critesion (Barley) Asteraceae Lactuca (Lettuce) Grossulariaceae Ribes (Currant and gooseberry)
Vitaceae Ampelocissus (Grape) Poaceae Crithodium (Wheat) Fabaceae Lathyrus (Grasspea) Brassicaceae Rorippa (Cabbage, horseradish, rapeseed,
turnip)
Rosaceae Amygdalus (Plums, apricot) Cucurbitaceae Cucumis (Melon) Fabaceae Lens (Lentil) Rosaceae Rubus (Raspberry and blackberry)
Bromeliaceae Ananas (Pineapple) Cucurbitaceae Cucurbita (Pumpkin and squash) Fabaceae Lentilla (Lentil) Asteraceae Rudbeckia (Rudbeckia)
Poaceae Andropogon (Sorghum) Rosaceae Cydonia (Quince) Brassicaceae Lepidium (Cress) Poaceae Saccharum (Sugarcane)
Fabaceae Arachis (Peanut) Poaceae Cylindropyrum (Wheat) Poaceae Leymus (Wheat) Poaceae Sarga (Sorghum)
Rosaceae Armeniaca (Apricot) Asteraceae Cynara (Artichoke) Fabaceae Lupinus (Lupinus) Poaceae Sclerostachya (Sugarcane)
Brassicaceae Armoracia (Cabbage, horseradish, rapeseed, Poaceae Cynosurus (Finger millet) Solanaceae Lycopersicon (Tomato) Fabaceae Scytalis (Cowpea)
turnip)
Moraceae Artocarpus (Breadfruit) Fabaceae Cytisus (Common broom, hairy-fruited broom, Rosaceae Malus (Apple) Poaceae Secale (Rye)
white spanish broom)
Asparagaceae Asparagus (Asparagus) Apiaceae Daucus (Carrot) Anacardiaceae Mangifera (Mango) Pedaliaceae Sesamum (Sesame)
Rutaceae Atalantia (Orange) Poaceae Digitaria (Fonio) Euphorbiaceae Manihot (Cassava) Poaceae Setaria (Foxtail millet)
Fabaceae Atylosia (Pigeonpea) Dioscoreaceae Dioscorea (Yam) Fabaceae Medica (Alfalfa) Brassicaceae Sinapis (Mustard seed)
Poaceae Avena (Oat) Ebenaceae Diospyros (Persimmon) Fabaceae Medicago (Alfalfa) Poaceae Sitopsis (Wheat)
Fabaceae Azukia (Adzuki bean) Brassicaceae Diplotaxis (Cabbage, horseradish, rapeseed, Poaceae Milium (American milletgrass) Solanaceae Solanum (Tomato, potato and eggplant)
turnip)
Brassicaceae Barbarea (Water cress) Fabaceae Dolichos (Lablab) Poaceae Miscanthus (Sugarcane) Poaceae Sorghum (Sorghum)
Lauraceae Beilschmiedia (Avocado) Poaceae Echinochloa (Barnyard millet, japanese millet) Brassicaceae Moricandia (Cabbage, horseradish, rapeseed, Amaranthaceae Spinacia (Spinach)
turnip)
Lecythidaceae Bertholletia (Brazil nut tree) Arecaceae Elaeis (Oil palm) Asteraceae Mulgedium (Lettuce) Myrtaceae Syzygium (Clove)
Amaranthaceae Beta (Sugar beet, beet and chard) Zingiberaceae Elettaria (Cardamom) Musaceae Musa (Bananas and plantains) Malvaceae Theobroma (Cacao)
Brassicaceae Brassica (Cabbage, horseradish, rapeseed, Poaceae Eleusine (Finger millet) Solanaceae Nicotiana (Tobacco) Malvaceae Thespesia (Cottonseed)
turnip)
Fabaceae Cajanus (Pigeonpea) Poaceae Elymus (Wheat) Poaceae Ochthochloa (Finger millet) Poaceae Thinopyrum (Wheat)
Theaceae Camellia (Tea) Rosaceae Emplectocladus (Ethiopian cabbage, cabbage, Oleaceae Olea (Olive) Apiaceae Tornabenea (Carrot)
black mustard, mustard, rape)
Fabaceae Cantharospermum (Pigeonpea) Musaceae Ensete (Banana) Fabaceae Ononis (Restharrow) Brassicaceae Trachystoma (Mustard seed)
Brassicaceae Capsella (Cabbage, horseradish, rapeseed, Brassicaceae Eruca (Cabbage, horseradish, rapeseed, turnip) Poaceae Orrhopygium (Wheat) Fabaceae Trigonella (Fenugreek seed)
turnip)
Solanaceae Capsicum (Chillies) Brassicaceae Erucastrum (Cabbage, horseradish, rapeseed, Brassicaceae Orychophragmus (Cabbage, horseradish, rape- Poaceae Tripsacum (Maize)
turnip) seed, turnip)
Caricaceae Carica (Papaya) Fabaceae Ervum (Lentil) Poaceae Oryza (Rice) Poaceae Triticosecale (Triticale)
Asteraceae Carthamus (Safflower) Fabaceae Faba (Faba bean) Poaceae Padia (Rice) Poaceae Triticum (Wheat)
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Table 2.1 - continued from previous page

Family Genus (Crop name) Family Genus (Crop name) Family Genus (Crop name) Family Genus (Crop name)
Juglandaceae Carya (Pecan) Moraceae Ficus (Fig) Rosaceae Padus (Cherry) Ericaceae Vaccinium (Blueberry and cranberry)
Fagaceae Castanea (Chestnut) Apiaceae Foeniculum (Fennel) Poaceae Panicum (Little millet, proso millet) Orchidaceae Vanilla (Vanilla)

Rosaceae Cerasus (Stone fruits) Rutaceae Fortunella (Orange, lemon and grapefruit) Amaranthaceae Patellifolia (Sugar beet, beet and chard) Caricaceae Vasconcellea (Papaya)
Poaceae Chaetochloa (Foxtail millet ) Rosaceae Fragaria (Strawberry) Poaceae Patropyrum (Wheat) Fabaceae Vavilovia (Pea)

Poaceae Chamaeraphis (Foxtail millet ) Poaceae Gastropyrum (Wheat) Poaceae Pennisetum (Pearl millet) Euphorbiaceae Vernicia (Tung nut)

Arecaceae Chamaerops (Date palm) Poaceae Gigachilon (Wheat) Lauraceae Persea (Avocado) Fabaceae Vicia (Faba bean and vetch)
Poaceae Chennapyrum (Wheat) Fabaceae Glycine (Soybean) Fabaceae Phaseolus (Bean) Fabaceae Vigna (Cowpea)
Amaranthaceae Chenopodium (Quinoa) Malvaceae Gossypium (Cottonseed) Arecaceae Phoenix (Date palm) Sapotaceae Vitellaria (Karite nut, shea nut)
Fabaceae Cicer (Chickpea) Grossulariaceae Grossularia (Gooseberry, currant) Myrtaceae Pimenta (Pimento) Vitaceae Vitis (Grape)

Lauraceae Cinnamomum (Cinnamon) Asteraceae Harpalium (Sunflower) Piperaceae Piper (Pepper) Fabaceae Voandzeia (Mustard seed)
Vitaceae Cissus (Grape) Asteraceae Helianthus (Sunflower) Anacardiaceae Pistacia (Pistachio) Araceae Xanthosoma (Yams)
Cucurbitaceae Citrullus (Watermelon) Brassicaceae Hirschfeldia (Cabbage, horseradish, rapeseed, Fabaceae Pisum (Pea) Poaceae Zea (Maize)

turnip)




Digital databases

Online and open-access digital databases are platforms that facilitate access and discovery of
large quantities of occurrence records associated to plant species, including crop wild rela-
tives. In total, 3,296,401 records associated to germplasm accessions, and 14,679,011 reference
records (e.g., specimens collected in botanical expeditions, non-viable germplasm seed acces-
sions, and reported field observations) were acquired from web-based databases. The Global
Biodiversity Information Facility (GBIF; www.gbif.org), a platform providing extensive
access to global biodiversity related data, was identified as the largest source of occurrence
records for the genera prioritized (more than 15 million records). Semi-automatized protocols
were used to obtain batches of approximately 92,000 records from GBIF by using the R package
rgbif (Chamberlain ez al., 2015).

At the time of the data gathering phase (year 2011), the CGIAR’s System-wide Information
Network for Genetic Resources (SINGER), the European Plant Genetic Resources Catalogue
(EURISCO), and the United States Department of Agriculture’s Genetic Resources Information
Network (GRIN) were the largest existing platforms to facilitate access to genetic resources
and associated passport data information. Nowadays, these sources are also provided through
a single-point access portal: Genesys, a global portal to information on plant genetic resources
(www .genesys—-pgr.org). We contacted the database managers of each of these platforms
for procuring the complete sets of data mobilized by their portals. Additional digital databases

retrieved are listed in Supplementary Table[2.2]

Researchers

Researchers in the fields of botany, plant genetic resources and biodiversity conservation, and
plant breeding, were approached as many of them have compiled through their years of prac-
tice large datasets containing detailed and accurate occurrence data in terms of nomenclature
identity and geographic locality of the site where the sample was obtained or recorded. This
information is rarely fully available to the public, occasionally it is available as subsets in peer-

reviewed literature, or in few cases it has not been digitized. Twenty-four datasets from experts
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at 17 institutions were obtained containing a total of 82,157 records. Supplementary Table [2.2]

contains the names and affiliation of all collaborators.

Literature

Peer-reviewed and gray literature (e.g., project reports and graduate theses) were also a relevant
source of occurrence data. Finished projects and various universities with CWR research groups
were approached to obtain access to the occurrence records that have been used to estimate
the potential distribution of crop wild relatives within the geographic scope of their work, to
plan conservation actions, and to assess the likeness of crop wild relatives to cross with their
associated crops. In total, 260,314 records were retrieved from finalized projects, literature, and

academic dissertations.

Herbaria

A query to GBIF on the occurrence data available for flowering plants (Magnoliophyta) in Octo-
ber 15th, 2010 enabled us to identify countries and regions presenting an overall low density of
georeferenced occurrence records (< 999 georeferenced records/per degree cell). Based on this
assessment, it was possible to identify the countries with less information mobilized at that time
through GBIF (Table[2.2)). Using this list of countries, a query to the Index Herbariorum (Thiers,
2010) identified the herbaria holding large collections of botanical specimens collected in the
countries with comparatively less information available through GBIF. A protocol prepared to
capture data from herbaria allowed to collect 55,977 photographs from 22 herbaria. The botan-
ical specimens selected for being photographed must have had geographical information in
their voucher (e.g., geographical coordinates or detailed locality descriptions that would enable
subsequent georeferencing), recent taxonomical determinations, and presence of reproductive
structures. Two photographs were taken from each botanical specimen, a first photograph was
taken to the overall specimen, accompanied with a paper note indicating whether the specimen
had flowers or fruits, and a second picture was taken of the label data. All photographs were

taken with cameras with a minimum resolution of five megapixels, as this eased the reading and
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subsequent digitization of the text in the specimen. All photographs were organized in folders
according to the herbarium where they were obtained, and sub-folders according to the family
and genus that the specimen belong to. These photographs are available upon request. A total

of 18,320 records were obtained from visits to herbaria.

Table 2.2: Countries with low density of Magnoliophyta records mobilized through GBIF.org
in October 2010

Country Continent Herbarium (potentially holding information for each country)
Brazil America COlI, LISC

Chile America MA

Uruguay America MA

Argentina America MA

Cuba America MA

Mozambique Africa COlI, LISC

Angola Africa COlI, LISC

Zambia Africa K, E, BM, MANCH
Congo (DRC) Africa BR, BRLU

Congo Africa P

Central African Republic ~ Africa P

Chad Africa P

Niger Africa P

Mauritania Africa P

Estonia Europe LE, MW, LECB, WIR
Latvia Europe LE, MW, LECB, WIR
Lituania Europe LE, MW, LECB, WIR
Rusia Europe LE, MW, LECB, WIR
Byelarus Europe LE, MW, LECB, WIR
Ucrania Europe LE, MW, LECB, WIR
Syria Asia P

Iraq Asia K, E, BM, MANCH
Iran Asia K, E, BM, MANCH, LE, MW, LECB, WIR
Georgia Europe LE, MW, LECB, WIR
Kazakhstan Asia LE, MW, LECB, WIR
Turkmenistan Asia LE, MW, LECB, WIR
Uzbekistan Asia LE, MW, LECB, WIR
Tajikistan Asia LE, MW, LECB, WIR
Kyrgyzstan Asia LE, MW, LECB, WIR
China Asia PE

Pakistan Asia K, E, BM, MANCH
India Asia K, E, BM, MANCH
Bangladesh Asia K, E, BM, MANCH
Myanmar (Burma) Asia K, E, BM, MANCH
Indonesia Asia - Oceania L, BO

Laos Asia P

Vietnam Asia P

Cambodia Asia P

North Korea Asia TI, LE, MW, LECB, WIR
Mongolia Asia LE, MW, LECB, WIR
Philippines Asia MA, NY, MO, HUH, US, A, F
Vanuatu Oceania P, K, E, BM, MANCH
Solomon Islands Oceania K, E, BM, MANCH
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2.3.2 Data preparation

Data extraction and digitization

Data in non-digital and/or manipulable formats (e.g., published papers, fieldwork notes, and
photographs of botanical specimens) were manually digitized and stored in a temporary digital
database in a spreadsheet application. A complete list of the fields included in the temporary
digital database is presented in Supplementary Table[2.3]

During the digitization process particular attention was given to information related to the
identity of the specimen (e.g., family, genus, and scientific name) of the specimen, at least the
three most recent taxonomical determinations, its dates and corresponding authors, the geo-
graphical description where the sample was taken (e.g., country of collection, coordinates) and
date in which the specimen was collected, the collector name, whether the specimen had flow-
ers and/or fruits at the moment of collection, any codes that may help to identify the specimen
in each herbarium, and whether copies of the specimen were sent to other herbaria. Having
these information available in a digital format is valuable for various analysis like producing
potential distribution models, and understanding the patterns of flowering and seed production

of a specific plant species.

Fields mapping

Despite the existence of protocols designed to standardize taxon occurrence databases and to fa-
cilitate database intercommunication (e.g., the Multi-Crop Passport Descriptors for germplasm
accessions (Alercia ef al., 2012), the Darwin Core standard for biological diversity, and the Ac-
cess to Biological Collections Data standard), all datasets obtained in the data collection phase
used different standards, and thus a thorough analysis to understand the content of the fields in
the original datasets was performed. This enabled us to map the fields of the individual datasets

to the fields in the global database.
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Content verification and standardization

The global occurrence database on crop wild relatives was created with the purpose of holding
information for the production of analyses that help understanding the degree of ex sifu and in
situ conservation of crop wild relatives globally. Therefore, various procedures were applied
to verify, complete and standardize the content of fields holding critical information for the
production of these conservation analyses, specifically for fields containing information on plant
genetic resources and crop wild relatives, fields with information that facilitate the identification
of the original sources of the record, and fields holding details on the geographic locality where
a sample was taken.

First, records were flagged according to the type of sample they represented (i.e., whether
it is a germplasm accession or a reference record). Germplasm passport data give account of
information indicating if the accession is actively conserved in germplasm banks, the avail-
ability of plant material to the public, botanic identity of the accession, whether the accession
correspond to cultivated, wild material or an hybrid, and in some cases, information on the seed
viability. For reference records (e.g., botanical specimens, reported field observations, and un-
available germplasm accessions) serve to report localities where a species has been recorded and
may have not been collected for being conserved in a genebank. Data records obtained from
genebank databases were marked as germplasm records, unless the accession is unavailable,
and thus was reclassified into a reference record. For the GBIF mediated data, the information
on data providers and dataset names associated to each record were used to detect the original
source of data, and thus to infer whether the original corresponds to germplasm accessions or
reference sightings. The World Information and Early Warning System of Plant Genetic Re-
sources for Food and Agriculture (WIEWS; http://www.fao.org/wiews—archive/
wiews. jsp) was used to verify if a data source recorded in GBIF corresponds to a germplasm
bank and thus classify the records as possible germplasm accessions. Moreover, further interac-
tions with researchers during the preparation of individual studies of the wild relatives of potato
(Castafieda-Alvarez et al., 2015), sweetpotato (Khoury et al., 2015a), pigeonpea (Khoury et al.,

2015b), sunflower (Kantar ef al.l,|2015) and eggplant (Syfert ez al., |2016), enabled us to detect

33


http://www.fao.org/wiews-archive/wiews.jsp
http://www.fao.org/wiews-archive/wiews.jsp

non-viable accessions which were subsequently classified as reference records.

Fields that help to trace back the data provider and original source were also standardized
and made mandatory as the information contained in these fields facilitates giving the appropri-
ate acknowledgement and thus citations in the case of using individual datasets. These infor-
mation is also useful to detect duplicates between different sets of data. The identifiers of each
individual dataset (e.g., file name, name of digitizer) were included in the major database as a

mean to trace the processing and quality of data.

Final standardization

After validating the botanical identity and geographic locality, additional information on the
distributional range of species was assigned to each record (e.g., the record is located within
the native, non-native, introduced, or naturalized range of the species). Various concepts have
been proposed to define the nativeness of a species, with some authors supporting that native
species are those that have been long-established (i.e., before the Neolithic) in the territories
where they are currently found (Webb, |1985), and others proposing a non-dichotomic approach
and suggesting multiple shades of nativeness (Usher, 2000). Despite the lack of consensus
in the definition of species’ nativeness and with the purpose of providing a category with the
crop wild relatives records in our database, we queried the “Harlan and de Wet Crop Wild
Relative Inventory” (Vincent et al., [2013)) using the validated scientific name and the country
of sampling registered in the database to define the nativeness category of our records. The
“Harlan and de Wet Crop Wild Relative Inventory” largely relies in the distributional range
information of GRIN Taxonomy (http://www.ars—-grin.gov/~sbmljw/cgi-bin/
taxcrop.pl?language=en; USDA ARS National Genetic Resources Program, in.d.) and
this in turn relies in literature and direct consultations to experts. When a georeferenced record
1s mapped within the limits of its reported native range it is classified as native, if not, it is
classified as non-native. Other categories were considered (e.g., naturalized, introduced) if
available through the inventory, or if they were already defined in the record. The definition of

the distributional range of a species and identifying the record as possible native or non-native
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is helpful to detect probable native wild populations (i.e., those within the boundaries of the
native distribution), and weedy populations or records of cultivated species (i.e., those records
classified as non-native or introduced).

Finally, each dataset was assembled into the major database after applying all the processes
described here, including the validation steps. Our final database contains 18,966,203 records,
from which 13,452,398 contain validated coordinates (Fig. [2.2). Records without coordinates
are stored and available in the database as some of them can serve to provide information on
existing germplasm accessions and recorded sightings, to provide information on the flowering
patterns of the species, and some cases contain the description of the localities where the spec-
imen/sample was collected/recorded and can be re-processed for calculating their geographical

coordinates.

Figure 2.2: Distribution of occurrence records with geographic coordinates in the global
database.

2.3.3 Code availability

The code prepared to obtain data from GBIF was prepared in R, and is available on GitHub
https://github.com/CIAT-DAPA/cwr_occurrencesvalidation/tree/master/

RScripts. The code designed to process and validate the occurrence records in terms of
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botanical identity and geo-spatial positioning consists of a stand-alone java application and is

publicly available through GitHub (https://github.com/CIAT-DAPA/cwr_occurrencesvali

2.4 Data Records

For the complete list of data records see the Supplementary Table[2.4]

2.5 Technical Validation

We focus on validating the quality of the nomenclature identity and geospatial positioning of
the occurrence records of crop wild relatives. This information is vital to circumscribe future
analyses of the taxon(a) of interest for researchers, and enables the production of analyses with
a component of spatial analyses. An automatized protocol was designed to validate and process
each individual dataset, before being included in the global occurrence dataset of crop wild

relatives. This protocol consists of two phases:

2.5.1 Nomenclature validation

In this step we verify that the scientific name (botanical identity) of each occurrence record
does not contain misspellings and is standardized following accepted plant species checklists.
For this, three tools providing plant species names are queried: GRIN (USDA ARS National
Genetic Resources Program, in.d.), TNRS (Boyle ez al., 2013)) and TaxonStand (Cayuela et al.,
2012)). The names retrieved are then compared to the original scientific name of each record.

Below the rules applied for defining the botanical identity of occurrence records:

e If the initial scientific name agreed with the name provided by GRIN, this name is as-
sumed as the accepted name, as GRIN is frequently used as a standard for plant genetic

resource nomenclature.
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e If the initial scientific name is not found in GRIN, but coincides with the name provided

by TNRS, the latter is used as the accepted name for the record.

e If the initial scientific name is not found in GRIN nor TNRS, but coincides with Taxon-

Stand, then the name provided by TaxonStand is used.

When the scientific name does not coincide with none of the three sources of plant species
names, a manual query is performed by checking JSTOR Global Plants (https://plants.
jstor.org/), the International Plant Names Index (IPNI; [The International Plant Names
Index| 2012)) and the Integrated Taxonomic Information System (ITIS; [ntegrated Taxonomic

Information System (ITIS), n.d.).

If the name is not found after the manual revision, the record is not included in the global
database.

To summarize, 16,817,296 records are aligned to GRIN, 923,131 records are aligned to
TNRS, 1,012,906 records are aligned to TaxonStand.

In terms of taxonomic resolution, all records contain information of their botanical family
and genera, 18,215,161 have the specific epithet, and 1,301,651 records contain information at

the subespecific level (subspecies and variety).

2.5.2 Geographic validation

Here we validate and standardize the content in the fields that contain information related to the
geographic sites where the crop wild relatives’ species have been recorded or sampled. Based
on the original country of each record we standardize all the country names and correspond-
ing ISO2 codes in the database. Likewise, the fields containing information of coordinates in
the format DDMMSS (degree, minutes, seconds) and direction (North, South, West and East)
are reviewed and standardized if required. Some records only had coordinates in the format
DDMMSS, therefore it was necessary to calculate and populate the latitude and longitude fields

with coordinates in decimal format.
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Using the fields that describe the site of collection or recording (e.g., country, adm1, adm?2,
adm3, local_area and locality) an automatized query is initially performed in GEOLocate (http:
//www.museum.tulane.edu/geolocate/;Rios and Bart,[2010). Here some examples

of the detailed locality descriptions that can be used for georeferencing:
e Burma, Kachin, Myitkyina, Chipwi, Sand bank of Nmai.
e Canada, Québec, Montréal, Parc Terra Cotta.

e Germany, Lower Saxony, Harburg, Salzhausen, Situated approximately 40 km southeast

of Hamburg and 15 km west of Luneburg.

When no coordinates are obtained from this query, a second query is performed to the
Google Maps Geocoding API. GEOLocate is preferred over the Google Maps Geocoding API to
georeference species records as it uses natural history gazetteers for its processes, and its mean
precision distance tends to be lower than the mean precision distance obtained with Google
Maps Geocoding API (Fig. [2.3). Once the new geographic coordinates are estimated, only those
coordinates with a precision distance below 5 km are considered for the subsequent validation
steps, in agreement with the resolution used for the spatial modelling (~5 x ~5 sq km gridcell).

Subsequently, the coordinates originally provided with the species’ records and the newly
georeferenced coordinates with a precision distance below 5 km are compared with a raster (1
sq km resolution) to detect and remove coordinate points off land as in Warren et al.| (2013).
Afterwards, the remaining coordinates are checked whether they coincide with the geometric
centroid of each country - a common error in batch-georeferencing - by comparing the values
of the newly georeferenced coordinates against the coordinates of the geometric centroid. We
flagged the records where the newly georeferenced coordinates coincide with the coordinates
of the geometric centroid, and assessed in a record-by-record basis if it was a miscalculation
of the georeferencing process (e.g., the country name was the only parameter used for georef-
erencing). All records with miscalculated centroid-coordinates were removed, as this may not
represent the actual locality, habitat and environmental conditions where the taxon has been

collected/reported, and thus there is a high risk of misguiding subsequent analyses.
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Figure 2.3: Boxplots of the precision distances of georeferenced coordinates using GEOLocate
and Google Maps Geocoding API.

To detect conflicts between the country of collection and the coordinates describing the
specific site of collection, we mapped the georeferenced occurrences on a global boundaries
map and revised if the country name originally registered with the record coincides with the
country where the coordinate is found, as described by Hiymans ez al.| (1999). The following

rules were used:

e When the country name originally recorded with the record coincides with the country

name where the occurrence record is mapped, the coordinate is accepted.

e [f the country name originally recorded with the record does not coincide with the country
name where the occurrence record is mapped, the coordinate is rejected, and the record

is left without a geographic coordinate.
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An additional validation was performed to a subset of data by presenting the occurrence
records of the wild relatives of sixteen crops to 29 expert researchers. Researchers were asked to
score the sets of occurrence records according to the completeness of geographic coverage and
accuracy of the distributions of the CWR of the crops of their expertise. An overall agreement
was found for most of the CWR, and less agreement in three crops (i.e., tomato, lettuce and
oats) because the occurrence records presented did not covered the complete extension where

the species have been collected and reported (Table [2.3).

Table 2.3: Experts’” degree of agreement with the accuracy and completeness of the occurrence
records of crop wild relatives.

Confidence in assessment of oc- Crop
currence data

Strongly agree Sorghum

Agree Bananas and plantains, sugar beet, wheat, barley, rice, sweetpotato,
pearl millet, spinach, pigeonpea

Neutral Carrots, safflower, quinoa, oat

Disagree Tomato, lettuce

Strongly disagree

To summarize, 292,332 records initially plotted as occurring in the sea were corrected;
36,445 records were detected to coincide with country geometric centroids by performing a
spatial analysis, and thus their coordinates were recalculated ; 1,848,020 records were re -
georeferenced due to inconsistencies in their original geographic coordinates; 5,513,805 records
do not contain coordinates; and 5,740,402 only have country information (no subnational or

locality description that can enable georeferencing).

2.6 Usage Notes

The dataset presented here was initially developed for use in a global assessment of the extent
of crop wild relatives diversity conserved in genebanks (Castafieda-Alvarez et al., 2016). In-
dividual crop studies have also benefited from this database: potato (Castafieda-Alvarez et al.,
20135)), sweetpotato (Khoury ez al., 2015a)), pigeonpea (Khoury et al.,2015b)), sunflower (Kantar

et al.,2015) and eggplant (Syfert et al.,|2016)). Further regional analysis (e.g., European and the
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Southern African Development Community), and a global in situ gap analysis are also being
currently undertaken using the dataset.

The global occurrence dataset of crop wild relatives can be used to map the distributions
of crop wild relatives, produce potential distribution maps based on the environmental drivers
of each species, assess the likely impacts of climate change and other threats on the recorded
populations of these species, detect populations within protected areas and other analysis related
to the conservation of crop wild relatives. Likewise, a global occurrence dataset of crop wild
relatives can provide inputs for baseline assessments of the progress of conservation actions, and
can be a contribution towards the achievement of international targets on biodiversity knowledge
(Aichi Target 19; Secretariat of the CBD, [2010).

In terms of species distribution modelling, this dataset can also be used as biased background
points, which in turn helps to reduce the bias associated to the input points (Phillips et al.|
2009). This dataset can also be matched with information derived from genetic assessments to
perform phytogeographic studies, analysis on the structure and ecology of crop wild relatives’

populations, and evolutionary processes affecting crop wild relatives.

2.7 Discussion

Improving the availability of species occurrence data in digital and reusable formats is urgent,
as these data are key for understanding the distributions of species, and subsequent analysis that
can inform conservation efforts (Meyer et al., 2015)).

Efforts to digitize the information contained in botanical specimens (e.g., GBIF, and the
Global Plants Initiative) and germplasm passport data (e.g., GRIN-Global) are expected to con-
tinue contributing to the growth of occurrence data of plants (including crop wild relatives)
available in digital formats. These efforts might contribute to fill the gaps in information of
some regions like the tropics (namely the Amazonian rainforest, Central Africa, the Malay
archipelago) and Asia (Eastern, Northern and Central Asia specifically) (see Figure[2.2).

Plans to increase the visibility of the global occurrence dataset for crop wild relatives include
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its publication through GBIF as a separate collection of agrobiodiversity related data, and at the
same time securing its availability in a stable data repository (e.g., The Dataverse Project).
Further efforts to enhance the quality of occurrence records are needed. This includes im-
proving taxonomic coverage, record completeness, correction of geographic biases, and taxo-
nomic identity of occurrence records (Tittensor et al., 2014; |Goodwin et al., [2015). This in
turn will help to improve the quality and accuracy of the studies derived from the use of this
data. Our approach enabled us to identify and overcome quality issues related to geographical
positioning and taxonomic identity. We were able to calculate geographic coordinates when
sufficient locality descriptions where available, to re-calculate coordinates when geographic in-
consistencies were found, to correct misspellings in the botanic identities of occurrence records
and to align the botanic identities of occurrence records to accepted plant checklists. The contin-
uous interaction and feedback from crop wild relatives’ experts was key to improve the quality

of the data for some crop wild relative genera.
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CHAPTER 3

EX SITU CONSERVATION PRIORITIES FOR THE
WILD RELATIVES OF POTATO (SOLANUM 1.
SECTION PETOTA)

Article published in PLoS ONE 2015. DOI:|10.1371/journal .pone.0122599
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3.1 Abstract

Crop wild relatives have a long history of use in potato breeding, particularly for pest and
disease resistance, and are expected to be increasingly used in the search for tolerance to biotic
and abiotic stresses. Their current and future use in crop improvement is dependent upon their
availability in ex sifu germplasm collections. As these plants are impacted in the wild by habitat
destruction and climate change, actions to ensure their conservation ex sifu become ever more
urgent.

We analyzed the state of ex sifu conservation of 73 of the closest wild relatives of potato
(Solanum section Petota), with the aim of establishing priorities for further collecting to fill
important gaps in germplasm collections. A total of 32 species (43.8%), were assigned high
priority for further collecting due to severe gaps in their ex sifu collections. Such gaps are most
pronounced in the geographic center of diversity of the wild relatives in Peru. A total of 20
and 18 species were assessed as medium and low priority for further collecting, respectively,
with only three species determined to be sufficiently represented currently. Priorities for fur-
ther collecting include: (i) species completely lacking representation in germplasm collections;
(i1) other high priority taxa, with geographic emphasis on the center of species diversity; (iii)
medium priority species. Such collecting efforts combined with further emphasis on improving
ex situ conservation technologies and methods, performing genotypic and phenotypic charac-
terization of wild relative diversity, monitoring wild populations in situ, and making conserved
wild relatives and their associated data accessible to the global research community, represent
key steps in ensuring the long-term availability of the wild genetic resources of this important

crop.

3.2 Introduction

Potato (Solanum tuberosum L.) is the most important tuber crop worldwide, continuing to gain

significance in temperate and tropical regions as a source of carbohydrates, vitamins, and miner-
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als (Khoury et al.,2014)) as well as for industrial purposes (Kraak,|1992). The crop is susceptible
to a wide range of biotic stresses, in particular fungal diseases and pests (Stevenson et al., 2001}
Wale et al., [2008). A relatively low historical influx of variation has led to a genetic bottleneck
within potato cultivars (Mendoza and Haynes, |1974; Hawkes, [1979; Wang et al., 2011)), thus
the infusion of potato varieties with novel genetic diversity is expected to improve resistance to
biotic and abiotic stresses (Jansky et al., 2013).

As one source of such variation, potato breeding programs have looked to related wild
species, particularly for resistance to biotic and abiotic stresses (Rudorf, [1958; [Pavek and
Corsini, 2001 Jansky et al., 2013). Widely used and well documented sources of valuable
traits such as frost and late blight (Phytophthora infestans (Mont.) de Bary) resistance include
S. acaule, S. bulbocastanum, S. chacoense, S. demissum and S. stoloniferum. The search for
late blight resistance has been a center point in the evaluation and use of wild relatives in potato
breeding (Mattheij ef al., |1992; van der Vossen et al., |2003; Liu and Halterman, 2009; Smyda
et al., 2013 Jones et al.,|2014). In addition, S. commersonii and S. berthaultii have been evalu-
ated for bacterial wilt (Ralstonia solanacearum Smith) and verticillium wilt (Verticillium spp.)
resistances, respectively (Laferriere et al., [1999; |[Hiymans et al., [2003; |Gonzalez et al., 2013).
Other species have been proposed as valuable sources of resistance, such as S. acroglossum for
Colorado potato beetle (Leptinotarsa decemlineata Say), and S. albicans for cold sweetening
(Pelletier, 2007; [Luthra et al., [2009) (Table [3.1).

Despite the extensive history of use of the wild relatives of potato in breeding, most species
have not yet been evaluated for their potential for utilization. These include species from the
eastern Andean slopes where resistance to late blight is particularly key for survival (e.g., S.
laxissimum and S. rhomboideilanceolatum), as well as distant relatives that may display drought
resistance due to their adaptation to dry habitats (e.g., S. immite and S. mochiquense). Enhanced
understanding of species reproductive biologies, advances in pre-breeding technologies to by-
pass reproductive barriers, improvements in cisgenic techniques, and the evolution of new geno-
typing and phenotyping platforms are likely make the use of wild relatives more attractive and

efficient (Watanabe ef al., |1995; [Hanneman, |1999; Camadro et al., [2004; Jansky et al., 2006;
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Table 3.1: Crop wild relatives that have been evaluated and/or used in potato breeding.

Gene pool  Species Resistance trait(s) References
Primary S. acaule Biotic: Nacobbus aberrans. Abiotic:  (Estradal |[1980; [Rossl, [1986%
frost [Suérez et all 2009} Watan-|
S. berthaultii Biotic: Erwinia carotovora, E. atrosep-  (Carputo et al., 1996, |1997;
tica; Verticillium wilt. Other: cold in- [Frost ef al 2006}, Jansky ef
duced sweetening al [2011)
S. brevicaule Biotic: Globodera sp., G. pallida, virus ~ (Ross, 1986, |Uhrig and|
Wenzel, [1981} [Santini e
2000; [Bradshaw and
S. candolleanum Biotic: Globodera sp., G. pallida, Er- (Carputo et al.,|1996, 1997}
winia carotovora, E. atroseptica [Bradshaw and  Ramsayl
2005)
S. vernei Biotic: virus, pest and nematode (Ross, 1979, [1986; Brad-
[shaw and Ramsay}
Secondary . boliviense Abiotic: frost (Tucci et al. [1996; Hawkes|
S. cajamarquense Biotic: Phytophthora infestans (Lindqvist-Kreuze et all
2010
S. chacoense Biotic: virus, pest, Verticillium wilt. l(]S_ant[)ini et al., 2000; Brad-|
Other: cold induced sweetening [shaw et al] 2006} [Frost
ez all, 2006}, [Tansky et al.
2011; Narancio et al}, 2013)
S. demissum Biotic: Phytophthora infestans (Bradshaw et al., 2006} Jo ef|
al} 2011)
S. kurtzianum Biotic: Globodera sp. Bradshaw and Ramsayl
S. paucissectum Biotic: Phytophthora infestans Villamon et al., |2005[)
S. raphanifolium Other: cold induced sweetening Jansky et al.!, 2011
S. stoloniferum Biotic: Phytophthora infestans, PVY Ross, (1979 L‘ﬁshaw eﬂ
] s
Tertiary S. bulbocastanum Biotic: Phytophthora infestans Naess et al.l 2000} van der]
[Vossen e al, 2003 [Hodgkin|
S. commersonii Biotic: Ralstonia solanacearum. Abi- (Cardi et all 1993} Lafer-
otic: frost [riere et all [1999}; [Gonzélez)
et al.
S. palustre Biotic: PLRV Estradal 1991
S. tarnii Biotic: PVY, Leptinotarsa decemlin- (Thieme et al.|,|2008[)
eata, Phytophthora infestans
Uitdewillgen et al., 2013).

Species designations within the section Petota, where potato resides, have recently been
revised on the basis of new molecular findings in combination with morphological studies
driguez et al., 2009} Spooner,, 2009; /Ames and Spooner, 2010} [Fajardo and Spooner, 2011}, [Cail
et al, 2012} [Spooner ef al.l 2014). The wild related species of potato have been organized
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into primary, secondary and tertiary gene pools according to the ease of crossability with the
cultivated species (Wiersema et al., 2012; |Vincent et al., [2013). These wild relatives consti-
tute a morphologically and genetically diverse group of plants distributed from central Chile
and Argentina to the southwestern United States. They occupy a variety of habitats within
deserts, forests and mountainous regions (Hiymans ez al., 2002) (Figure . Mexico, Bolivia,
Argentina, and especially Peru are considered to possess the greatest total diversity of potato
wild relatives, although high levels of endemism are reflected in unique species occurring in
most of the total 16 countries where these wild relatives grow (Hijmans et al., 2002).

While CWR are likely to play a role in climate change adaptation of novel potato cultivars
(Guarino and Lobell, 2011}, a number of the wild relatives of cultivated potato are threatened
due to habitat destruction and climate change (Jarvis et al., [ 2008}; |Vice-ministry for the environ-
ment biodiversity and climate change (VMABCC) and Bioversity International, 2009; Cadima
et al.,2014). It is therefore becoming more important to address gaps in the ex situ conservation
of these plants, particularly for species that are currently underrepresented in genebanks and are
most impacted in their native habitats.

Gap analysis is a systematic methodology for assessing the comprehensiveness of ex situ
conservation of plant species, and for assigning taxonomic and geographic priorities for further
collecting (Maxted et al., 2008; Ramirez-Villegas et al., 2010). Gap analysis has been applied
to the wild relatives of a wide range of crops, including grains, forages and legumes (Ramirez-
Villegas et al., 2010; Maxted et al.,|[2012;|Vincent ef al.,|2012). The analysis can also contribute
to the identification of species and habitat priorities for complementary in situ conservation.

Here we assessed the current state of ex sifu conservation of the wild relatives of potato
through a gap analysis, in order to identify those species and geographic areas in need of con-

servation in order to assure their long-term availability for plant breeding efforts.
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3.3 Materials and Methods

3.3.1 Wild relative species and geographic area of study

We assessed the closely related wild relatives of potato [i.e., primary and secondary gene pool
wild relatives (Harlan and de Wet, 1971)], as well as any distant relatives in the third gene
pool that have been published with confirmed or potential uses in crop breeding (Table [3.1).
We followed the most recent taxonomic revision of Solanum L. section Petota (Spooner ef
al.| [2014) (see also Solanaceae Source, http://solanaceaesource.org/)), henceforth
“Solanaceae Source taxonomy”. A complementary analysis was also performed following the
taxonomy of Ochoa (Ochoa, (1990, 1999, 2003)) (henceforth “CIP taxonomy™), in order to pro-
vide a gap analysis for the potato wild relative collection conserved as the International Potato
Center (CIP), based on its current taxonomic classification (Supplementary Table [3.1). Our
study focused on the native distributions of potato wild relatives, which occur in Argentina, Bo-
livia, Brazil, Chile, Colombia, Costa Rica, Ecuador, Guatemala, Honduras, Mexico, Panama,
Paraguay, Peru, Uruguay, USA, and Venezuela (Spooner ef al.,|2014). Species presence records
and germplasm accessions passport data were gathered from online databases (e.g., GBIF
-http://www.gbif.org/-, SpeciesLink -http://splink.cria.org.br/-, EURISCO -http://eurisco.ipk-
gatersleben.de/-, SINGER, and GRIN -http://www.ars-grin.gov/-), and visits to herbaria (E,
K, L, NY and US). Germplasm data were obtained from repositories that provide straight-
forward access to genetic resources and associated data to the global research community
through online information systems. The occurrence data utilized in this analysis is available

on (http://dx.doi.org/10.6084/m9.figshare.1284187).

3.3.2 Environmental niche modelling

Environmental niche modelling (ENM) techniques were used to estimate the potential geo-
graphic distribution of each wild potato species. MaxEnt (Phillips et al., 2006) was selected

as the modelling algorithm due to its performance when compared with other modelling ap-
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proaches, and to its wide use in conservation analyses (Elith et al.. 2006; Simon et al.| 2010,
2011). Ten thousand random points were used as background records across Central and South
America, the native range of the wild relatives. A five-fold cross-validation option (k=5) was
implemented to maximize the use of small sets of georeferenced records in the modelling, pro-
ducing five replicates per species, subsequently summarized into a single ensemble model by
estimating the mean values across the replicates. The models were restricted to their known
native countries per species as reported in the literature (Spooner et al., 2014), and further re-
fined using a species-specific threshold corresponding to the shortest distance to the upper left
corner of the Receiver Operating Characteristic (ROC) curve (Liu et al.l 2005). For environ-
mental drivers, we used 19 bioclimatic variables (Supplementary Table derived from the
WorldClim database (Hijmans et al., 2005) at a resolution of 2.5 arc-minutes (approx. 5 km at
the equator).

The performance of each ENM was assessed to determine its suitability for use in the gap
analysis. Three parameters were checked: (i) the 5-fold average Area Under the Test ROC
Curve (ATAUC), (ii) the standard deviation of the ATAUC for the 5 different folds, and (iii) the
proportion of potential distribution where the standard deviation is greater than 0.15 (ASD15).
A suitable model had to meet these conditions: ATAUC > 0.7, STAUC < 0.15 and ASDI15
< 10% (Ramirez-Villegas et al., |2010). In those cases where a suitable niche model was not
produced (either due to lack of data or low performance of the ensemble model), a convex hull

(polygon surrounding the outermost georeferenced points) was prepared.

3.3.3 Gap analysis

We used a gap analysis methodology (Maxted et al., 2008; Ramirez-Villegas et al., 2010) in-
cluding three metrics to determine the urgency of collecting wild relatives for conservation ex
situ. A Sampling Representativeness Score (SRS) compared the number of germplasm acces-
sions to the total number of samples (germplasm plus species presence records, with or without
geographic coordinates), giving a general overview of the sufficiency of accessions per species.

A Geographic Representativeness Score (GRS) compared the ENMs of the species to the ge-
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ographic distribution of existing germplasm accession collecting sites, estimated by creating
circular buffers of 50 km (CAS50) around each site where the accession was collected (Hij-
mans and Spooner, |2001), in order to assess the geographic coverage of germplasm collections.
An Ecosystem Representativeness Score (ERS) assessed the number of ecosystems currently
represented in ex situ collections (CAS50 of germplasm collections), in comparison to the total
number of ecosystems distributed within the ENMs of species. The three gap analysis metrics
were given equal weight and an average was calculated to obtain a Final Priority Score (FPS).
Four categories were employed to assign priority for further collecting for ex situ conservation:
high priority species (HPS) when FPS < 3, or when ten or less accessions were recorded in
germplasm collections; medium-priority species (MPS) when 3 < FPS > 5; low priority species
(LPS) when 5 < FPS > 7.5; and “no further collecting of germplasm required” (NFCR) when
7.5 <FPS > 10.

The gap analysis was performed using R v2.15.1 (R Core Team, 2014), and the packages
maptools (Bivand and Lewin-Koh, |2014), rgdal (Bivand et al., 2014), SDMTools (VanDerWal
et al.,2014), raster (Hyymans, 2014), sp (Pebesma and Bivand, 2005} Bivand ez al.,2013), dismo
(Hiymans et al., 2014) and ggplot2 (Wickham) 2009).

3.3.4 Identification of geographic areas of priority for further collecting

Maps highlighting areas identified as priorities for further collecting (collecting gaps) were
prepared for each species by subtracting the existing germplasm CAS50 buffers from the ENMs.
For those species where a niche model was not produced, CAS50 buffers were prepared around
all presence records, with germplasm CASO0 buffers subtracted from these representations of the
distribution of species. Collecting gap maps for all high priority species were analyzed using
the “Zonal Statistics” tool in ArcMap (ESRI, 2011) to produce a count of species in need of

further collecting per country.
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3.4 Results

3.4.1 Wild relative species and geographic area of study

Seventy-three species were included in the analysis as relatively close relatives of potato (i.e.,
members of the primary and secondary gene pools (Harlan and de Wet, |1971) or due to pub-
lished actual or potential use in breeding efforts. These included seven species from the primary
gene pool of potato, 63 from the secondary gene pool, and three tertiary gene pool species with
reported use in crop improvement (Table[3.2)). Almost half of the species analyzed are diploids
with an endosperm balance number of 2 (2 EBN), followed by tetraploids (2 EBN and 4 EBN)
and hexaploids (4 EBN) (Spooner and Hijmans, 2001)). For the complementary gap analysis,
following the CIP taxonomy, a total of 187 putative species were analyzed, equivalent to the
73 Solanaceae Source taxonomy species (Spooner et al., 2014) (Supplementary Table 3.1). A
total of 49,164 records for the 73 potato wild relatives were gathered (75.76% with coordi-
nates), with 11,100 germplasm accessions and 37,251 presence records, including herbarium

references, inactive germplasm accessions, and field sighting recordings (Fig. [3.2A).
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Figure 3.1: Flowers, plants and habitats of A) Solanum acaule, B) S. candolleanum, C) S. laxis-
simum, D) S. rhomboideilanceolatum, E) S. simplicissimum and F) S. wittmackii. Photographs
by S. de Haan. The author of the photographs has given written consent to publish them.
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Table 3.2: List of 73 species analyzed and their corresponding prioritization category, gene pool, ploidy level, native areas and count of .
data retrieved for this study. SRS: Sampling Representativeness Score, GRS: Geographical Representativeness Score, ERS: Environmental
Representativeness Score, FPCAT: Final priority category. HPS = high priority species, MPS = medium priority species, LPS = low priority
species, and NFCR = no further collecting required. GP: gene pool, 1: Primary, 2: Secondary, and 3: Tertiary. AR: Argentina, BO: Bolivia,
BR: Brazil, CL: Chile, CO: Colombia, CR: Costa Rica, EC: Ecuador, GT: Guatemala, HN: Honduras, MX: Mexico, PA: Panama, PE: Peru,

PY: Paraguay, UY: Uruguay, US: United States of America, and VE: Venezuela

Taxon (Solanaceae Source) Countries Ploidy (Hijmans et all GP No. of reference No. of germplasm SRS GRS ERS FPS FPCAT

2007) and (EBN) (Spooner samples (georefer- accessions (georef-

and Hijmans,[2001) enced) erenced)
S. acaule Bitter AR; BO; PE; CL 4x (2EBN), 6x 1 3058 (864) 1762 (521) 3.66 10 10 7.89 NFCR
S. acroglossum Juz. PE 2x (2EBN) 29223 4(4) 042 061 3 0 HPS
S. acroscopicum Ochoa PE 2x 2 93(38) 11 (7) 1.06 0.9 6.36 277 HPS
S. agrimonifolium Rydberg GT; HN; MX 4x (2EBN) 2 345(118) 40 (14) 1.04 648 421 391 MPS
S. albicans (Ochoa) Ochoa EC; PE 6x (4EBN) 2 288(73) 132 (40) 314 52 10 6.11 LPS
S. albornozii Correll EC 2x (2EBN) 2 25(7) 13 (8) 342 506 75 533 LPS
S. andreanum Baker CO; EC 2x (2EBN); 4x (4EBN) 2 448 (234) 111 (71) 1.99 506 647 451 MPS
S. ayacuchense Ochoa PE 2x (2EBN) 2 10(7) 0(0) 0 0 0 0 HPS
S. berthaultii J. G. Hawkes AR; BO 2x (2EBN), 3x 1 836(292) 323 (116) 279 7.68 10 6.82 LPS
S. boliviense M. F. Dunal in DC. BO; PE; AR 2x (2EBN) 2 1724 (657) 388 (185) 1.84 8 10 6.61 LPS
S. bombycinum C. M. Ochoa BO 4x 2 8(6) 1(1) .11 162 5 0 HPS
S. brevicaule Bitter AR; BO; PE 2x (2EBN); 4x (4EBN); 6x 1 4428 (1477) 1159 (457) 207 10 10 7.36 LPS

(4EBN)
S. buesii Vargas PE 2x (2EBN) 2 63(32) 6(4) 0.87 024 273 0 HPS
S. bulbocastanum Dunal in Poiret GT; MX 2x (1EBN), 3x 3 970(399) 175 (47) 1.53 6.2 10 591 LPS
S. burkartii Ochoa PE 2x 2 88(18) 7(5) 0.74 609 833 0 HPS
S. cajamarquense Ochoa PE 2x (1EBN) 2 223(39) 16 (8) 0.67 106 6 2.58 HPS
S. candolleanum Berthault PE; BO 2x (2EBN), 3x 1 2910 (1245) 739 (349) 203 10 9.17 7.06 LPS
S. cantense Ochoa PE 2x (2EBN) 2 155(68) 3(3) 0.19 093 375 0 HPS
S. chacoense Bitter AR; BO; PY; PE; UY; BR 2x (2EBN), 3x 2 2527 (1004) 710 (119) 2.19 194 552 322 MPS
S. chilliasense Ochoa EC 2x (2EBN) 2 15() 54) 2.5 10 10 0 HPS
S. chiquidenum Ochoa PE 2x (2EBN) 2 360 (148) 17 (11) 045 327 7 3.57 MPS
S. chomatophilum Bitter PE; EC 2x (2EBN) 2 967 (378) 124 (55) 1.14 654 833 534 LPS
S. clarum D. S. Correll GT; MX 2x 2 244(92) 6(4) 024 369 278 0 HPS
S. colombianum Dunal CO; EC; PA; VE 4x (2EBN) 2 1116 (444) 214 (105) 1.61 647 9.14 574 LPS
S. commersonii M. F. Dunal AR; BR; UY 2x (1IEBN), 3x 3 692(272) 112 (30) 1.39 214 583 312 MPS
S. contumazaense Ochoa PE 2x (2EBN) 2 21(13) 2(2) 0.87 526 667 0 HPS
S. demissum Lindley GT; MX 6x (4EBN) 2 1669 (513) 613 (85) 2.69 83 10 6.99 LPS
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Table 3.2 — continued from previous page

Taxon (Solanaceae Source) Countries Ploidy (Hijmans et all GP No. of reference No. of germplasm SRS GRS ERS FPS FPCAT
2007) and (EBN)(Spooner samples (georefer- accessions (georef-
and Hijmans,2001) enced) erenced)

S. flahaultii Bitter CcO 4x 2 99 (37) 39 (10) 283 266 375 3.08 MPS
S. gandarillasii H. M. Céardenas BO 2x (2EBN) 2 48(28) 21(7) 3.04 372 7.14 464 MPS
S. garcia-barrigae Ochoa CO 4x 2 21(10) 3(2) 1.25 052 1.9 0 HPS
S. gracilifrons Bitter PE 2x 2 19(8) 1(D 0.5 147 375 0 HPS
S. guerreroense D. S. Correll MX 6x (4EBN) 2 402 20 (2) 833 10 10 9.44  NFCR
S. hastiforme Correll PE 2x (2EBN) 2 49 (32) 2(2) 039 038 4 0 HPS
S. hintonii D. S. Correll MX 2x 2 39(18) 0(0) 0 0 0 0 HPS
S. hjertingii J. G. Hawkes MX 4x (2EBN) 2 155(62) 54 (10) 258 193 4 2.84 HPS
S. hougasii D. S. Correll MX 6x (4EBN) 2 186 (79) 39 (10) 1.73 212 3.68 251 HPS
S. huancabambense Ochoa PE 2x (2EBN) 2 111(28) 29 (10) 207 207 556 323 MPS
S. incasicum Ochoa PE 2x (2EBN) 2 9(%) 2(2) 1.82 10 5 0 HPS
S. infundibuliforme R. A. Philippi AR; BO 2x (2EBN) 1 836(277) 234 (116) 2.19 471 7798 4.89 MPS
S. iopetalum (Bitter) J. G. Hawkes MX 6x (4EBN) 2 626(313) 93 (51) 129 523 75 4.67 MPS
S. kurtzianum Bitter & L. Wittmack AR 2x (2EBN) 2 764 (253) 276 (32) 265 4.02 875 5.14 LPS
S. laxissimum Bitter PE 2x (2EBN) 2 139(91) 19 (10) 1.2 173 5 2.64 HPS
S. lesteri J. G. Hawkes & Hjerting MX 2x 2 23(12) 12 (4) 343 422 444 403 MPS
S. limbaniense Ochoa PE 2x (2EBN) 2 56(28) 12 (7) 1.76  1.18 5 2.65 HPS
S. lobbianum Bitter CO 4x (2EBN) 2 1) 4(1) 8 NA NA 0 HPS
S. longiconicum Bitter CR; PA 4x 2 546 (198) 25 (12) 044 10 10 6.81 LPS
S. maglia D. F. L. von Schlechtendal CL; AR 2x, 3x 2 190 (51) 154) 0.73 0.14 133 0.74 HPS
S. medians Bitter PE; CL 2x (2EBN), 3x 2 849 (305) 98 (35) 1.03 432 444 327 MPS
S. microdontum Bitter AR; BO 2x (2EBN), 3x 2 1178 (349) 422 (94) 264 625 9.09 599 LPS
S. morelliforme Bitter & Muench GT; MX; HN 2x 2 364 (140) 45 (18) 1.1 474 6.55 4.13 MPS
S. multiinterruptum Bitter PE 2x (2EBN), 3x 2 496 (204) 95 (45) 1.61 733 875 59 LPS
S. neocardenasii J. G. Hawkes & J. P. Hjerting BO 2x 2 25(17) 17 (5) 405 056 3.64 275 HPS
S. neorossii J. G. Hawkes & J. P. Hjerting AR 2x 2 76(35) 45 (14) 372 417 10 596 LPS
S. neovavilovii Ochoa BO 2x (2EBN) 2 26(13) 0(0) 0 0 0 0 HPS
S. nubicola Ochoa PE 4x (2EBN) 2 36(20) 2(2) 0.53 0.7 545 0 HPS
S. okadae J. G. Hawkes & J. P. Hjerting BO 2x 1 139(55) 75 (19) 35 1.08 7.14 391 MPS
S. olmosense Ochoa EC; PE 2x (2EBN) 2 26(15) 0(0) 0 0 0 0 HPS
S. oxycarpum Schiede in D. F. L. von Schlechtendal ~ MX 4x (2EBN) 2 203(77) 58 (20) 222 245 793 42 MPS
S. paucissectum Ochoa PE 2x (2EBN) 2 182(20) 20 (10) 099 10 10 7 LPS
S. pillahuatense Vargas PE 2x (2EBN) 2 15 (11) 1(1) 0.63 10 10 0 HPS
S. piurae Bitter PE 2x (2EBN) 2 226(38) 17 (7) 0.7 047 3 1.39 HPS
S. polyadenium Greenman MX 2x 2 286(97) 99 (14) 257 352 813 474 MPS
S. raphanifolium Céardenas & Hawkes PE 2x (2EBN) 2 597 (206) 220 (69) 2.69 652 857 593 LPS
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Table 3.2 — continued from previous page

Taxon (Solanaceae Source) Countries Ploidy (Hijmans et all GP No. of reference No. of germplasm SRS GRS ERS FPS FPCAT

2007) and (EBN)(Spooner samples (georefer- accessions (georef-

and Hijmans,2001) enced) erenced)
S. rhomboideilanceolatum Ochoa PE 2x (2EBN) 2 99 (46) 73) 0.66 104 667 0 HPS
S. salasianum Ochoa PE 2x 2 13 (7) 0(0) 0 0 0 0 HPS
S. schenckii Bitter MX 6x (4EBN) 2 105(37) 49 (13) 318 245 6.8 4.14 MPS
S. sogarandinum Ochoa PE 2x (2EBN), 3x 2 157 (81) 27 (13) 147 322 6.67 379 MPS
S. stoloniferum D. F. L. von Schlechtendal MX; US 4x (2EBN) 2 3807 (1464) 1582 (314) 294 10 10 7.65 NFCR
S. tarnii J. G. Hawkes & Hjerting MX 2x 3 68(31) 45 (10) 398 258 4.62 373 MPS
S. venturii J. G. Hawkes & J. P. Hjerting AR 2x (2EBN) 2 165(62) 39 (6) 191 047 444 228 HPS
S. vernei Bitter & L. Wittmack AR 2x (2EBN) 1 429(122) 261 (47) 378 246 8.89 5.04 LPS
S. verrucosum D. F. L. von Schlechtendal MX 2x (2EBN), 3x, 4x 2 968 (378) 222 (36) 1.87 656 591 478 MPS
S. violaceimarmoratum Bitter BO; PE 2x (2EBN) 2 234 (104) 61 (16) 2.07 098 286 197 HPS
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Figure 3.2: Distribution of the wild relatives of potato: A) Distribution of germplasm and herbarium records included in the analysis. Red
dots represent germplasm accessions (G) and dark gray dots herbarium/presence records (H). B) Species richness based upon environmental
niche models, and C) Potential hotspots for further collecting of high priority species (HPS).



3.4.2 Environmental niche modelling

The environmental niche models of 75 species (89%) met the parameters used to consider an
ENM suitable for use in the gap analysis. For the remaining eight species (S. chilliasense, S.
guerreroense, S. incasicum, S. lobbianum, S. neovavilovii, S. olmosense, S. paucissectum, and S.
pillahuatense), convex hulls were prepared and used in the gap analysis, as the ENM replicates
produced were highly variable and did not comply with the ASD15 condition. Potato crop wild
relative species richness was found to be highest in Peru, followed by Mexico and Argentina
(Fig. [3.2B, Supplementary File[3.T).

Occurrence data, ENMs and the collecting priorities maps for the species analyzed, follow-
ing the Solanaceae Source taxonomy, are available in an interactive format at http://www.

cwrdiversity.org/distribution-map/

3.4.3 Gap analysis

The gap analysis for the 73 species resulted in the assignment of 32 HPS, 20 MPS, 18 LPS and
3 NFCR (Table[3.2)). There are no germplasm accessions currently available for S. ayacuchense,
S. neovavilovii, S. olmosense and S. salasianum, and these species therefore represent the great-
est urgency for further collecting. All HPS belong to the secondary gene pool (Fig. [3.3).
Solanum neocardenasii and S. lobbianum possessed a single dominant factor contributing
to their priority category assignment for further collecting. All other species possessed two
(40.6% of the species), three (28.1%) or four (28.1%) factors contributing importantly to their
FPS status (Supplementary Table [3.3)). Ninety-four percent of the species classified as HPS had
alow SRS (SRS equal or less than 3) [median (mean) = 0.73 (1.22)] (Fig. [3.4A, Supplementary
Fig. [3.1). Likewise, 78.1% of HPS exhibited a low GRS [0.930 (2.07)] (Supplementary Fig.
3.1), with five species well represented (S. candolleanum, S. brevicaule, S. stoloniferum and
S. acaule), as shown in Fig [3.4B, where the dashed line is the complete representativeness
line, and the continuous line is the average representativeness line, the former showing an ideal

scenario where the potential geographic extension of the gene pool is completely represented
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Figure 3.3: Priorities for further collecting by potato wild relative gene pool, categorized into
high priority species (HPS), medium priority species (LPS), low priority species (LPS), and “no
further collecting required” (NFCR).

at genebank collections and the latter showing the extent of representativeness compared to the
potential extent of the gene pool. On the other hand, the ERS contributed less to the FPS of high
priority species, with less than half (37.5%) of the HPS exhibiting an ERS < 3 [median value
3.75 (4.01)] (Fig. 3.4C, Supplementary Fig. [3.1)). A total of 65.6% of the species ranked as high
priority had less than ten active accessions and consequently very limited representativeness in
terms of absolute numbers of accessions available in germplasm collections.

A total of 31 HPS were mapped together for targeting of geographic hotspots for further
collecting (Fig. [3.2IC, Supplementary File [3.2). Peru contained the highest count of HPS for
further collecting (21 species), followed by Mexico (4); Bolivia (3); Colombia (2), Ecuador (2)
and Argentina, Chile and Guatemala (each with 1 species) (Fig. [3.2C). Twenty-eight species
(out of 32) were found to be endemic to a single country (Fig. [3.5)). The greatest concentrations

of species requiring further collecting were predicted to occur in the Peruvian Departments of
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Figure 3.4: Gap analysis metrics obtained for all the crop wild relatives analyzed following the
Solanaceae Source taxonomy. A) Sampling Representativeness Score (SRS), B) Geographic
Representativeness Score (GRS), C) Ecosystem Representativeness Score (ERS).

Cajamarca, La Libertad, Ancash and Hudnuco. Supplementary Table [3.4] provides an overview
of sites recommended for further collecting of high priority species based on their presence
points.

A total of 18 species were assessed as MPS for further collecting, and are distributed in:
Argentina (1 species), Bolivia (2), Colombia (1), Ecuador (2), Guatemala (2), Mexico (8), Peru
(5), Honduras (2), Paraguay (1), Uruguay (1) and Brazil (1) (Fig. [3.6).

The restricted range and endemic nature of many of the insufficiently collected taxa im-
plies that targeted collecting trips to specific regions outside the gap richness areas are needed
in order to form comprehensive germplasm collections for potato wild relatives. Some of the
HPS species are known to occur in threatened habits, requiring urgent attention (e.g., S. rhom-
boideilanceolatum (Fig. [3.1D) and S. piurae). Other species, such as S. laxissimum (Fig. [3.1C)
and S. neovavilovii, occur in relatively intact natural areas or within the boundaries of national
parks and can thus be expected to be more secure. Active monitoring of these species in the
wild can provide greater assurance of continued conservation in these areas.

Following the CIP taxonomy system, 65.1% of the 172 species analyzed were ranked as
high priorities for further collecting (HPS), 19.8% were identified as medium priorities (MPS),
9.9% as low priorities and 5.2% as “no further collecting required” (NFCR) (Supplementary

Figure |3.2)).
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Figure 3.5: Countries identified for potential further collecting per high priority crop wild rel-
ative species. ARG: Argentina, BOL: Bolivia, CHL: Chile, COL: Colombia, ECU: Ecuador,
GTM: Guatemala, MEX: Mexico, PER: Peru.

3.5 Discussion

With 32 species classified as high priority and another 20 as medium priority for collecting,
it is evident that further conservation action is needed to safeguard the wild genetic resources
of this globally important crop. We propose three levels of priority for further collecting: first
for the four HPS species that are completely lacking from internationally available genebank

collections (S. ayacuchense, S. neovavilovii, S. olmosense and S. salasianum); second for the
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Figure 3.6: Number of CWR species prioritized for further collecting per country. HPS = high
priority species, MPS = medium priority species, LPS = low priority species, and NFCR =
“no further collecting required” (NFCR). ARG: Argentina, BOL: Bolivia, BRA: Brazil, CHL:
Chile, COL: Colombia, CRI: Costa Rica, ECU: Ecuador, GTM: Guatemala, HND: Honduras,
MEX: Mexico, PAN: Panama, PER: Peru, PRY: Paraguay, URY: Uruguay and VEN: Venezuela.

other 28 HPS species occurring in a total of eight countries; and third for the MPS.

In addition to gap filling for ex situ collections, the results can help establish priorities for
the establishment of genetic reserves for the in situ conservation of potato wild relatives. Such
reserves may most effectively be established at sites where several HPS and/or MPS overlap, es-
pecially if coinciding with existing protected areas. Habitats undergoing significant disturbance
may also represent high priorities for consideration for in sifu conservation efforts.

Some of the HPS display very restricted distributions and are considered to be threatened in
situ. The limited habitat of S. rhomboideilanceolatum in Peru is increasingly exposed to road
building and overgrazing by livestock (field observation by the authors, 2013). Yet other HPS
with restricted distributions, such as S. bombycinum in Bolivia, are reported to grow in habitats

that are not presently highly exposed to threats (Cadima et al., 2014), while additional species
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with relatively extensive ranges such as S. laxissimum in Peru show considerable spatial overlap
with protected areas. Factors such as threats to the in situ conservation of wild populations,
overlap with protected areas, and degree of endemism can further refine collecting priorities.
Monitoring the population dynamics, ecology and genetics of selected species to corroborate
the effect of climate change and other threats to wild relatives also represent useful contributions
to conservation planning (Iriondo et al.l 2012). Such studies can help to ground-truth climate
change forecasts and to enhance the understanding of the adaptive capacity of wild relatives.

Many of the taxa classified as generally well conserved (LPS and NFCR) are those that are
widely used in breeding programs, such as S. bulbocastanum and S. stoloniferum. This is a
logical consequence of demand from such programs. It is anticipated that demand for as yet
underutilized species will increase as potato breeding efforts expand the use of wide diversity
in order to confront emerging biotic and abiotic stresses.

Our results assign a relatively large number of species from Peru to the category of high
priority for further collecting. This may seem surprising given the long history of collecting
missions in the center of species diversity. Sampling biases relative to road systems, time lim-
itations of collecting missions and the tendency of collectors to sample in areas of previous
expeditions have been reported (Hyymans et al., 2000, 2002). The restricted distribution, high
levels of endemism, and difficult access to some of the areas where HPS potato wild relatives
occur provide further insight into the low level of representation of a number of these species
in genebanks. New roads in Peru in previously isolated and remote habitats will soon make
these populations increasingly accessible for collecting but at the same time more vulnerable to
habitat destruction.

Long-term conservation of the genetic diversity of wild relatives of potato will also require
further research in population genetics and reproductive biology of the species (Ovchinnikova
et al.,2011). Gap filling of the taxa identified here as critically under-represented in germplasm
collections will provide an important step in making germplasm available for such analyses.
Future studies should incorporate morphological and molecular analyses in order to elucidate

the diversity and genetic distances within and between populations of wild relatives as well as
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between genebank collections and in situ reserves (del Rio et al.,|1997a,b; Camadrol 2014). Ge-
netic variability encountered within natural populations has typically been poorly studied and is
generally not taken into account before planning collecting expeditions for wild relatives (Ca-
madrol|2012)). Further taxonomic research may also be useful. The complementary gap analysis
following the CIP taxonomy displayed differences in resulting priorities for further collecting
(Supplementary Figure [3.2)), and may reveal potentially useful infraspecific variation for fur-
ther exploration, as some of the species in CIP taxonomy may represent unique subpopulations
within the Solanaceae Source taxonomy.

The collecting priorities identified here, combined with further emphasis on improving ex
situ conservation technologies and associated data management, performing genotypic and phe-
notypic characterization of wild relative diversity, monitoring wild populations in situ, and mak-
ing conserved wild relatives and their associated data accessible to the global research commu-
nity, represent key steps in ensuring the long-term availability of the wild genetic resources of

this critically important crop.
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CHAPTER 4

CROP WILD RELATIVES OF THE BRINJAL
EGGPLANT (SOLANUM MELONGENA:
SOLANACEAE): POORLY REPRESENTED IN
GENEBANKS AND MANY SPECIES AT RISK OF
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4.1 Abstract

e Premise of the study. Crop wild relatives (CWR) provide important traits for plant breed-
ing, including pest, pathogen and abiotic stress resistance. Their conservation and future
availability are essential for food security. Despite this, the world’s genebanks are cur-

rently thought to conserve only a fraction of the total diversity of CWR.

e Methods. We define the eggplant gene pool using the results of recent taxonomic and phy-
logenetic studies. We identify the gaps in germplasm accessions for eggplant (Solanum
melongena L.) CWR by comparing georeferenced herbarium records and germplasm
accessions using a gap analysis methodology implementing species distribution mod-
els (SDM). Preliminary conservation assessments using IUCN criteria were done for all
species and were combined with the gap analysis to pinpoint where under-collected and
threatened CWR species coincide with high human disturbance and occur outside of pro-

tected areas.

e Key results. We show that many eggplant CWR are poorly represented in genebanks com-
pared to their native ranges. Priority areas for future collection are concentrated in Africa,
especially along the Kenya-Tanzania border. Fourteen species of eggplant CWR are as-

sessed as threatened or near-threatened; these are also concentrated in eastern Africa.

e Conclusions. The knowledge base upon which conservation of wild relative germplasm
depends must take into account both taxonomic and phylogenetic advances. Beyond tra-
ditional research focus on close relatives of crops, we emphasize the benefits of defining
a broad CWR gene pool, and the importance of assessing threats to wild species when
targeting localities for future collection of CWR to improve crop breeding in the face of

environmental change.

e Key words. Agriculture; crop gene pools; gap analysis; genebanks; eggplant; food secu-

rity; Red List assessments; species distribution modelling; Solanaceae; Solanum
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4.2 Introduction

Domestication and subsequent improvement has generally led to narrowing of the genetic di-
versity of our commonly cultivated crop varieties (Tanksley and McCouch, 1997)). Limited
genetic diversity also limits the potential of crop breeding efforts, especially in the face of envi-
ronmental change. This situation has re-invigorated research into the use of crop wild relatives
(CWR), the wild cousins of domesticated crop species, in breeding efforts (Tanksley and Mc-
Couch, |1997; Hodgkin and Hajjar, 2008} Dempewolf et al., 2013)). Crop wild relatives share a
relatively recent common ancestry with domesticated species and due to that close relationship,
are reservoirs of genetic traits that can be useful in crop improvement (Tanksley and McCouch,
1997 |Guarino and Lobell, 2011]). Interest in CWR has its roots in Nikolai Vavilov’s centers
of origin of cultivated plants (as compiled in Vavilov, 1992) concepts where regions identified
as rich in wild species related to crops were suggested to be the centers of domestication and
origin of these crops, and where significant genetic diversity was thought to reside, both in
terms of related wild species and in the crop itself. Despite this long history of interest and the
recognized value of wild and weedy crop relatives, they remain largely understudied and their
natural populations are increasingly at risk due to habitat loss and conversion, climate change,
and invasive species (e.g., Ford-Lloyd et al., 2011).

In the past decade, the International Treaty on Plant Genetic Resources for Food and Agri-
culture (FAO, |2009) has provided momentum for efforts to better conserve and share such wild
genetic resources. More recently, international instruments such as the United Nations’ Sus-
tainable Development Goals, the updated Global Strategy for Plant Conservation (CBD, 2010)
and the Aichi Biodiversity Targets (Secretariat of the CBD, |2010) have specifically targeted the
comprehensive conservation of wild plant genetic resources.

The conservation of CWR 1is a matter of urgency because many of these species are con-
sidered to be threatened in their natural habitats due to the conversion of land to industrial
agricultural production, urbanization, mining, the spread of invasive species, pollution, and cli-
mate change (Jarvis et al., 2008; Brummitt ef al., 2015a). A number of initiatives have been

enacted to conserve such genetic resources in the wild, but these efforts have treated a limited
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number of species and geographic regions (Meilleur and Hodgkin, 2004), and much greater
efforts are needed to adequately conserve wild genetic resources as a whole (Maxted and Kell,
2009; Iriondo et al., 2012).

Genebanks, also known as seedbanks, have been an important component in the conserva-
tion and availability of wild species useful for plant breeding (Tanksley and McCouch, 1997),
enabling their maintenance in controlled environments and facilitating their availability to crop
breeders and other researchers. Assessing the level of representation of wild species in these
genebanks is thus important for evaluating the state of conservation of these species, and for
guiding future efforts to fill important gaps in these collections (Maxted et al.l 2008; [Vimal
et al., 2010). Gap analysis methodologies perform such assessments by identifying those wild
taxa, geographic locations, and particular traits or adaptations that are un- or under-conserved in
genebanks (Maxted et al., 2008) based upon available information resources (e.g., occurrence
records from herbaria and genebanks) and using geographic and species distribution modelling
methods (Ramirez-Villegas et al., 2010; Parra-Quijano et al., 2011; Castafieda-Alvarez et al.,
2016).

Efforts to protect wild plant genetic resources have been focused on major cereal crops and
legumes, and the CWR of vegetables are still inadequately represented in these collections; only
5% of the accessions in global genebanks correspond to wild relatives of vegetable crops (FAO,
2010). Vegetables are an important source of nutrients, antioxidants and bioactive compounds
and are essential for a healthy diet and for reducing the risk of some major chronic diseases
(Slavin and Lloyd, 2012).

Eggplant, also known as brinjal or aubergine (Solanum melongena L., Solanaceae), is an im-
portant vegetable crop cultivated worldwide, and is the second most important solanaceous fruit
crop after tomato (S. lycopersicum L.) (FAOSTAT) 2015). Because of its importance for food
security eggplant is included with 34 other crops in the Annex 1 of the International Treaty on
Plant Genetic Resources for Food and Agriculture (Fowler et al., 2003; FAO, 2009), a mecha-
nism established to facilitate access and use of plant genetic resources. Unlike tomato and potato

(S. tuberosum L.), eggplants have their origins in the Old World (Weese and Bohs, 2010). Three

67



distinct cultivated species of eggplants are known: the Gboma eggplant (S. macrocarpon L.),
the scarlet eggplant (S. aethiopicum L.), and the brinjal eggplant itself (S. melongena). While
the two former are mainly grown in small scale local agricultural systems in Africa (Daunay
and Hazral |2012)), the eggplant is cultivated worldwide, with focus in Mediterranean and Asia
in particular, where it ranks among the top five most important vegetable crops (Frary et al.,
2007). In this article we focus on the brinjal eggplant or aubergine, commonly referred to and
referred to hereafter as the eggplant.

Eggplant is an important source of antioxidants, vitamins, and minerals (Raigon et al., 2008;
Gramazio et al., [2014)). The most important nutritional components of eggplant are phenolic
compounds that give the fruit its antioxidant properties (Plazas et al., 2013) which are benefi-
cial for a number of metabolic and cardiovascular ailments. Breeding objectives for eggplant
are mostly oriented toward developing high-yielding, early maturing, high fruit quality vari-
eties, with stress resistance and high antioxidants (Singh and Kumar, 2007; Daunay and Hazra,
2012} |Gramazio et al.l, 2014)). Breeders have performed research with wild relatives of eggplant
for yield increase, fruit quality, disease resistance, and more recently, improved nutritional con-
tent (Table @) However, in contrast to tomato, where most modern cultivars carry genes
introgressed from CWR (Diez and Nuez, 2008), at present no modern commercial cultivars of
eggplant with traits introgressed from CWR have been released.

All three cultivated eggplants are members of the diverse genus Solanum L., which is one
of the largest genera of flowering plants with more than 1,000 species distributed worldwide
(Bohs, 2005} [Sarkinen et al., 2013). All eggplants belong to the Leptostemonum clade, a mono-
phyletic group informally called the ’spiny’ solanums, and within Leptostemonum, a species-
rich clade composed exclusively of Old World taxa (the Old World clade sensu Stern et al.,
20115 Vorontsova et al., [2013) from Africa, Australia, and Asia (including Eurasia and the
Middle East).

The putative progenitor of S. melongena is S. insanum L., a species widespread in tropical
Asia from Madagascar to the Philippines. The eggplant was domesticated in Asia; [Vavilov

(1951)) included eggplant in his Indo-Burman center of diversity but more recently authors have
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Table 4.1: Spiny solanums used in eggplant breeding and improvement programmes

Species

Reported use

S. anguivi Lam.

S. incanum L.

S. linnaeanum Hepper
& P.-M.L.Jaeger

S. sisymbriifolium
Lam.

S. violaceum Ortega

S. torvum Sw.

Backcross to obtain cytoplasm substitution male-sterile
lines

Interspecific hybrids as rootstock

Backcross introgression of high content in bioactive phe-
nolic acids

Resistance to Fusarium wilts.

Backcross introgression of resistance to Verticillium
dahliae.

Development of introgression lines

Sexual and somatic hybridization for resistance to Ral-
stonia solanacearum and Verticillium dahliae. No back-
crosses or selfings of hybrids obtained.

Resistance to Ralstonia solanacearum and Verticillium
dahliae wilts

Resistance to fruit and shoot borers (Leucinodes or-
bonalis)

Resistance to root-knot nematodes (Meloidogyne spp.)
Resistance to spider mite

Selection of selfings of interspecific hybrids resistant to
Fusarium wilt

Backcross to obtain cytoplasm substitution male-sterile
lines

Sexual and somatic hybridization for resistance to Ral-
stonia solanacearum, Verticillium dahliae and root-knot-
nematodes. No backcrosses or selfings of hybrids ob-
tained

Resistance to soil pathogens R. solanacearum and Verti-
cillium and as graftstock

Resistance to root-knot nematodes (Meloidogyne spp.)

References
Khan __and
(2009))
Gisbert et al.| (2011)
Prohens et al.| (2013)

Isshikil

Rao and Kumar|{(1980)
Sunseri et al.| (2003);
Liu et al.|(2015)

Mennella et al.| (2010)
Bletsos and Roupakias
(1998)); |Collonnier ef|

al.|(2003a)
Collonnier et __al.
(2003al)

Chelliah _and _ Srini-
vasan| (1983)

Ahuja et al.|(1987)
Schalk et al.| (1975)

Rao and Kumar|(1980)
Khan and  Isshiki
(2009)

Bletsos and Roupakias
(1998); Jarl et al
(1999); Kumchai et al.
(2013)

Jarl et al.| (1999); Col-
lonnier et al.| (2003b);
Gisbert et al.|(2011)

Ahuja et al.£1987)

suggested it could have two centers of domestication in China and/or India (e.g., Daunay and
Janick, 2007; |Wang et al., |2008; |Weese and Bohs, [2010), with an additional and independent
center of domestication in the Philippines (Meyer et al., |2012a). Eggplant is one of only a
handful of crops that are postulated to have multiple centers of domestication (Meyer et al.,
2012b). Solanum insanum and S. melongena share pollinators and freely interbreed where
cultivated and wild forms come together (Meyer et al., 2012a; Davidar et all 2015). Wild
populations are distinct from cultivated forms (Meyer et al., 2012a) and in general harbor higher
levels of genetic diversity (Mutegi et al.l, 2015)).

The rest of the close wild relative species of eggplant occur outside the main centers of egg-
plant domestication, mostly in tropical eastern Africa and the Middle East. Recent taxonomic

studies have clarified the species identities and distributions of this complex set of taxa (Knapp
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et al., 2013; Vorontsova and Knapp), in press|), and phylogenetic analyses have clarified their re-
lationships. Previous classification systems (Lester and Hasan, |1991; Daunay and Hazra, 2012)
for these taxa used two species names only (S. melongena and S. incanum) with a set of groups
within each largely defined by geography and delimited by letters (e.g., S. incanum group D
for what Knapp et al.| (2013) defined as S. lichtensteinii Willd.). This nomenclature compli-
cated recording of species identities in genebanks with many accessions being identified only
to species level (for a complete explanation of this system see Knapp et al., 2013)

Previous work in analysing the relationships of eggplant wild relatives used only a small
set of taxa that were morphologically similar to the cultivated species (e.g., Lester and Hasan,
1991). Molecular phylogenetic studies confirmed the close relationship of these species in
what was termed the Eggplant clade, but showed that additional species (e.g., S. linnaeanum
Hepper & P.-M.L.Jaeger) were also members of the monophyletic group (Weese and Bohs|,
2007). Further studies using a large number of African and Asian species of spiny solanums
(Vorontsova et al., [2013]; /Aubriot ef al., 2016)) confirmed the monophyly of the Eggplant clade,
and also identified several poorly resolved groups that were also possible CWR of eggplants.
One of these was called the Anguivi grade by Vorontsova et al.| (2013 and comprised a large
number of African and Asian species whose relationships were poorly resolved, including the
other species of cultivated African eggplants S. aethiopicum and S. macrocarpon (see Figure
4 in |Vorontsova et al.| (2013))). The re-evaluation of species limits in eggplant wild relatives
in the broadest sense coupled with studies further resolving the phylogenetic relationships of
Old World spiny solanums in general means these CWR can be set in both a taxonomic and
evolutionary framework that allows for progress to be made in conservation analyses.

Although CWR have some previous use in eggplant breeding, the comprehensiveness of the
conservation and availability of these species in genebanks worldwide has not been assessed.
Here we use gap analysis and threat assessment methods to identify gaps in genebank collec-
tions, designate those species and geographic areas most threatened and least well conserved ex

situ, and propose actions to overcome these deficiencies.
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4.3 Materials and methods

4.3.1 Gene pool concept and selection of species

The gene pool concept is used in plant breeding to delineate species based on their ability to
cross with the domesticated species, and on the relative fertility of the offspring (Harlan and
de Wet,|1971). Because crossability relationships have not been established for numerous crops
and their associated wild species, surrogate categories have been created based on taxonomic
hierarchy (Maxted ez al., 2006), and a combination of evolutionary relationships, ploidy level
and reproductive biology (Wiersema et al., 2012). For eggplant, or other crops that are members
of large genera such as Solanum, the delimitation of biologically meaningful gene pools is
challenging due to limited crossability data that are systematically reported (Plazas et al.,[2016)
and the extremely large number of potential gene pool members. Here we adopt a combined
approach in order to delimit a meaningful gene pool concept for the cultivated eggplant taking
into account both relatedness as measured by phylogenetic analyses (Vorontsova et al., 2013;

Aubriot et al.,|2016) and, where available, crossability data (Plazas et al.,[2016).

4.3.2 Occurrence data

We collected occurrence data for the species we defined as wild relatives of the brinjal egg-
plant (Table f.2). Solanaceae Source (http://solanaceaesource.org) was used as
the principal source of occurrence records derived from herbarium specimen data, because it
holds information for taxonomically verified specimens used in recent monographic work and
recent field collections (Vorontsova and Knapp, [in press). All specimens containing sufficient
locality data were manually georeferenced to a high standard and those previously georefer-
enced by others were checked. Additional herbarium specimen data were retrieved from the
Global Biodiversity Information Facility (GBIF; http://www.gbif.org) and were simi-
larly checked for nomenclatural and geographic accuracy. Herbarium accessions are mapped

in Figure 4.1 Genebank accession passport data from multiple genebanks was electronically
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retrieved from the Global Information Portal for Plant Genetic Resources (Genesys; https:
//www.genesys—pgr .org), and through direct requests to genebanks holding collections

of eggplants and eggplant wild relatives. All data providers of both herbarium and germplasm

accessions are listed in Supplementary Table [4.1]
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Figure 4.1: Map of herbarium specimens with geographical coordinates of spiny solanums
(Leptostemonum Clade) used in this study by phylogenetic group: purple points= Eggplant
clade; green points= Anguivi grade; orange points= Climbing clade; blue points= New World
species.
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4.3.3 Species distribution modelling

Georeferenced herbarium records were used as occurrence samples to build species distribu-
tion models (SDMs) for species with more than five (5) unique georeferenced records (Wisz
et al., 2008). Due to taxonomic uncertainties in genebank records, only verified herbarium
specimen data were used to construct SDMs. All available environmental data layers were
obtained from the Worldclim database, version 1.4 (http://www.worldclim.org; Hi-
jmans et al., 2005)), along with potential evapotranspiration (PET), actual evapotranspiration
(AET), and aridity from the CGIAR Consortium for Spatial Information (CGIAR-CSI; http:
//www.cgiar-csi.orqg) and enhanced vegetation index (EVI) derived from MODIS im-
agery from WorldGrids (http://www.worldgrids.org). All the data layers were ob-
tained at a spatial resolution of 30 arc second (~ 1 km at the Equator). Variable selection was
based on a combination of cluster, correlation, and principal components analyses as well as
expert judgement based on the ecology of the species. Our final variable selection was driven
by choosing variables that were ecologically relevant for eggplant wild relatives, following
recommendations for best practice (Elith and Leathwick, 2009). The final selection of six envi-
ronmental variables were: temperature seasonality, annual mean temperature, the precipitation
of the coldest quarter (three month period), enhanced vegetation index (EVI), actual evapo-
transpiration (AET) and water deficit (calculated as potential evapotranspiration minus actual
evapotranspiration; Stephenson, |1998)).

MaxEnt (Version 3.3.3; Phillips et al.l [2006) was used to build species distribution models
as it has been found to be among the best-performing of the various correlative SDM approaches
available, and because it is able to perform well with small samples of presence localities (Elith
et al.l [2006; Pearson et al., 2007). We adopted the default regularization parameters but re-
stricted MaxEnt to using only linear and quadratic functional forms, which constrains models
to produce relatively simple models that do not over-fit to the training data (Merow et al., 2013;
Syfert et al.,[2013)). Sampling bias was controlled by including a sampling bias dataset (Phillips
et al.,|2009) constructed from all georeferenced plant occurrence data from both the GBIF data

portal and all georeferenced records from Solanaceae Source (6,200,000 and 47,500 records
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respectively; downloaded 24 September 2014). The spatial extent of the area modelled also
influences model performance (Peterson ef al., 2011). In our case, species ranges varied from
very small within a single country (e.g., S. deflexicarpum C.Y.Wu & S.C.Huang) to widespread
on multiple continents (e.g., S. forvum Sw.). Given the influence of the spatial extent of the area
modelled on model performance, we built models with varied extents that fit species ranges in
order to allow for a biologically meaningful fit between a species occurrence and the associ-
ated environmental variables. A 200 km buffer around all presence points was used to delimit
the model extent of each species following [VanDerWal ef al.| (2009). All species with >10
georeferenced samples were modelled using a 5-fold cross-validation approach to assess model
predictive accuracy. This approach uses 80% of the data to train the model and reserves 20% for
model evaluation; this process was repeated until each reserved set had been used to evaluate
models (Franklin, 2009). A leave-one-out method was performed for species with sample sizes
from 5 to 10 data points (Pearson et al., |2007). SDM performance was evaluated by using the
area under the curve (AUC) in a receiver operating characteristic (ROC) plot; an AUC value of
1.0 indicates perfect discrimination ability and a value of 0.5 or less indicates a prediction no
better than random. Only models with an average test AUC above 0.7 were used for further
analyses. In the case that the SDM did not have an average test AUC above 0.7, a convex hull
was created and used in place of the SDM for the rest of the ex sifu gap analysis. For species
with AUC above 0.7, SDMs were then reconstructed using the complete set of occurrences to
develop a more robust predictive model (Fielding and Bell, |1997) and these models were used
for further analyses. Binary maps of predicted presences and absences were created for each

species using a maximum sensitivity and specificity threshold (Liu ef al.| 2005)).

4.3.4 Ex situ conservation analysis

We used three species-specific gap analysis metrics adapted from Ramirez- Villegas et al.|(2010)
to estimate the sufficiency of accessions currently conserved in genebanks in representing the
full diversity of CWR species based on their potential distributions and the known wild diversity

by using data derived from herbarium collections; the sampling representativeness score (SRS),
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geographic representativeness score (GRS), and ecological representativeness score (ERS). Each
metric has a scale from 0 to 10. These metrics measure the representativeness of the germplasm
collections in relation to the modelled distribution of each crop wild relative species, and the
known wild diversity using data derived from herbarium collections. The SRS is a general mea-
sure of how well germplasm records represent the known wild diversity in terms of numbers of
records, and is calculated by dividing the number of germplasm records by the total number of
records (germplasm + herbarium). An advantage of the SRS metric is that it permits the use
of all records, regardless of whether they have geographical coordinates. The GRS focuses on
the geographic representativeness of germplasm collections, and is measured by comparing the
current geographic coverage of the germplasm records calculated with a 50 km circular buffer
surrounding the original site of collections of each germplasm accession record (Hijmans and
Spooner, |2001)) against the SDM of each species. The ERS measures ecological representation
of germplasm collections, and is calculated by comparing the number of terrestrial ecoregions
(Olson et al., 2001)) represented in the geographic coverage of the germplasm collections (buffer
of 50 km radius around each collection) against the total number of ecoregions encompassed in
the SDM of each species. The metrics were averaged to produce a final priority score (FPS),
which was then classified into four categories of urgency for further collecting in order to im-
prove representation in genebank collections: (1) high priority for further collecting (FPS =
0-3); (2) medium priority (FPS = 3.01-5); (3) low priority (FPS = 5.01-7.5; and (4) sufficiently
represented (FPS = 7.51-10). Species with no germplasm accessions conserved in genebanks
(with or without geographic coordinates) received a final score of 0 and were listed as high
priority species.

We produced maps to identify areas prioritized for further collecting of eggplant CWR seeds
by excluding the original sites of collection of existing germplasm accessions with coordinates
(50 km buffer around each record) from the geographic coverage derived from SDMs. When an
appropriate SDM was not produced, 50 km circular buffers around each herbarium record were
used as proxies for geographic coverage. Remaining geographic areas represent areas where a

species is potentially present but has not yet been collected (i.e., collecting gaps). Individual
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maps of species from the high and medium priority categories were added together to produce
a priority collecting hotspots map. Maps illustrating collecting hotspots were created for the
following groups of species: 1) Eggplant clade, 2) Anguivi grade, 3) Climbing clade, and 4) the
New World species.

All gap analyses were performed in R v2.15 using maptools (Bivand and Lewin-Koh, |[2014),
rgdal (Bivand et al., 2014), SDMTools (VanDerWal et al., 2014), raster (Hiymans, 2014), sp
(Pebesma and Bivand, 2005; Bivand et al.l 2013) and dismo (Hiymans et al., 2014) packages.
All raster files were mapped in ESRI ArcGIS 10 (ESRI, 2011)).

4.3.5 In situ conservation assessment

We evaluated the preliminary conservation status of the wild relatives of eggplant using the
IUCN Red List Categories and Criteria (IUCN, |2012)), one of the most widely used systems
for assessing the conservation status of species in their natural habitats (Rodrigues et al.l 2006
Mace et al., [2008). Threatened species were placed within three categories (critically endan-
gered, endangered and vulnerable) based on five criteria (A-E; [UCN, 2012). A fourth category,
near threatened, was used when species partially met the [IUCN threat criteria and were present
in areas with documented rapid change in land use. Because population data were lacking for
the eggplant wild relatives, several of the Red List criteria were inapplicable and we focused on
using estimates of geographic range as the key determinant of extinction risk (criterion B). The
extent of occurrence (EOO), which measures the overall geographic spread of the localities in
which a species is found (Gaston and Fuller, 2009), was calculated by applying a minimum con-
vex polygon (MCP; also known as a convex hull) around the known species locations (IUCN,
2012)). Area of occupancy (AOO), the other geographical range element to criterion B, mea-
sures the area with in the EOO that is occupied by a taxon. We focused on EOO rather than
AOQO because not enough information was available from herbarium specimen records to know
whether populations were well sampled within the species range. AOO calculations were only
performed for those species with a preliminary status indicating some degree of threat. The

effect of land use changes for each species was assessed in Google Earth using current and
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historical land use images to visually determine fragmentation within the EOO due to human
activities such as mining, agriculture and urban habitation. Following IUCN| (2012) species
were considered threatened if the EOO was < 20,000 km? (< 100 km? = critically endangered,
< 2,000 km? = endangered, < 20,000 km? = vulnerable) and if a minimum of two of the fol-
lowing subcategories were met: severely fragmented habitat, continuing decline of habitat, and
extreme range fluctuations (see Supplementary Table 4.2]for details of IUCN criteria).

We also examined the intersection of threatened species of eggplant CWR and protected
areas in order to further refine our prioritization of collecting and conservation action. First
we focused on regions with priority collecting hotspots (i.e., those in which more than seven
under-collected species were estimated to occur in the same pixel) and evaluated regions within
and outside of protected areas as defined from the World Database on Protected Areas (World
Database on Protected Areas Consortium, 2010). We also prepared a map of hotspots for further
collecting of those species preliminarily assessed at risk of extinction by overlaying the collect-
ing priority map for each species identified in one of the threatened categories (including those
in the near threatened category). To further prioritize regions for conservation actions, the ex-
tent of area in collecting hotspots for species at risk of extinction was combined with the overall
area for general priority collecting hotspots to identify regions with multiple species poorly rep-
resented in genebanks that coincide with regions where there are also significant conservation

threats.

4.4 Results

4.4.1 Gene pool concept definition

Based on the existing phylogenetic hypotheses and information on crosses between the wild
relatives and cultivated eggplant, we included 52 eggplant CWR species in our eggplant wild
relative gene pool concept (Table[4.2)). Species were assigned to clades, grades, and gene pools

based on morphological evidence when they had not been included in a previous phylogenetic
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analysis (Table 4.2} [Vorontsova and Knapp, [in press). Gene pool 1 (GP1) was defined as the
cultivated eggplant and its widely accepted wild progenitor S. insanum (Knapp et al., [2013),
following Maxted et al.| (2006) concept. Gene pool 2 (GP2) was defined based on phylogenetic
evidence from Vorontsova et al.|(2013), where the eggplant and its closest relatives are resolved
in a large monophyletic clade, that includes three elements: (a) the monophyletic Eggplant clade
that includes the most closely related species (excluding S. insanum and S. melongena itself),
(2) the small Climbing clade, and (3) the set of species from the paraphyletic Anguivi grade
where relationships amongst the component species are not well resolved. Lastly, gene pool 3
(GP3) is defined to include phylogenetically more distantly related species native to the New
World which have already been used in eggplant breeding due their resistance traits (e.g., S.
sisymbriifolium Lam., S. torvum). The Eggplant clade included 10 species, the Climbing clade
three species, the Anguivi grade 36 species, and the three remaining species were included in
a non-phylogenetically defined group we here call the New World group (Table 4.2). Solanum
anguivi Lam. (wild ancestor of cultivated S. aethiopicum) and S. dasyphyllum Schumach. &
Thonn. (wild ancestor of cultivated S. macrocarpon) are included in our analysis as members

of the Anguivi grade.
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Table 4.2: Eggplant wild relative species with gap analysis results priority categories, and preliminary [UCN Red List status. Species are
ordered alphabetically by epithet. Where species have not been included in molecular phylogenetic analyses, relationships are inferred based
on morphological similarity (Vorontsova and Knapp| in press). Species where species distribution models (SDMs) were not constructed due
to lack of georeferenced records are indicated with an asterisk (*), and species where models failed due to low AUC values (<0.7) are labelled
with a cross (+). 1 = Species native to the small Aldabra islands in the Indian Ocean, for which no global environmental data recorded and
hence no SDM calculated, 2 = Values excluding Caribbean range where species is likely extinct, 3 = Species only known from the type. SRS =
Sampling Representativeness Score, GRS = Geographic Representativeness Score, ERS = Ecological Representativeness Score, FPS = Final
Priority Score, ECAT = Ex situ conservation prioritization category. Samples available for SDMs were based on georeferenced herbarium
records and duplicates within a 1km? were removed.

No. of No. of No. of
Training
Phylogenetic group (gene herbarium germplasm samples
Species Native distribution AUC (Test ECAT
pool) records (with  records (with available for SRS GRS ERS FPS
AUC)
coordinates) coordinates) SDMs
S. adoense Hochst. ex A.Rich. Anguivi (GP2) Africa 78 (36) 0(0) 36 0.769 (0.708) 0 0 0 0 HPS
S. agnewiorum Voronts. Eggplant (GP2) Africa 12 (8) 0 (0) 9 0.89 (0.87) 0 0 0 0 HPS
S. aldabrense C.H.Wright*! Anguivi (GP2) Aldabra (Seychelles) 30 (10) 2(2) 10 -() 0.6 0 0 0.6 HPS
Africa and
S. anguivi Lam. Anguivi (GP2) 717 (514) 115 (46) 514 0.747 (0.743) 14 0.6 8.7 3.6 MPS
Madagascar
S. aureitomentosum Bitter+ Eggplant (GP2) Africa 29 (19) 0 (0) 19 -() 0 0 0 0 HPS
S. burchellii Dunal Anguivi (GP2) Africa 36 (31) 54) 32 0.896 (0.867) 1.2 0.4 4.2 1.9 HPS
S. campylacanthum Hochst. ex
Eggplant (GP2) Africa 1101 (715) 66 (48) 715 - () 0.6 0.2 7.1 26 MPS
A.Rich.+
S. capense L. Anguivi (GP2) Africa 58 (45) 22 (12) 45 0.795 (0.784) 2.8 0.7 5.7 3.1 MPS
S. catombelense Peyr. Anguivi (GP2) Africa 64 (60) 6 (5) 60 0.817 (0.77) 0.9 0.2 37 1.6 HPS
S. cerasiferum Dunal Eggplant (GP2) Africa 64 (45) 503) 45 0.832 (0.801) 0.7 0 1.3 0.7 HPS
S. cyaneopurpureum De Wild. Anguivi (GP2) Africa 36 (22) 1(1) 22 0.777 (0.723) 0.3 0.2 2.1 0.9 HPS
S. dasyphyllum Schumach. &
Anguivi (GP2) Africa 209 (174) 35(19) 174 -() 14 0 4 1.8 HPS
Thonn. +
S. deflexicarpum C.Y.Wu &
Anguivi (GP2) China 32 0(0) 2 - () 0 0 0 0 HPS
S.C.Huang*
S. glabratum Dunal Anguivi (GP2) Arabia 132 (79) 0(0) 79 0.799 (0.779) 0 0 0 0 HPS
S. hastifolium Hochst. ex Dunal Anguivi (GP2) Africa 130 (95) 1(0) 95 0.843 (0.829) 0.1 0 0 0 HPS
S. hovei Dunal Anguivi (GP2) India 12 (9) 0(0) 8 -(-) 0 0 0 0 HPS
S. humile Lam. Anguivi (GP2) South Africa 44 (35) 15 (12) 35 0.889 (0.874) 2.5 0.4 5 2.7 MPS



08

Table 4.2 — continued from previous page

No. of No. of No. of
Training
Phylogenetic group (gene herbarium germplasm samples
Species Native distribution AUC (Test ECAT
pool) records (with  records (with available for SRS GRS ERS FPS
AUC)
coordinates) coordinates) SDMs
S. inaequiradians Werderm. Anguivi (GP2) Africa 9(7) 0(0) 7 0.915 (0.838) 0 0 0 0 HPS
Africa and Middle
S. incanum L. Eggplant (GP2) 329 (184) 114 (37) 184  0.881 (0.878) 2.6 0.1 53 2.7 MPS
East
Southeast Asia and
S. insanum L. Eggplant (GP1) 173 (78) 909 78 0.871 (0.847) 0.5 0.1 1.7 0.7 HPS
Madgascar
S. lamprocarpum Bitter Anguivi (GP2) Africa 909 1(0) 9 -() 1 0 0 0.5 HPS
S. lichtensteinii Willd. Eggplant (GP2) South Africa 90 (71) 15 (14) 71 0.789 (0.772) 14 0.3 3.8 1.8 HPS
S. lidii Sunding* Anguivi (GP2) Canary Islands 703) 14 (4) 3 -() 6.7 10 10 89 NFCR
S. linnaeanum Hepper & South Africa;
Eggplant (GP2) 142 (110) 75 (28) 110 0.939 (0.93) 35 0.6 2.9 2.3  HPS
P.-M.L.Jaeger Mediterreanean
S. litoraneum A.E.Gong. Anguivi (GP2) Africa 44) 0(0) 4 0.88 (0.85) 0 0 0 0 HPS
S. macracanthum A .Rich. Anguivi (GP2) Africa 29 (19) 0(0) 19 0.881 (0.785) 0 0 0 0 HPS
S. malindiense Voronts. Anguivi (GP2) Africa 16 (10) 0(0) 10 0.966 (0.964) 0 0 0 0 HPS
S. mauense Bitter Anguivi (GP2) Africa 47 (42) 1(0) 42 0.87 (0.854) 0.2 0 0 0.1 HPS
S. multiflorum Roth* Anguivi (GP2) India 13 (5) 0(0) 5 -(-) 0 0 0 0 HPS
S. nigriviolaceum Bitter Anguivi (GP2) Africa 33 (25) 312 32 0.892(0.877) 0.8 10 10 69 LPS
S. platacanthum Dunal Anguivi (GP2) Arabia 18 (14) 1() 14 -(-) 0.5 7.6 10 6 LPS
S. polhillii Voronts. Anguivi (GP2) Africa 56 (30) 0(0) 25 0.912 (0.881) 0 0 0 0 HPS
Africa and
S. richardii Dunal Climbing (GP2) 119 (77) 32 77 0.725 (0.677) 0.2 0 10 34 MPS
Madagascar
S. rigidum Lam.? Eggplant (GP2) Cape Verde Islands 33 (32) 0(0) 25  0.967 (0.963) 0 0 0 0 HPS
S. rubetorum Dunal Anguivi (GP2) Africa 56 (38) 9(1) 30 0.851 (0.81) 14 0.2 2.1 1.2 HPS
S. ruvu Voronts.*3 Anguivi (GP2) Africa 1(D) 0(0) 1 -(-) 0 0 0 0 HPS
S. setaceum Dammer Anguivi (GP2) Africa 39 (29) 0(0) 29 0.79 (0.75) 0 0 0 0 HPS
South America
S. sisymbriifolium Lam. NW-Sisymbrifolium (GP3) 151 (109) 68 (23) 109 0.806 (0.778) 3.1 0 2.8 2 HPS
(native); widespread
S. sodomeodes Kuntze Anguivi (GP2) Africa 21 (21) 00 21 0.841 (0.783) 0 0 0 0 HPS
S. stipitatostellatum Bitter Climbing (GP2) Africa 56 (34) 0(0) 38 0.872 (0.8) 0 0 0 0 HPS
S. supinum Dunal Anguivi (GP2) Africa 24 (19) 5(2) 19 0.854 (0.816) 1.7 0.1 0.6 0.8  HPS
S. taitense Vatke Anguivi (GP2) Africa 43 (33) 0(0) 33 0.819 (0.744) 0 0 0 0 HPS
S. tomentosum L.+ Anguivi (GP2) South Africa 56 (25) 32 (17) 34 -(-) 3.6 1.4 9.2 47 MPS
S. torreanum Gong. Anguivi (GP2) Africa 11 (10) 0(0) 10 - () 0 0 NA 0 HPS
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Table 4.2 — continued from previous page

No. of No. of No. of
Training
Phylogenetic group (gene herbarium germplasm samples
Species Native distribution AUC (Test ECAT
pool) records (with  records (with available for SRS GRS ERS FPS
AUC)
coordinates) coordinates) SDMs
Central America
S. torvum Sw. NW-Torva (GP3) (native?); 821 (540) 125 (55) 540 0.815 (0.816) 1.3 0.1 4.5 2 HPS
widespread
S. umtuma S.Knapp & Voronts. Eggplant (GP2) South Africa 22 (16) 0(0) 16 0.789 (0.765) 0 0 0 0 HPS
S. usambarense Bitter & Dammer Anguivi (GP2) Africa 36 (32) 0(0) 31 0.825 (0.785) 0 0 0 0 HPS
S. usaramense Dammer Anguivi (GP2) Africa 23 (15) 0(0) 15 0.891 (0.89) 0 0 0 0 HPS
S. vespertilio Aiton Anguivi (GP2) Canary Islands 19 (9) 18 (8) 9 0.812 (0.751) 4.9 10 5 6.6 LPS
Brazil (native);
S. viarum Dunal NW-Acanthophora (GP3) 46 (34) 85 (45) 34 0.901 (0.879) 6.5 0.1 4.2 36 MPS
widespread
India and Southeast
S. violaceum Ortega Anguivi (GP2) 237 (108) 84 (41) 108 0.792 (0.776) 2.6 0.2 4.6 2.5 HPS
Asia
S. zanzibarense Vatke Climbing (GP2) Africa 74 (58) 1(1) 58 0.87 (0.845) 0.1 0.1 1.5 0.6 HPS




4.4.2 Occurrence data

A total of 5,618 occurrence records from herbarium specimens and 936 germplasm accession
records were compiled. Records with geographic coordinates ranged from 1 to 1,100 per species

(Table .2). All herbarium specimen records for the eggplant gene pools defined above are

mapped in Figure d.1]

4.4.3 Species distribution models

SDMs with adequate predictive performance to use in the gap analysis were produced for 37
CWR species [median test AUC was 0.83 4+ 0.06 SD (from 5-fold cross-validated models)].
SDMs could not be built for five species with fewer than five georeferenced records (S. deflexi-
carpum, S. lidii Sunding, S. litoraneum A.E.Gong., S. ruvu Voronts.). A further seven species
were not included even though they had slightly higher record numbers (5-25) because AUC
values were below our targeted threshold of 0.7 (Table 4.2). While it is expected that sam-
ple sizes of less than 25 would yield SDMs with poor predictive performance, we also found
that three species with very large numbers of records (S. campylacanthum Hochst. ex A.Rich.
[n=715], S. dasyphyllum [n=174] and S. richardii Dunal [n=77]) also yielded SDMs with poor
predictive performance. Solanum campylacanthum and S. dasyphyllum are both very widely
distributed in many different habitats in continental Africa, and it is likely that climatic factors
are not of primary importance in determining their distributions. It is possible that species with
poor SDM performance have distributions that are constrained to factors (e.g., dispersion or bi-
otic interactions) beyond the variables included to build the SDMs. For instance, a recent field
study in the Kenyan savannah found that S. campylacanthum abundance greatly decreased in
plots where several mammals browsed on different parts of the plants (Pringle et al., 2014)), sug-

gesting biotic interactions could be important factors influencing the distribution of this species.
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4.4.4 Ex situ conservation analysis

The wild relatives of eggplant are currently exceedingly poorly represented in global germplasm
collections (Table[4.2)). The final priority scores (FPS) for the gap analysis classified 40 species
as high priority for further collecting to improve the state of their conservation in genebanks,
eight (8) as medium priority for further collecting to improve the state of their conservation
in genebanks, three as low priority for further collecting and only one species as currently
sufficiently represented in genebanks (Table .2). A total of 34 of the 52 species (65%) have
five or fewer accessions publicly available in genebanks.

The sampling representativeness score (SRS) influenced the assessment of the low level of
representation of eggplant CWR species in genebanks, with many species represented by very
few genebank accessions (Supplementary Figure [4.Ta). Island species with narrow distribu-
tions (S. lidii and S. vespertilio) were an exception, with high SRS (Table {.2). Species like
S. campylacanthum had the largest number of herbarium specimen records, but also one of the
largest gaps with respect to the number of germplasm collections (1,101 herbarium records as
opposed to 66 germplasm accessions). This mismatch results from the use of revised species
names and delimitations for verified herbarium material (Vorontsova and Knapp, in press)), and
the outdated naming of accessions in genebanks with a previous set of species names (based on
Lester and Hasan|, [1991)).

The low level of representation of the wild relatives of eggplant in genebanks was also
strongly influenced by the inadequacy of geographic coverage of samples (i.e., geographic lo-
cations where germplasm has already been collected as compared to the total modelled distri-
butions of eggplant CWR) (Supplementary Figure 4.1b). Forty seven of the 52 species used
in our analyses had a geographic representativeness score (GRS) of less than 2 (Table 4.2).
Only species with relatively restricted distributions had a GRS above 7.5 (8. lidii, S. vespertilio
Aiton, S. platacanthum Dunal, and S. nigriviolaceum Bitter); these species were also assessed
as relatively well-represented with respect to ecological regions (ERS; ERS > 5).

Ecological representation (ERS scores) of eggplant wild relatives is somewhat higher than

either the SRS or GRS, but still falls below the ideal (see Supplementary Figure 4.1c]). Twenty
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four of the 52 specie analysed had an ERS of < 2. Some widespread species such as S. anguivi,
S. richardii, and S. tomentosum L. displayed a relatively comprehensive ecological representa-
tiveness (ERS >8). Caution should be taken with this result however, the terrestrial ecoregions
defined by Olson et al.| (2001) are relatively crude, and more tightly defined vegetation types
that more accurately represent the diversity of terrestrial biomes (e.g., Sarkinen et al., [2011))
could significantly change this representation.

Regions identified as hotspots for further collecting of multiple medium and high priority
species included eastern and southern Africa and Southeast Asia (Figure {.2)). Several areas
along the Tanzania-Kenya border have as many as 10 species occurring in the same area and
were identified as high or medium priority collecting areas (Figure 4.2} inset 2). Further hotspots
include western South Africa (Figure 4.2} inset 1) and the region of the Western Ghats in India
(Figure 4.2} inset 3).

These “secondary” hotspots are even clearer when the data are analysed by phylogenetic
grouping. The Eggplant clade, which is comprised of the 10 species most closely related to
the cultivated eggplant, has priority areas with the greatest number of overlapping species for
further germplasm collecting in Kenya and Tanzania, and with a small area to the south in
Zimbabwe (Supplementary Figure 4.2a)). Western South Africa and Namibia is identified as an
additional priority for further collecting for the Anguivi grade (Supplementary Figured.2b)), and
areas in coastal eastern Africa from Kenya south to Mozambique are priorities for the species

of the Climbing clade (Supplementary Figure 4.2c).

4.4.5 In situ conservation assessment

Solanum lidii is the only species of the 52 eggplant wild relatives that has been formally assessed
and included on the IUCN Red List (critically endangered; Rodriguez Delgado et al., 2011).
We have assessed an additional nine species as threatened (EOO < 20,000 km?) according
to preliminary Red List criteria due to small geographic ranges (Figure [4.3) and occurrence
in areas with high habitat fragmentation and degradation (IUCN criterion Blab (iii); Table

4.3). Our analysis shows that one additional species is likely to be critically endangered (8.
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Figure 4.2: Map of future collecting hotspots for 48 species of cultivated eggplant wild relatives
classified as medium or high priority based on the gap analysis. Areas with orange-red colour
show highest priority collecting hotspots; these include more than seven species. Insets zoom
in on regions identified as 1 (eastern Africa), 2 (southwestern Africa) and 3 (India) on the larger
scale map.

deflexicarpum), four species endangered (S. aldabrense C.H.Wright, S. inaequiradians Bitter, S.
malindiense Voronts., and S. vespertilio), and four species vulnerable (S. agnewiorum Voronts.,
S. litoraneum, S. setaceum Bitter, and S. torreanum A.E.Gong.; Table 4.3). In addition to the
10 eggplant wild relatives assessed as threatened, two species with EOOs greater than 20,000
km? are likely to be near threatened (S. platacanthum and S. nigriviolaceum) based on their
occurrence in regions with high land degradation. A third species, S. rigidum Lam., could

also be considered to be near threatened because it has been recently shown to be endemic to
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the Cape Verde Islands although there are a few old specimens from the Caribbean, possibly
dispersed by humans (Knapp and Vorontsoval 2013). The most poorly known species of the
eggplant wild relatives is S. ruvu that is only known from the type and has been suggested to be
extinct in the wild; recent collection trips to the type locality and similar habitats have failed to
encounter extant populations (Vorontsova and Mbago, 2010). In total, one quarter of the species
of eggplant CWR (14 spp.) are assessed to have some level of threat to their wild populations
(see Table [.3)), while the rest (38 spp.) are assessed here as of least concern, meaning their
populations are widespread and not of immediate conservation concern (see Table 4.3|for EOO
and AOO values for all threatened species and Supplementary Table 4.3 for EOO values for all
species).

Table 4.3: IUCN threat assessments for eggplant wild relatives at risk of extinction. Extent
of Occurrence (EOO) and Area of Occupancy (AOQO) calculations described in the text. All
listings are new here with the exception of S. lidii (formally assessed by Rodriguez Delgado ef
al., 2011). EOO and AOO values for all species are in Supplementary Table “EOO could
not be calculated because there are not only two distinct localities. ?AOO value is as reported
from Rodriguez Delgado et al.| (2011). “Values excluding Caribbean range where species is
likely to be not represent no longer.

Species EOO (km”’) AOO (km”) Preliminary IUCN category
S. agnewiorum Voronts. 7946 32 VU Blabdiii)

S. aldabrense C.H.Wright 3437 32 EN Blabiii)

S. deflexicarpum C.Y.Wu & S.C.Huang" 0 8 CR Blab(iii)

S. inaequiradians Werderm. 2101 28 EN Blab(iii)

S. lidii Sunding® <5 5 CR B2ab(ii,iii) + C2a(i)
S. litoraneum A.E.Gong. 6196 16 VU Blab(iii)

S. malindiense Voronts. 2381 40 EN Blabdiii)

S. nigriviolaceum Bitter 43749 16 NT

S. platacanthum Dunal 45123 56 NT

S. rigidum Lam. 135,509 (35,310)¢ 124 (108)¢ LC (NT)©

S. ruvu Voronts. 0 4 EX|[7]

S. setaceum Dammer 13564 112 VU Blab(iii)

S. torreanum Gong. 16804 40 VU Blab(iii)

S. vespertilio Aiton 2336 36 EN Blab(iii)

Five of the species identified at risk of extinction are restricted to eastern Africa, primarily
in Kenya, Tanzania, and Uganda (Figure 4.3)). This is also the region identified as containing
multiple species under-represented in ex situ collections, particularly along the border between
Kenya and Tanzania (Figure ). Only 15% (ca. 10,000 km? of a total 65,000 k?) of hotspot

areas identified as high priority for further collecting (i.e., seven or more eggplant wild relatives

86



S
°
° °
L] d ’
Species 3
® S. agnewiorum ® S. nigriviolaceum Voo
® S. aldabrense ® S. platacanthum ° °
® S. deflexicarpum S. rigidum
S. inaequiradians © S. ruvu
e S. lidii ® S. setaceum
® S. litoraneum S. torreanum °
S. malindiense ® S. vespertilio »
L]
Canary Islands . « Yemen
ﬁ ¢ .
Q Tenerife China
ﬁGran Canariaﬂ Ethiopia
N & ;
=7 Lenya ° Vietnam
W
:‘ X Laos
‘®  Aldabra (Seychelles)
O@ Cape Verde Tanzania o
~ o~ %
Caribbean islands Mozambique
S @
U_&n:
“% Santiago@ o
Fogo, 1@ P
! e ) .
F South Africa

Figure 4.3: Map of georeferenced specimens of eggplant wild relatives identified as at risk
of extinction. One species (S. lidii) has been formally assessed as critically endangered, nine
species (S. agnewiorum, S. aldabrense, S. deflexicarpum, S. inaequiradians, S. litoraneum, S.
malindiense, S. setaceum, S. torreanum, S. vespertilio) were identified in this study as threatened
and three (S. nigriviolaceum, S. platacanthum, S. rigidum) as near threatened according to the
preliminary [UCN Red List assessment criteria, and one (S. ruvu) has been previously suggested
to be extinct in the wild.

occurring in one pixel) and also containing Red List species are protected (Figure §.4p). More
than half of these target collecting priorities occur in the hot semi-arid habitats generally known
as the southern Acacia-Commiphora bushlands and thickets ecoregion (Olson et al., [2001) and
are the southern edge of White’s (1983) Somali-Masai Acacia-Commiphora deciduous bushland
and thicket phytochorion. More recent satellite images show that a significant proportion of
habitats in this region have been converted to croplands (European Space Agency, 2009) and

that vegetation today is a complex mosaic.
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Figure 4.4: Hotspots (7 or more species per pixel) in relation to protected areas in eastern Africa.
Hatched polygons are Protected Areas (World Database on Protected Areas Consortium), 2010).
The georeferenced type specimen for S. ruvu (possibly extinct in the wild) is included. Further
collecting priority hotspots: a) with all species of eggplant wild relatives; b) with at least one
species that has a preliminarily threatened status on the Red List.

4.5 Discussion

Defining gene pools in large genera such as Solanum is challenging and we have approached this

with a compromise solution that takes into account phylogenetic relationships and crossability

(Vorontsova et al.l 2013}, [Plazas et al,[2016). The concept presented here uses primarily phy-

logenetic relationships to define GP2, and GP3 includes less closely related but useful species
which have previously been used in eggplant breeding but that thus far cannot be easily crossed

with S. melongena (Plazas et all 2016). Our new suggested gene pool concept for eggplant

includes one wild species (the wild progenitor of the eggplant, S. insanum) in GP1, 48 species
in GP2, and three more widespread weedy species with native distributions in the New World
in GP3 (see Table 4.2). Our revised gene pool based on phylogenetic and taxonomic criteria
better represents the true wild diversity of eggplant CWR, and provides an initial framework for
current and future breeding efforts. A more systematic approach to record results of trials of

interspecific crosses between cultivated eggplant with its wild relatives can help in producing
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a refined gene pool concept more aligned with the Harlan and de Wet (1971) approach, that
would be widely useful in the plant breeding community. Our results here focus on the wild
species, but in eggplants and many other crops the dividing line between wild and cultivated
can be difficult to determine (see [Davidar et al.,[2015).

The use of a broad gene pool concept is potentially important to best capture traits desirable
for crop improvement that may be present in species not closely related to or directly crossable
with the crop. In this case, the selection of those distantly related, but potentially useful taxa
might best look at weedy, invasive species, whose resistance to both biotic and abiotic stresses
are likely to be well-developed (Daunay and Hazra, [2012). Our use of three New World species
of spiny solanums that are distantly related to the eggplant is an illustration of this concept.
We deliberately chose species that had been used in eggplant breeding, and that are also were
widespread outside their putative native ranges. Widespread species may hold a wealth of
genetic variation and adaptive traits and thus may be of great significance to breeders in the
long run, especially in light of new techniques for hybridization and gene editing.

Despite the recent taxonomic revision (Knapp et al., 2013) of species-level identities and
names for members Eggplant clade, taxonomic challenges persist within wild eggplants. A sys-
tematic specimen identification of eggplant has been carried out and it is reflected in the occur-
rence records of herbarium samples derived from Solanaceae Source. Germplasm collections,
however, clearly require re-identification, in part due to the revised species circumscriptions
of Knapp et al.| (2013)) but also because this information is not frequently revised or updated.
For instance, S. campylacanthum accessions are often named as S. incanum (groups A and B)
in genebanks, but we found many genebanks did not include the letter designation that would
allow us to directly compare identifications (see also Meyer et al.| 2012a, where all close wild
relatives were labelled as S. incanum). Consequently it is likely that germplasm collections are
underestimated for S. campylacanthum and overestimated for S. incanum.

Overall, the gap analysis reveals significant gaps in genebank holdings of eggplant CWR
with 40 out of 52 species ranked as medium or high priority for future collecting for ex situ

conservation. Most of the species currently considered of high value for eggplant breeding
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(Daunay and Hazral 2012} Rotino et al., [2014) are currently poorly represented in genebank
collections. Improving the current representativeness of eggplant CWR in genebanks is vital
for conserving the genetic diversity in these species, while at the same time widening source
options for mining of valuable traits by eggplant breeders.

With large geographic regions identified as priorities for further collecting, our additional
analyses to refine the collecting priorities based on [UCN Red List threat assessment categories
can help to prioritize the most threatened species (see final column in Table 4.3)). Geographic
collecting gaps often coincide with areas known to have degraded habitats due to conversion
to agriculture and urbanization (Vorontsova et al.l, 2010), so geographic and species collecting
gaps can also directly inform strategies for the management of threatened species in sifu. Of all
prioritized areas, the Tanzania-Kenya border is remarkable in possessing as many as 10 species
considerably under-represented in genebanks, of which four are among the closest relatives of
the cultivated eggplant and five are at potential risk of extinction.

Three important facets for future collecting of eggplant CWR for conservation are of impor-
tance in prioritization of germplasm acquisition. Firstly, those CWR species that are threatened
in their native ranges, secondly those whose populations harbor significant genetic diversity,
and thirdly those species whose biology and distribution suggests they might harbor traits of
significance for eggplant breeding in the future.

Of the several eggplant wild relatives identified here as threatened with extinction, the only
one formally listed as critically endangered on the Red List is the Canary Island endemic S.
lidii (see Figure .3} Rodriguez Delgado ef al.,[2011). The population size and genetic diversity
of extant populations of S. /idii is limited, which may compromise their medium term viability
(Prohens et al., 2007). Fortunately 14 accessions of the species are conserved in genebanks (see
Table 4.2), and wild populations occur in the Reserva Natural Especial de Los Marteles on the
island of Gran Canaria (Rodriguez Delgado et al.l 2011), where it may be able to continue to
evolve in its natural habitat. The design and implementation of management plans for its in situ
conservation will be vital to secure the long-term conservation of this species. Conversely, both

S. deflexicarpum and S. agnewiorum have small range sizes, occur in areas of high habitat degra-
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dation, but have no germplasm accessions in genebanks. Solanum deflexicarpum is a member
of the Anguivi grade closely related to S. violaceum (Aubriot et al., 2016), a species previously
used in eggplant breeding (see Table . 1) and is here assessed as endangered. With a very small
range size and a fragmented distribution (see Figure .3) S. deflexicarpum, despite being less
threatened as assessed using the IUCN criteria, is clearly important for future collecting and
use in crop improvement. The same holds true for S. agnewiorum, only recently described from
eastern Africa. This forest species is a surprising member of the Eggplant clade (Vorontsova ef
al.,2013; |Aubriot et al., 2016) and is thus a prime candidate for crossing experiments with the
cultivated eggplant.

Widespread species are also important reservoirs of genetic variation for potential use in
crop improvement. Solanum insanum, the wild progenitor of eggplant, is extremely widely
distributed from Madagascar throughout south and southeastern Asia (as far east as the Philip-
pines). Meyer et al. (2012a) working the Asian range of both S. melongena and S. insanum
(identified in their study as S. incanum) found considerable genetic diversity within both species
that in part paralleled geography, but not completely. Mutegi et al. (2015) worked with pop-
ulations of S. insanum in southern India and showed that populations of the wild species (S.
insanum) were genetically distinct from the cultivated plants, and were highly structured ge-
ographically. They separated S. insanum into three major genetic groups and suggested that
geographic isolation and limited gene flow have structured the genetics of this species in the
study area. This high genetic divergence among populations suggests that further population
level sampling across the range of S. insanum will uncover genetic novelty worth conserving
in genebanks, especially given the lack of reproductive barriers between S. insanum and S.
melongena (Davidar et al., 2015} |Plazas et al., 2016)).

Solanum campylacanthum is equally widespread in Africa, and occurs in a huge variety
of mostly disturbed and human-altered habitats (Vorontsova and Knapp), [in press). Leaf shape
is particularly variable in this species (see Figure 2 in Knapp et al.|2013), leading to its hav-
ing more than 70 synonyms and having been classified as S. incanum group A (wider leaves)

and S. incanum group B (narrower leaves) in previous classification systems (Lester and Hasan,
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1991). Morphological variability of this magnitude is likely to be mirrored in genetic variability,
although this is not always the case (Kardos ef al.,[2015). This again suggests that for conser-
vation in genebanks, populations across the range of S. campylacanthum should be collected.
Our analyses of hotpots of collecting gaps for all species identify an efficient way in which to
begin such a challenging collecting program.

Weeds are plants that are successful at colonizing new areas and often are those found in
disturbed areas. Many of the eggplant CWR analysed here could be classified as weeds: S.
campylacanthum, S. insanum, and S. anguivi all have very large distributions in many different
sorts of disturbed and semi-disturbed habitats (Vorontsova and Knapp), in press). Weediness
facilitates commensalism with humans, ease of cultivation, and possibly also crossability with
domesticates, but not necessarily other traits thought to be important for domestication such
as loss of secondary metabolites or changes to fruit and seed morphology (see Meyer et al.
2012b for a discussion and critique of domestication syndrome traits). Weedy species are also
often resistant to many pests and diseases; biotic and abiotic resistance may help to account
for their broad ranges. The species of CWR that have to date provided useful pest and disease
resistance have all been weedy (Table [4.T)), but most of these are only partially interfertile with
S. melongena (Daunay and Hazra, 2012) or require more advanced techniques (e.g., somatic
hybrids and tissue culture) to interbreed (e.g., Daunay et al., [1993; Kumchai et al., 2013)) or,
alternatively, are used as rootstocks (Rahman et al., 2002; Prohens et al., 2013). Richardson
and Rejmanek (2011)) included the eggplant CWR S. forvum and S. sisymbriifolium in a recent
global analysis of invasive species, and it could be argued that invasives are the ultimate weeds.
We included three distantly related, weedy (possibly invasive) species in our GP3 for eggplant
and suggest that in including such taxa in a gap analysis for germplasm collecting both native
and non-native ranges should be part of the analysis. Populations of weedy (invasive) species
outside their native range may have escaped from local pests and diseases and exhibiting eco-
logical release, or conversely they could be very resistant to whatever biotic challenges they
confront. Distinguishing between these two possibilities is important in the context of col-

lecting CWR for conservation in genebanks, especially if weedy CWR are resistant to a great

92



variety of challenges. In this context S. viarum Dunal and S. torvum (both included in our GP3)
may be particularly interesting because their non-native ranges include regions in southeastern
Asia where eggplant is thought to have been domesticated (see Figure d.1]) and presumably also
where pests and disease that have co-evolved with S. melongena occur.

Our study using herbarium specimen data identified and georeferenced to a high standard
and compared to data taken from genebank collections has shown that eggplant wild relatives
are extremely poorly represented, both taxonomically and geographically, in genebanks world-
wide. Our high resolution species distribution models can be of use in targeting areas for further
collecting in order to improve the conservation status of these species ex situ. Combining the
ex situ gap analysis with an assessment of conservation threat in sifu has revealed hotspots for
conservation action; many of the species under the most threat exist only outside of current
protected areas. Collection of these species will also be important for biodiversity conservation
ex situ. Earlier unpublished versions of our analyses have already been useful to prioritize col-
lecting efforts of eggplant CWR species in eastern Africa (Dempewolf et al., 2013). Working
with traditional gene pool concepts is challenging in large genera such as Solanum, but using
a combined approach and incorporating recent taxonomic and phylogenetic advances we have
identified both species and regions for further germplasm collecting to both increase under-

standing of eggplant wild relatives and strengthen eggplant breeding in the future.
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5.1 Abstract

The wild relatives of domesticated crops possess genetic diversity useful for developing more
productive, nutritious, and resilient crop varieties. Their conservation status and availability for
utilization are a concern and have not been quantified globally. Here we model the distribu-
tions of 1,076 taxa related to 81 crops of primary importance to food security. We analyze the
extent to which the potential diversity encompassed in these taxa is currently accessible to the
global research community through genebanks. Our results indicate that the diversity of crop
wild relatives is currently poorly represented in genebanks, and a systematic effort is needed
to improve their conservation and availability for use in plant breeding. For 313 (29.1% of to-
tal) taxa associated with 63 crops, no germplasm accessions exist, and a further 257 (23.9%)
are represented by fewer than 10 accessions. Over 70% of taxa are identified as high priority
for further collecting in order to improve their representation in genebanks, and over 95% are
insufficiently represented in regard to the full range of geographic and ecological variation in
their native distributions. The most critical collecting gaps occur in the Mediterranean and Near

East; western and southern Europe; Southeast and East Asia; and South America.

5.2 Introduction

The challenges to global food security are complex and compounding. Our growing population
and changing dietary expectations are projected to increase demand on food systems for at least
the next four decades (Godfray et al., 2010; [Foley et al., 2011; [Tilman et al., 2011} Tilman
and Clark, 2014; Khoury et al.,[2014), outpacing forecasted crop yield gains (Ray et al., 2013).
Limitations in land, water, and other natural resource inputs, competition for arable soils with
non-food crops and other land uses, soil degradation, climate change, and the need to minimize
harmful impacts on ecosystem services and biodiversity further constrain production potential
(Cordell et al., 2009; \Godfray et al., 2010; Foley et al., 2011} |Asseng et al.l, 2015). Although

gains in food availability may partially be obtained through dietary change and food waste
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reduction (Foley et al.l 2011} Tilman and Clark, 2014)), increases in the productivity, resilience
and sustainability of current agricultural systems are clearly necessary (Tilman ez al., 2011).
Key to this sustainable intensification is the use of novel genetic diversity in plant breeding to
produce crop varieties containing traits such as drought and heat tolerance, increased pest and
disease resistance, and input use efficiency (Zhu et al., 2000; Esquinas-Alcazar, [2005; McCouch
et al.,2013)).

As sources of new genetic diversity, crop wild relatives - the wild cousins of cultivated plant
species - have been used for many decades for plant breeding, contributing a wide range of
beneficial agronomic and nutritional traits (Xiao et all [1996; Tanksley and McCouch, (1997
Gur and Zamir, 2004; |[Hajjar and Hodgkin, 2007; McCouch et al., 2007; Guarino and Lobell,
2011). Their utilization is expected only to increase as a result of ongoing improvements in
information on species and their diversity and advances in breeding tools (Tanksley and Mc-
Couch, [199°7; McCouch et al., 2012). However, this expectation is based on the assumption
that crop wild relatives will be readily available for research and plant breeding, which requires
their conservation as germplasm accessions in genebanks, as well as functioning mechanisms
to enable access to this diversity (Esquinas-Alcazar, 2005; McCouch ef al., 2013)). Preliminary
assessments of the comprehensiveness of conservation of wild relatives in genebanks have sug-
gested substantial gaps (FAO, 2010; |Vincent et al., |2013), and wild populations of a range of
species are threatened by the conversion of natural habitats to agriculture, urbanization, invasive
species, mining, climate change and/or pollution (Wilkes, [2007; Jarvis et al., 2008} Brummitt ez
al., 2015b). A concerted effort devoted to improving the conservation and availability of crop
wild relatives for crop improvement is thus timely both for biodiversity conservation and food
security objectives (Dempewolf et al., 2013)), as the window of opportunity to resolve these
deficiencies will not remain open indefinitely (Wilkes, |2007; FAO, 2010).

We conducted a detailed analysis of the extent of representation of the wild relatives of 81
crops in genebanks equipped to provide access to these genetic resources to the global research
and breeding community. The crops include major and minor cereals, root and tuber crops,

oilcrops, vegetables, fruits, forages, and spices, chosen based on their importance to food se-
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curity, income generation, and sustainable agricultural production (Supplementary Table [5.1).
We first modelled the geographic distributions of a total of 1,076 unique crop wild relative taxa
from 76 genera and 24 plant families (Supplementary Table (Supplementary Table [5.2). We
then compared the potential geographic and ecological diversity encompassed in these distri-
butions to that which is currently accessible in genebanks (Ramirez-Villegas et al., [2010). In
order to aid conservation strategies, we categorized taxa with a “final priority score” (FPS) for
further collecting from the natural habitats of crop wild relatives to increase representation in
genebanks, on a scale from zero to ten. The final priority score was created by averaging each
taxon’s assessed current representation in genebanks in regard to overall number of accessions,
geographic diversity, and ecological diversity. High priority for further collecting was assigned
for taxa where FPS > 7 (i.e., very little or no current representation in genebanks); medium
priority where 5 < FPS < 7; low priority where 2.5 < FPS < 5; and sufficiently represented for
taxa whose FPS < 2.5. Finally, we identified geographic hotspots where considerable richness
of high priority wild relative taxa is concentrated. Such sites represent particularly valuable
targets, both for efficient collecting for ex situ conservation in genebanks as well as for in situ

conservation in protected areas.

5.3 Methods

Methods used for gathering data, modelling, analyses, and the associated references are avail-

able in the Supplementary File[5.1]

5.4 Results

The distributions of crop wild relatives were modelled to occur on all continents except Antarc-
tica, and throughout most of the tropics, subtropics, and temperate regions, except the most
arid areas and polar zones (Fig. [5.I). The greatest richness of taxa was modelled in the

Mediterranean, Near East, and southern Europe, South America, Southeast and East Asia, and

97



Mesoamerica, with up to 84 taxa overlapping in a single 25 km? grid cell. These richness
hotspots largely align with traditionally recognized centres of crop diversity (Vavilov, 1926),
although the analysis also identified a number of less well-recognized areas, e.g., central and
western Europe, the eastern USA, southeastern Africa, and northern Australia, which also con-
tain considerable richness. Hotspots in tropical and subtropical areas also largely aligned with
zones recorded as possessing high richness of endemic flora and fauna, and experiencing ex-
ceptional degrees of loss of habitat (Myers et al., 2000). Temperate regions identified under the
same criteria, e.g., the California and Cape Floristic Provinces, southwestern Australia, central

Chile, and New Zealand, had considerably less overlap with areas rich in crop wild relatives.

Figure 5.1: Crop wild relative taxon richness map. Map displays overlapping potential distri-
bution models for assessed crop wild relatives. Darker red colours indicate greater overlap of
potential distributions of taxa, i.e., where greater numbers of crop wild relative taxa occur in the
same geographic area.

Wild relative taxa as a class of plant genetic resources were found to be critically under-
represented in genebanks. For 313 (29.1% of total) taxa associated with 63 crops, no germplasm
accessions exist at all, and a further 257 taxa are represented by fewer than ten accessions. A
total of 765 (71.1%) taxa were ranked as high priority for further collecting from their natural
habitats, 148 (13.8%) as medium priority, 118 (11.0%) as low priority, and only 45 (4.2%)
as currently sufficiently represented in genebanks (Supplementary Table [5.2). The mean FPS
across all species [7.9 £ 2.5 (mean + SD)] fitted well within the high priority category range.

Lack of geographic and ecological representation in genebanks contributed significantly to most
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of the high FPS values, whereas less extreme gaps were generally evident in the total numbers
of accessions conserved (Supplementary Fig. [5.1).

An analysis of wild relatives grouped by their associated crop (i.e., by crop gene pool) re-
vealed that 72% of the crop gene pools were assigned high priority for further collecting (as an
average of FPS scores across associated wild relative taxa), and thus require urgent conserva-
tion action (Figs [5.1] and [5.2)). These included the gene pools of commodity crops of critical
importance to global food supplies and/or agricultural production, e.g., sugarcane (9.2 + 1.6),
sugar beet (8.1 &= 1.6), and maize (6.9 £ 2.1), as well as important food security staples such as
banana and plantain (9.4 4 0.8), cassava (9.0 £ 1.6), sorghum (8.8 £ 1.0), yams (8.5 + 2.9),
cowpea (8.4 £ 1.7), sweetpotato (8.4 £ 1.7), pigeonpea (8.4 £ 1.1), millets (8.4 £ 2.7) and
groundnut (7.6 = 1.8) (Fig. [5.2]and Supplementary Table [5.1). High priority was also assigned
to the gene pools of numerous crops important for smallholder income generation in the tropics
(e.g., cacao and papaya), minor crops increasing in popularity due to their nutritional qualities
(e.g., quinoa), as well as various other important fruits (e.g., grape, apple, watermelon, orange
and mango), oilcrops (rapeseed), and forages (alfalfa) possessing considerable numbers of wild
related taxa. Although all gene pools contained taxa with considerable conservation concerns,
the wild relatives of fruits, forages, sugar crops, starchy roots, and vegetables were those as-
sessed as least well represented in genebanks (Supplementary Fig. [5.2). Average FPS values
across all wild relatives per crop type were 8.8 4 1.8 for fruits, 8.7 £ 1.7 for forages, 8.6 + 1.6
for sugar crops, 8.2 £ 2.3 for starchy roots, 8.1 £ 2.4 for vegetables, 7.1 &+ 2.6 for pulses, 7.1
=+ 2.3 for oilcrops, 7.1 + 1.9 for spices, and 6.4 + 3.1 for cereals.

None of the 81 assessed crop gene pools demonstrated an average FPS across its wild rel-
atives that would permit its categorization as sufficiently well represented in genebanks (Fig.
[5.3). The wild relatives of six crops were assessed as fairly well represented, i.e., low current
priority for further collecting for the gene pools of wheat (3.7 + 2.4), grasspea (3.7 £ 2.0),
chickpea (4.2 & 2.6), and tomato (4.5 = 1.9). Wheat and tomato, along with medium priority
crop gene pools such as sunflower (6.3 £ 2.2), rice (6.6 & 2.5), and potato (6.7 & 2.6) have a

long history of use of wild relatives in crop improvement (X1ao et al., |1996; Zhu et al., 2000)
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Figure 5.2: Collecting priorities for crop wild relatives and importance of associated crops.
The priority scale displays the average of Final Priority Scores (FPS) across wild relatives per
crop. The mean importance class of associated crops displays the significance of crops averaged
across global food supplies and agricultural production metrics (see Supplementary File [5.1).
For both axes, the scale is zero to ten, with ten representing the highest priority for further
collecting/most important crop. The size of crop gene pool circles denotes the number of wild
relative taxa per crop, ranging from 1 (faba bean) to 135 (cassava).

and benefit from relatively extensive germplasm collections. Other crop gene pools determined
as low priority (e.g., grasspea and chickpea) have few wild relatives, and these generally present
restricted distributions that have been fairly well sampled. However, specific taxa were assessed
as under-represented in genebanks even within these low priority gene pools. For example, five
taxa related to wheat were assessed as medium or high priority, one taxon related to grasspea
as medium priority, three taxa related to chickpea as medium priority, and six taxa related to
tomato as medium or high priority (Supplementary Table [5.2)).

Proposed hotspots for further collecting for high priority crop wild relatives were identified
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Figure 5.3: Collecting and conservation priorities for crop wild relatives by associated crop.
Black dots represent the Final Priority Scores (FPS) for further collecting for wild relative taxa,
with gray larger dots representing the average FPS across taxa per crop gene pool. The blue
straight vertical line represents the mean FPS across all crop wild relative taxa within all crop
gene pools.

across the world’s tropical, subtropical, and temperate regions, with the most critical gaps iden-
tified in the Mediterranean, Near East, and southern and western Europe; Southeast and East

Asia; and South America (Fig. [5.4). Up to 43 wild relative taxa (main map in Fig. [5.4) associ-
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ated with up to 23 crops (inset map in Fig. [5.4) may potentially be collected within a single 25

km? grid cell.

Figure 5.4: Proposed hotspots for further collecting activities for high priority crop wild rel-
atives. The map displays geographic regions where high priority crop wild relative taxa are
expected to occur and have not yet been collected and conserved in genebanks. The inset map
shows gaps for under-represented taxa by crop gene pool. Darker red colours indicate greater
overlap of potential distributions of under-represented taxa, i.e., where greater numbers of un-
derrepresented crop wild relative taxa occur in the same geographic area. For the inset map,
greater numbers indicate greater overlap of taxa associated to various crops.

5.5 Discussion

Our results demonstrate that crop wild relatives are currently under-represented and a system-
atic effort to improve their comprehensiveness in genebanks is critically needed. These findings
are remarkable given the extensive efforts particularly in the past half century by international,
regional, and national initiatives to conserve the broad diversity of important agricultural crops
(Esquinas-Alcazar, 2005 FAO, 2010). Achieving the comprehensive conservation of crop ge-
netic resources ex situ is constrained by technical as well as political and funding challenges,
particularly over recent decades (Esquinas-Alcazar, 2005), and is most poignant for wild taxa,
which are less well researched than crop species and often more difficult to conserve and to uti-
lize (Esquinas-Alcazar, 2005; FAO, 2010; |[Dempewolf et al., 2013). Addressing conservation

gaps globally for crop wild relatives, a goal which is specifically targeted in recent major inter-
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national agreements (i.e., The United Nations Sustainable Development Goals and the Strategic
Plan for Biodiversity (Secretariat of the CBD), [2010)) will require substantial investment and
extensive international collaboration. The high spatial resolution of these results is already
informing such initiatives (Dempewolt et al.| 2013) and can be useful to the development of
further efforts.

Here we outline priorities for collecting wild relatives based upon their current representa-
tion in genebanks, along with an assessment of the relative importance to global food supplies
and production systems worldwide of their associated crops (Fig. [5.2; Supplementary Fig. [5.2).
We recommend filling gaps in ex situ conservation first for the crop wild relatives of significant
importance to global and regional food security which are sparsely represented in genebanks,
e.g., maize, cassava, bananas and plantains, sorghum, millets, sweetpotato, yams, groundnut,
cowpea, and pigeonpea.

In order to further refine these priorities, additional information and filters are needed. These
include incorporating knowledge of threats to populations due to habitat modification, climate
change, and other impacts. Preliminary field surveys and threat analyses for under-represented
taxa are therefore urgently needed. We note that extensive expert evaluations of the results
generally confirmed the robustness of our species distribution models and conservation priori-
tizations but also clearly emphasized the need to address urgent threats to the survival of many
crop wild relative populations (Supplementary Fig. [5.3). Realistic strategies for field collec-
tion and subsequent ex situ conservation resulting in an increased availability of germplasm for
plant breeding also require negotiating policy governing germplasm collecting and exchange
(FAO, 2010; Secretariat of the CBD, |2011), assessing field work risks (e.g., war and civil strife
in regions with high levels of diversity of wild relatives), coordinating timing of field work to
maximize the collection of viable seeds and other propagules, prioritizing target crop gene pools
based upon the interest of the breeding community in utilizing wild germplasm, and determin-
ing the relative difficulty of maintenance of targeted wild germplasm in genebanks. While the
seeds of most wild relatives can be maintained under standard conditions for long-term con-

servation ex situ, some wild relatives produce recalcitrant seeds or do not produce seeds at all.
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Such wild relatives may require more expensive approaches (e.g., in vitro or cryopreservation),
and particularly for such taxa alternative conservation strategies such as the establishment of in
situ conservation reserves may be more effective.

Despite an extensive effort to compile occurrence records from more than 400 different data
sources, the wild relatives of a number of important agricultural crops (namely coffee, tea, and
avocado) were not assessed due to lack of sufficient accessible data. We also note that a number
of agricultural crops are not currently known to possess closely related wild relatives, including
taro (Colocasia esculenta), coconut (Cocos nucifera), and date palm (Phoenix dactylifera). Im-
provements in the generation and accessibility of taxonomic, relatedness and geographic infor-
mation on wild relatives (Wiersema et al., [ 2012; Vincent et al., 2013)) may permit conservation
assessments for some of these gene pools in the future.

The combination of the sampling, geographic and ecological representativeness scores used
to determine the extent of conservation of the wild relatives of important agricultural crops
in genebanks represents an efficient methodology for prioritizing taxa across crop gene pools
given wide variations in the potential diversity encompassed in each taxon and the general ab-
sence of molecular data for such species. The sampling representativeness score permitted an
indication of the total number of germplasm accessions estimated as sufficient to represent a
taxon, relative to the known extent of the taxon and utilizing all genebank and reference data
regardless of whether geographical coordinates are available. The geographic and ecological
variation metrics were used as proxy for genetic diversity and potential functional adaptation
to diverse environments, based on the assumption that the genetic composition of plant species
varies across geographic range and is associated with adaptation to different ecological con-
ditions (Eckert ef al., 2008). The increasing power and decreasing costs of direct measures
of diversity in genomes may make significant future refinements of priorities achievable (Mc-
Couch et al., 2013)). However, further collecting is still needed for a very large number of wild
relatives in order to assemble sufficient samples to perform such genetic assessments, as well

as to help resolve taxonomic and gene pool assignment uncertainties (Goodwin et al.,[2015).
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CHAPTER 6

CLIMATE CHANGE IMPACTS ON THE
DISTRIBUTIONS OF CROP WILD RELATIVES

6.1 Summary

Here I analyze the potential effects of climate change on the distributions of the wild relative
taxa of 29 crops important for global food security and sustainable agriculture. In this analysis,
I consider two different adaptation scenarios, one assuming that wild relative taxa are not able
to track their suitable climates, and the second one assuming that wild relative taxa are able
to track the suitable climates that ensure their survival. This analysis uses an ensemble of 30
climate change projections for the RCP 4.5 scenario which stabilizes radiative forcing by the
end of the century (2100) as a result of global actions to restrict greenhouse gases emissions.
Results suggest that wild relative taxa analyzed are projected to lose in average 20.8% of their
suitable areas. Only 28 taxa are under the risk of extinction as more than 50% of their areas are
projected to change. I also discuss the implications for in situ and ex situ conservation under

two adaptation scenarios.

6.2 Introduction

Life in all its forms is being affected by the increasing temperatures and changes in rainfall

patterns that result from climate change (Settele et al., 2014). In a global analysis of the impacts
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of climate change on more than 3,000 different species, [Thomas et al.| (2004) estimated that
15 - 37% of the species analyzed are likely to lose all their distribution area by 2050, and
therefore are under high risk of being extinct. Changes in the composition of ecosystems and
in the phylogenetic diversity contained within a region have been also projected as some of the
potential impacts of climate change on animals and plants (Peterson et al., 2002; Thuiller et al.,
2011).

Plants are one of the groups projected to be relatively more affected by climate change be-
cause of their sessile nature. Significant reductions in the geographical ranges of plant species
have been projected, even under stringent mitigation scenarios (Warren et al., 2013). Addition-
ally, vital processes that secure the growth, development and reproduction of plants can also be
disrupted due to warmer temperatures as it has been evidenced with the changes in the flow-
ering patterns of Rhododendron species in the Himalayas (Hart ef al., 2014), in the pollination
rates of orchids (Robbirt et all [2014), and germination and seedling establishment in alpine
plants (Mondoni et al., [2012). This panorama is aggravated by the current exposure of plants
to additional factors that undermine their survival, such as the conversion of natural habitats for
agriculture and livestock production, overharvesting, invasive species, and high fragmentation
of natural habitats (Bilz et al., 2011 'Watson et al., 2013; Brummitt ez al., [2015b)).

Mechanisms such as phenotypic plasticity, adaptive evolution and dispersal may help plants
to respond to climate change (Chen et al.,|[2011; |[Franks et al., 2014)). However, the effectiveness
of these mechanisms will depend on many factors such as the speed of global warming, the
genetic composition of plant populations, the health of natural habitats, and the presence of
competitors and pollinators (Chen et al., 2011} |[Franks et al.l 2014} Alexander et al.,[2015).

As many other plants, crop wild relatives, a group of plants valued for their contributions
of genetic material valuable for agriculture, are also exposed to the impacts of climate change.
Jarvis et al.|(2008) estimated that 16 to 22% of the wild relatives species of potato, cowpea and
peanut may be under the risk of extinction by year 2050. Using species distribution modeling
techniques, Ureta ef al. (2012)) estimates losses between 16 to 39% of the potential distributional

ranges of the races and wild relatives of maize by 2050. Globally important crops have benefited
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from the use of wild relatives to produce more productive varieties (Gororo et al.l, 2002), with
improved nutritional content (Traka ef al.,|2013) and tolerant to biotic and abiotic stresses (Rick
and Chetelat, [1995}; Ishimaru et al., 2010;|Jones et al.,[2014) (see Maxted and Kell (2009) for a
review). Estimates of the monetary value of crop wild relatives in plant breeding are between
USD 120 and 1,600 billion per year (Pimentel ez al.,|1997;[PWC, 2013} Tyack and Dempewolf,
2015).

Given the imminent threats to and evident benefits derived from plant biodiversity, policy
frameworks to support the conservation and availability of biodiversity and genetic resources
for future generations have been set up. The Convention on Biological Diversity on its Strategic
Plan for Biodiversity 2011-2020 encourages participant countries to improve the current status
of biodiversity and to safeguard species and genetic diversity as stated in its Strategic Goal C
(Secretariat of the CBD, [2010). More recently, the United Nations’ Sustainable Development
Goals (SDGs) include an explicit call to stop biodiversity loss and to promote the access to
genetic resources in its Goal 15. On the other hand, the International Treaty for Plant Genetic
Resources for Food and Agriculture acts as a mechanism to promote the conservation and sus-
tainable use of the plant genetic resources (including the crop wild relatives) of a subset of
globally important crops (FAO, |2009).

Halting the loss of crop wild relatives and securing their future availability requires identify-
ing the taxa considered as wild relatives of crops at the global (Vincent ef al.,[2013) and national
scales (Magos Brehm e al.,|[2008; Khoury et al.l 2013; Fielder et al.,|2015); understanding their
in situ and ex situ conservation status, and the threats that can affect their survival in the short
and long term. This information can in turn help guiding conservationists, practitioners, gov-
ernments and international organizations to set priorities and actions towards the conservation
of these functional elements of biodiversity.

Despite the fact of knowing the projected negative effects of climate change on the distri-
butions of plant species, including some crop wild relatives, extensive analysis for several wild
relative taxa accross multiple crops have not been conducted. Here I present an analysis of the

potential impacts of climate change on the distribution of the wild relatives of 29 crops. Towards
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this aim, I used environmental niche modeling techniques to estimate the potential geographic
areas where the wild relative taxa are likely to occur currently and in the coming decades given
the projected changes in climate, and two dispersal scenarios. I also discuss the implications of
projected changes for the conservation of crop wild relative taxa, including possible adaptation

strategies that may be required to address the potential climate change impacts.

6.3 Methodology

6.3.1 Crops and species selection

All food crops listed in the Annex I of the International Treaty on Plant Genetic Resources
for Food and Agriculture (FAO, [2009), an established mechanism that facilitates access and
promotes the use and conservation of plant genetic resources globally, were selected for this
analysis. Once the crops chosen for the analysis were defined, the closest wild relatives associ-
ated to each crop were selected according to the degree of relatedness with their corresponding
associated crop. The degree of relatedness provides information on the easiness to cross wild
relative taxa with cultivated forms and the ability to produce fertile offspring. This relationship
is described by the gene pool concept of Harlan and de Wet (1971), and surrogate classifica-
tion schemes such as the Taxon Group concept Maxted et al. (2006), the Genetic-relative class
Wiersema et al.| (2012), and the provisional gene pool concept |Vincent et al.|(2013)).

For the purpose of this analysis, the closest wild relative taxa associated to the crops previ-
ously selected were chosen as follows: Taxa in the primary and secondary gene pool concept
following |[Harlan and de Wet (1971), taxa in the primary and secondary genetic-relative class
according to [Wiersema et al.| (2012), taxa in the Taxon Groups la, 2, and 3 (Maxted et al.,
2006), and taxa in the primary and secondary provisional gene pools (Vincent et al.l, |2013]).
Less related taxa were also included if they had a proven or potential use in breeding as reported
in the literature. The degree of relatedness of wild relatives and their associated crops were re-

trieved from “The Harlan and De Wet Crop Wild Relative Inventory” (www . cwrdiversity.
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org/checklist/)and “GRIN Taxonomy for Plants” (www.ars—grin.gov/~sbml jw/
cgi-bin/taxcrop.pl?language=en) (Vincent et al., 2013; USDA ARS National Ge-

netic Resources Program, |n.d.).

6.3.2 Occurrence data

Occurrence records of crop wild relative taxa were acquired, standardized and curated before
being used as inputs of the environmental niche modelling algorithm. Existing digital databases
were used as the main sources of occurrence records: The Global Biodiversity Information Fa-
cility (www.gbif.org), an international initiative that mobilizes data on all types of living
creatures on Earth; The System-Wide Information Network for Genetic Resources (SINGER),
the former system that centralized the passport information of germplasm accessions held
within the CGIAR centers and the World Vegetable Center (AVRDC); and the Genetic Re-
sources Information Network (GRIN), the US genebanks system. Other relevant sources of
occurrence records include digital databases from individual institutions, national genebanks,
researchers, previous projects, published and gray literature, and personal visits to herbaria.

Information recorded in botanical specimens, which were photographed during the visits to
herbaria, were manually digitized and stored in an electronic spreadsheet, recording information
on the specimen’s identity, geographical locality where the sample was taken (e.g., country
name), geographical coordinates if available, description of the surrounding habitats, name(s)
of collector(s), phenological traits visible in the specimen (i.e., availability of flowers, fruits or
seeds), institutions where duplicates had been sent, type of specimen (e.g., isotype, haplotype)
(Castaﬁeda—Alvarez et al.,[2011). Once all individual datasets were digitized, their data fields
were mapped to a larger database as a way to determine the type of information stored on each
datafield, and in addition, those records originally provided without any geographical coordinate
from the source were submitted to a batch-georeferencing process using GEOLocate (Rios and
Bart, [2010). Only coordinates with a precision distance below Skm assessed in the subsequent
steps.

Each individual dataset was standardized and curated before being merged into a single,
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larger database. For this, a two-step validation process was performed, one to verify the botan-
ical nomenclature of each record, and the other one to assess the quality of geographic coordi-
nates. The botanical identity validation consisted in verifying that the scientific name associated
to each occurrence record did not contain misspellings and is aligned to accepted plant species
checklists. Queries to GRIN (USDA ARS National Genetic Resources Program, n.d.), the Tax-
onomic Name Resolution Service (TNRS; |Boyle et al.,[2013), and TaxonStand (Cayuela et al.,
2012) were performed, and the names retrieved were compared to the scientific name origi-
nally provided with each occurrence record. Scientific names in agreement with GRIN were
assumed as accepted names. In the case when the scientific name did not coincide with GRIN,
but it did coincide with the name suggested by TNRS or TaxonStand, TNRS was preferred
over TaxonStand. For isolated cases, when the initial scientific name was not aligned with any
of the sources retrieved, and additional revision was performed using JSTOR Global Plants
(plants. jstor.orq), the Encyclopedia of Life (Parr et al., 2014), the International Plant
Names Index (IPNI; The International Plant Names Index,|2012), and the Integrated Taxonomic
Information System (ITIS; [/ntegrated Taxonomic Information System (ITIS), n.d.).

Once the botanical nomenclature of all data records was confirmed, the geographical coordi-
nates assessment was performed. This assessment consisted in two steps: 1) Detecting off-land
coordinates by mapping occurrence records over a global raster (~ 1 km resolution) and retain-
ing only the occurrence points in land (Warren ef al.,|2013); and 2) Resolving conflicts between
the country where the sample was taken or recorded, and the country where the geographi-
cal coordinate is located when mapped over a global administrative units map (Hijmans et al.,
1999). Records where the originally registered country name coincides with the country where
the coordinate is mapped are retained and considered as inputs for preparing the environmental

niche models.

6.3.3 Current and future climate data

For the current climate, or baseline, I used an initial set of variables composed by one topo-

graphic variable and 19 bioclimatic variables obtained from WorldClim (www.worldclim.
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org; Hiymans et al.l [2005) at a spatial resolution of 2.5 arc minutes (4.6 x 4.6 km at the Equa-
tor). These bioclimatic variables were produced by averaging climatological data between 1950
and 2000 (Hiymans et al.| 2005). An analysis to identify and to correct collinearity between en-
vironmental variables was applied. Collinearity, or high linear correlation between explanatory
variables, may affect the performance of environmental niche models (Dormann et al., |2013)).
Towards this aim, I used the Variance Inflation Factor (VIF) as it is a multivariable approach
to identify highly correlated variables and subsequently reduce the number of environmental
predictors to be used in MaxEnt. Variables with a correlation threshold above 10 were excluded
from the final set of model predictors.

I used an ensemble of thirty Global Circulation Models (GCMs) produced by the Coupled
Model Intercomparison Project Phase 5 (CMIPS5) and used in the Intergovernmental Panel on
Climate Change - Fifth Assessment (IPCC| 2014) of the Representative Concentration Pathway
(RCP) 4.5 for the period between 2040 and 2069 (2050s) (Figure Table [6.1). RCP 4.5
represents the trajectory of a stabilization scenario in which the radiative forcing is stabilized
at 4.5 W m~2 (approx. 600 ppm CO,-equivalent) near 2100 (Thomson et al., 2011). RCP 4.5
assumes that stringent global policies to decrease greenhouse gas emissions have been put in
place such as the valuation of carbon in natural vegetation, the implementation of reforestation
programs to help decreasing the use of croplands and grasslands, the enhancement of crop yields
and changes in human diets (van Vuuren et al.,[2011). All future climate data were downscaled

to a resolution of 2.5 arc minutes using the delta method of Ramirez-Villegas and Jarvis|(2010).

6.3.4 Environmental niche modelling

MaxEnt, a machine learning algorithm for modelling species environmental niches was selected
thanks to its ability to discriminate the environmental niche of species using presence-only
data, its overall performance when compared to other modeling algorithms, and extended use
in ecological and conservation analyses (Elith ez al., 2006; Phillips et al.,[2006). The minimum
required data for MaxEnt to produce an environmental niche model includes occurrence records

with explicit geographic coordinates of the species to model, and a set of environmental layers
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Figure 6.1: Current climatic conditions, future projected conditions and uncertainties. a Current
mean temperature of driest quarter (BIO 9); b Current precipitation of warmest quarter (BIO
18); ¢ Future mean temperature of driest quarter (BIO 9); d Future precipitation of warmest
quarter (BIO 18); e Standard deviation of GCM projections of the mean temperature of driest
quarter (BIO 9); f Standard deviation of GCM projections of precipitation of warmest quarter
(BIO 18).

that the programme will use as predictor variables. Environmental niche models were only
produced for taxa with more than ten unique occurrence records, as models produced with small
sets of occurrence records tend to underperform and/or produce highly variable predictions,
and thus produce misleading predictions of the environmental niche of the taxon under analysis
(Pearson et al.l,[2007; Wisz et al., 2008)).

The native range of each crop gene pool, defined as the group of countries where the wild
relatives of a crop gene pool have been reported to be native to, was used to determine the back-
ground extent of each niche model. Ten thousand random points were created within this area
and used as background points to enable each MaxEnt model to characterize the environmental

conditions of the area of study. All models were trained using 75% of the occurrence data,
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Table 6.1: Full list of general circulation models (GCMs) from the CMIP5 used to project the
environmental niches of crop wild relatives. Downloaded from: www.ccafs—climate.org

Modelling centre Institute ID Model name Country
Beijing Climate Center, China Meteorological Ad- BCC BCC-CSM1.1 China
ministration BCC-CSM1.1(m)
College of Global Change and Earth System Science, =~ GCESS BNU-ESM China
Beijing Normal University
Canadian Centre for Climate Modelling and Analysis ~CCCma CanESM2 Canada
Community Earth System Model Contributors NSF-DOE-NCAR CESM1(CAMS) USA
CESM1(BGC)
Commonwealth Scientific and Industrial Research =~ CSIRO-BOM ACCESS1.0 Australia
Organization (CSIRO) and Bureau of Meteorology ACCESS1.3
(BOM)
Commonwealth Scientific and Industrial Research ~ CSIRO-QCCCE CSIRO-MK3.6.0 Australia
Organization in collaboration with Queensland Cli-
mate Change Centre of Excellence
The First Institute of Oceanography, SOA FIO FIO-ESM China
NOAA Geophysical Fluid Dynamics Laboratory NOAA GFDL GFDL-CM3 USA
GFDL-ESM2G
GFDL-ESM2M
NASA Goddard Institute for Space Studies NASA GISS GISS-E2-H-CC USA
GISS-E2-R
GISS-E2-R-CC
Institute for Numerical Mathematics INM INM-CM4 Russia
Institut Pierre-Simon Laplace IPSL IPSL-CM5A-LR France
IPSL-CM5A-MR
LASG, Institute of Atmospheric Physics, Chinese = LASG-CESS FGOALS-g2 China
Academy of Sciences and CESS, Tsinghua Univer-
sity
Japan Agency for Marine-Earth Science and Technol- ~ MIROC MIROC-ESM Japan
ogy, Atmosphere and Ocean Research Institute (The MIROC-ESM-CHEM
University of Tokyo), and National Institute for Envi-
ronmental Studies
Atmosphere and Ocean Research Institute (The Uni- MIROC MIROCS Japan
versity of Tokyo), National Institute for Environmen-
tal Studies, and Japan Agency for Marine-Earth Sci-
ence and Technology
Met Office Hadley Centre and Instituto Nacional de  MOHC HadGEM2-CC UK
Pesquisas Espaciais HadGEM2-ES
Max Planck Institute for Meteorology MPI-M MPI-ESM-LR Germany
Meteorological Research Institute MRI MRI-CGCM3 Japan
National Center for Atmospheric Research NCAR CCSM4 USA
Norwegian Climate Centre NCC NorESM1-M Norway
National Institute of Meteorological Research/Korea ~ NIMR/KMA HadGEM2-AO Korea

Meteorological Administration

and tested using the remaining 25% of the occurrence data available for each crop wild rela-

tive taxa. Default settings in MaxEnt were used for producing the environmental niche models.

Once each model was trained and tested, they were projected into the current and future envi-

ronmental layers. Binary maps for each projection were produced by applying the “Maximum

training sensitivity plus specificity” threshold, as it minimizes commission (overprediction) and

ommission (underprediction) errors (Liu et all 2005). The area under the receiver operating

(AUC) was used as the parameter to assess the performance of environmental niche models.

An AUC value above 0.7 was considered adequate for this study, as models with an AUC value

above 0.7 are considered to be able to discriminate the areas where a species is likely to occur.
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Binary maps with AUC > 0.7 were used to estimate suitable areas for crop wild relatives under

current and future climates.

6.3.5 Impacts

Two contrasting adaptation scenarios were considered for this study: One assuming that plant
species are not able to track their climates and thus no potential habitat gains are possible (i.e.,
zero-dispersal scenario), and a more optimistic scenario where it is assumed that plants are
able to track their climates within their native ranges (i.e., optimistic dispersal scenario). The
optimistic dispersal scenario does not take into account other parameters that may affect the
movement of plant species like the interactions with competitors or the alterations in the land
cover, nor it assumes a particular speed of dispersal (e.g.,|Warren et al., 2013)).

For the zero-dispersal scenario, the future environmental niche models were compared to the
environmental niche models produced with the baseline information, and the loses of current
suitable areas were computed. For the optimistic dispersal scenario, the native ranges of each
taxa are used to clip the future and current environmental niches. Information on native ranges
was obtained from the GRIN Taxonomy portal (USDA ARS National Genetic Resources Pro-
gram, n.d.). Once the current and future environmental niches are clipped, they are compared

and the projected gains and losses in suitable area are computed.

6.3.6 Taxa richness

I mapped the taxa richness under current and future climatic conditions by overlapping the
individual distribution models of taxa with adequate models (AUC > 0.7). This was done with
the aim of identifying global patterns of richness of these wild relatives, likely changes under
future climatic conditions, and identification of sites where potential gains and loses are likely
to take place. Overall changes in the composition of wild relative taxa in the space (i.e., taxa
turnover) were calculated by comparing the proportion of projected gains and loses against the

current distributions of taxa (Peterson et al.| 2015)).
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6.4 Results

6.4.1 Crops and species selection

A total of 432 unique wild relative taxa, associated to 29 crops were selected (Supplementary
Table[6.1). Eight botanical families and 26 genera are represented in the selection of crops and
wild relative taxa. 22% of the wild relative taxa selected are classified in the primary gene pool
concept, 56% are in the secondary gene pool, and 21% are in the tertiary gene pool. 1% taxa are
in the Taxon Group 1B, and less than 1% are in the Taxon Group 2 or have not been classified

in either category yet.

6.4.2 Occurrence data

A total of 136,003 occurrence records with geographical coordinates were retrieved, with some
taxa having up to 6,407 records with coordinates and 125 taxa with less than ten coordinates.
The overall distribution of the wild relative taxa occurs across the terrestrial portion of the
world (including islands), with particular regions displaying a rather high density of occurrence
records such as Central America, the Andes, the Fertile Crescent, South East Asia, and Aus-

tralia.

6.4.3 Environmental niche modelling

As to the environmental drivers used for modelling the environmental niches of wild relative
taxa, the Variance Inflation Factor (VIF) detected high correlation between ten environmental
predictors. Such highly correlated variables were removed in a stepwise approach, which con-
sisted on removing one of the variables with VIF > 10 and then repeating the procedure until
no variables with a VIF > 10 were left. The variables selected to be used as predictor variables
in MaxEnt were: BIO 2, BIO 3, BIO 8, BIO 9, BIO 13, BIO 14, BIO 15, BIO 18, BIO 19 and
ALT (Table[6.2).

Nearly 70% of the wild relative taxa selected (296 taxa) were modeled as they presented
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Table 6.2: List of environmental drivers used in the analysis. VIF is the acronym for Variance
Inflation Factor. VIFy is the Variance Inflation Factor obtained after removing highly correlated
variables.

Type ID Description Units VIF VIFr
Temperature  BIO 1 Annual mean temperature °C 1287.95  Excluded
Temperature  BIO 2 Mean diurnal range °C 20.41 2.7
Temperature  BIO 3 Isothermality % 12.35 5.05
Temperature ~ BIO 4 Temperature seasonality % 2434.6  Excluded
Temperature  BIO 5 Maximum temperature of warmest month ~ °C Inf  Excluded
Temperature ~ BIO 6 Minimum temperature of coldest month °C Inf  Excluded
Temperature ~ BIO 7 Temperature annual range °C Inf  Excluded
Temperature  BIO 8 Mean temperature of wettest quarter °C 9.4 4.19
Temperature  BIO 9 Mean temperature of driest quarter °C 22.56 3.64
Temperature  BIO 10  Mean temperature of warmest quarter °C 2089.85  Excluded
Temperature  BIO 11~ Mean temperature of coldest quarter °C 6650.66  Excluded
Rainfall BIO 12 Annual precipitation mm 72.1  Excluded
Rainfall BIO 13 Precipitation of wettest month mm 89.06 5.16
Rainfall BIO 14  Precipitation of driest month mm 94.26 3.81
Rainfall BIO 15  Precipitation seasonality adimensional 3.31 2.33
Rainfall BIO 16  Precipitation of wettest quarter mm 152.77  Excluded
Rainfall BIO 17  Precipitation of driest quarter mm 122.11  Excluded
Rainfall BIO 18  Precipitation of warmest quarter mm 5.51 443
Rainfall BIO 19  Precipitation of coldest quarter mm 4.03 3.52
Elevation ALT Elevation m 2.68 1.92

more than ten records with unique geographical coordinates. From this, 290 taxa were consid-
ered for the climate change analysis as the AUC values of their models were above 0.7. Six taxa
were excluded from the analysis (AUC < 0.7). Models for the wild relatives of chickpea and
faba bean did not meet the conditions of the AUC parameter or number of unique georeferenced

occurrences required to construct environmental niche models.

6.4.4 Impacts

The wild relatives of finger millet (-34.0%), potato (-32.2%) and cowpea (-33.28%) appear to
be the most affected under all dispersal scenarios due to the high average loss of suitable area
under the future conditions of climate change when compared to the rest of the crop gene pools
analyzed (Table[6.3)). Crop gene pools of vetch, pea, pear] millet, carrot and oat present a rather
high percentage of loses (22 - 26%). However, large variations within each gene pool suggests
that only some wild relatives will be largely affected by climate change. In contrast, the crop
gene pools of rice (-7.1%) and pigeonpea (-7.8%) appear to be less susceptible to the projected

changes in climates (Figure Table [6.3)).

The effect of climate change is larger under the no-disperal scenario, as it assumes that wild
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Table 6.3: Mean effect of climate change on climatically suitable areas of wild relative taxa

No-dispersal scenario Optimistic dispersal scenario
No. of crop No. of taxa Average % No. of taxa Average %
Crop name wild relative losing > 50% losing > 50%
change (SD) change (SD)
taxa range range
African rice (Oryza glaberrima) 20 0 -7.07 (10.93) 0 27 (33.46)
Alfalfa (Medicago sativa) 12 0 -8.38 (3.96) 0 5.62 (15.93)
Apple (Malus domestica) 30 0 -14.23 (13.35) 0 14.03 (20.09)
Asian rice (Oryza sativa) 20 0 -7.07 (10.93) 0 27 (33.46)
Bambara groundnut (Vigna 9 0 -10.32 (0) 0 2259 (0)
subterranea)
Banana (Musa acuminata) 6 1 -19.48 (21.09) 0 -15.61 (23.96)
Barley (Hordeum vulgare) 4 0 -8.65 (4.22) 0 11.99 (24.33)
Bean (Phaseolus vulgaris) 7 0 -10.95 (13.11) 0 6.39 (33.69)
Carrot (Daucus carota) 21 1 -24.09 (17.85) 1 1.28 (32.33)
Chickpea (Cicer arietinum) 5 - - - -
Cowpea (Vigna unguiculata) 14 2 -33.28 (28.89) 2 -19.11 (41.08)
Eggplant (Solanum melongena) 52 1 -20.61 (20.21) 1 -5.46 (30.69)
Faba bean (Vicia faba) 1 - - - -
Finger millet (Eleusine coracana) 6 1 -34.04 (19.58) 1 -27.17 (26.29)
Grasspea (Lathyrus sativus) 5 0 -13.39 (11.89) 0 0.26 (22.97)
Lentil (Lens culinaris) 5 0 -16.91 (9.49) 0 -9.77 (12.81)
Lima bean (Phaseolus lunatus) 4 0 -7.49 (5.79) 0 0.73 (12.2)
Oat (Avena sativa) 15 2 -22.75 (17.23) 2 -4.9 (35.3)
Pea (Pisum sativum) 5 0 -24.99 (20.07) 0 -16.79 (27.16)
Pearl millet (Pennisetum glaucum) 5 0 -24.22 (23.51) 0 -18.14 (21.82)
Pigeonpea (Cajanus cajan) 15 1 -7.82 (20.29) 1 37.44 (51.45)
Plantain (Musa balbisiana) 6 1 -19.48 (21.09) 0 -15.61 (23.96)
Potato (Solanum tuberosum) 73 15 -32.19 (23.96) 13 -22.85 (32.78)
Rye (Secale cereale) 4 0 -17.95 (25.26) 0 -9.62 (23.93)
Sorghum (Sorghum bicolor) 17 0 -13.23 (16.97) 0 14.1 (36.73)
Sunflower (Helianthus annuus) 36 2 -14.21 (15.48) 2 7.09 (28.29)
Sweet potato (Ipomoea batatas) 14 0 -12.9 (10.49) 0 8.13 (22.71)
Vetch (Vicia sativa) 9 1 -26.23 (21.06) 1 -17.87 (23.49)
Wheat (Triticum aestivum) 42 1 -17.81 (15.77) 1 -2.99 (24.08)

relative taxa are not able to respond to climate change by tracking the climate favourable for
their growth, development and subsistence. The overall proportion of distribution losses for all
the crop gene pools analyzed is of 20.8%, where potato appear to be the most susceptible due to
the number of wild relatives losing more than 50% of their distributions (Table . Moreover,
seven of these susceptible potato wild relatives were determined to be poorly represented in
genebanks (Castaﬁeda—Alvarez et al.,2015,2016). One species in particular, Solanum burkartii,
is under the risk of extinction due to the negative impact of climate change on its suitable area (~
-90%) (Table [6.4). Other wild relatives projected to be largely affected due to climate change
include Vigna keraudrenii and Vigna monantha (wild relatives of cowpea), Avena monantha
(wild relative of oat), Solanum contumazaense and Solanum tarnii (wild relatives of potato) and
Helianthus paradoxus (wild relative of sunflower) (Table[6.4).

Under the optimistic dispersal scenario the overall changes (gains and losses together) in

distributional area compute 26.6%, and average gains reach up to 25% of the current potential
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Figure 6.2: Impacts of climate change on the climatic suitable areas of wild relative taxa
grouped by crop gene pool. The bold vertical line in each box is the median. Each box dis-
plays the first and third quartile. Outliers are plotted as individual points.

areas. The wild relatives of finger millet, cowpea and potato are again the most affected, sug-
gesting that the losses in area are greater than the potential gains that may arise under climate
change (Figure[6.2). In contrast, the wild relatives of pigeonpea and rice present average gains
of 27% of their current potential distribution. The wild relatives of pigeonpea, rice and apple
present higher relative gains among all crops (Figure[6.3).

In terms of the geographic distributions of crop wild relatives, richness hotspots are found
in the Mediterranean basin, Near East, Northern Australia, and mountainous regions in Cen-

tral and South America (Figure [6.4p). Potential gains in suitable area for up to 12 taxa are
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Table 6.4: List of most impacted crop wild relatives due to climate change. FPS: Final priority
score. Collecting prioritization category and FPS were obtained from (Castafieda-Alvarez et

al., 2016).
% of change in suitable area
Crop name Crop wild relative taxon Non-dispers?l ] Optimist.ic Collecting prioritization
scenario dispersal scenario  category (FPS)
Banana & plantain Musa yunnanensis -55.22 -55.19  High (8.3)
Carrot Daucus carota subsp. halophilus -63.63 -63.47  High (9.8)
Cowpea Vigna keraudrenii -88.63 -88.58  High (10)
Cowpea Vigna monantha -87.41 -87.41  High (10)
Eggplant Solanum lichtensteinii -54.34 -54.32  High (9.4)
Finger millet Eleusine floccifolia -56.71 -56.65  High (9)
Oat Avena maroccana -60.35 -59.93  Low (3.4)
Oat Avena murphyi -85.58 -85.58  Medium (6.5)
Pigeonpea Cajanus acutifolius -68.46 -67.63  High (8.5)
Potato Solanum burkartii -93.02 -92.92  High (10)
Potato Solanum contumazaense -88.52 -86.17  High (10)
Potato Solanum garcia-barrigae -70.66 -69.96  High (10)
Potato Solanum gracilifrons -66.15 -64.77  High (10)
Potato Solanum hastiforme -55.73 -54.86  High (10)
Potato Solanum hjertingii -66.62 -66.16  High (7.2)
Potato Solanum lesteri -63.27 -60.02  Medium (6)
Potato Solanum morelliforme -51.73 -50.62  Medium (5.9)
Potato Solanum olmosense -63.73 -49.92  High (10)
Potato Solanum paucissectum -64.79 -55.76  Low (3)
Potato Solanum polyadenium -75.43 -75.09  Medium (5.3)
Potato Solanum sogarandinum -63.92 -61.67  Medium (6.2)
Potato Solanum tarnii -82.61 -81.68  Medium (6.3)
Potato Solanum vernei -50.28 -43.26  Low (5)
Potato Solanum verrucosum -64.94 -62.36  Medium (5.2)
Sunflower Helianthus niveus subsp. tephrodes -66.12 -50.18  High (8.9)
Sunflower Helianthus paradoxus -94.91 9491 Low (3.8)
Vetch Vicia sativa subsp. amphicarpa -58.53 -57.32  Low (5)
Wheat Aegilops searsii -55.46 -55.41 No urgent collecting

required (1.2)

found scattered over the world (Figure [6.4b), while the potential losses in areas for 1-5 taxa are

localized in temperate regions and tropical rainforests (e.g., South America and Africa) with

significant losses displayed in Western Europe (11-15 taxa) (Figure [6.4f).

High taxa turnover, or changes in the composition of crop wild relative taxa, are projected

in the limits of the distributions of crop wild relatives (e.g., temperate regions), Western Europe

and the Amazonian basin (Figure [6.4). Coinciding with regions where large losses of suitable

area are expected. No large turnover is expected in some hotspots of crop wild relative taxa

richness, such as the Andes, Central America, parts of the Near East and Northern Australia.
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Figure 6.3: Potential wild relatives range gains grouped by crop gene pool under an optimistic
dispersal scenario. The bold vertical line in each box is the median. Each box displays the first
and third quartile. Outliers are plotted as individual points.
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Figure 6.4: Modelled crop wild relative taxa richness patterns and climate change impacts. a Current potential taxa richness: gray, 1-12 taxa;
pink, 13-25 taxa; red, 26-38 taxa; dark red, 39-50 taxa. b Potential gains: gray, 1-5 taxa; pink, 6-10 taxa; dark red, 11-43 taxa. ¢ Potential
losses: gray, 1-5 taxa; pink, 6-10 taxa; dark red, 11-15 taxa. d Taxa turnover: gray, 1-25%; pink, 26-50%; red, 51-75%; dark red, 75-100%.



6.5 Discussion

The goal of this study was to assess the potential impacts of climate change on the distributions
of crop wild relative taxa across multiple crops. Analysis of changes in the suitable areas of
crop wild relatives under a stringent emissions scenario (RCP 4.5) shows an average of area
loses of 20.8%. Nearly 10% of the taxa assessed are projected to lose more than 50% of their
current distributions. Geographic regions likely to be most impacted by the changes in suitable
areas for crop wild relatives include temperate zones, and the neotropics.

Some crop gene pools (i.e., the group of wild relative taxa of a crop) appear to be more
negatively impacted by climate change, as it is the case for finger millet, cowpea and potato.
In the same way, some taxa are projected to be more affected than other, reaching the risk
of extinction due to large losses in suitable area, as it is the case of Vigna keraudrenii, Vigna
monantha, Avena murphyi, Solanum burkartii, Solanum contumazaense, Solanum tarnii and
Helianthus paradoxus).

In a previous study, Jarvis ef al.| (2008) by using a different emissions scenario and modelling
algorithm estimated rather large losses in area suitability when compared with those reported
in this study. Jarvis et al.| (2008) report losses between 38 - 69% of the distribution areas of
potato, gains of 8% and losses of 65% for cowpea. The large differences in average losses
between both studies are probably influenced by the number and taxonomic identity of crop
wild relative taxa included for each crop gene pool in each study. However, at the taxa level,
both studies agree in identifying Vigna keraudrenii, Solanum paucissectum and Solanum tarnii
as taxa highly impacted by climate change.

Investments aiming to conserve the wild relatives of crops need to consider the likely im-
pacts of climate change for durable and long-term conservation. The results presented in this
study vary between and within crop gene pools, and between dispersal scenarios. Different
conservation strategies are needed according to the impact level of climate change on the geo-
graphical distributions of crop wild relatives.

From a taxa level approach, wild relatives with large negative impacts on their distributions

under both dispersal scenarios may require to be better represented and conserved in ex situ
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genebanks due to the significant reduction of their environmentally suitable areas. In the case
of wild relative taxa presenting minor loses in their future distribution, they could be considered
pertinent candidates for in situ conservation due to the relative stability of their environmental
niches. However, complementary ex sifu conservation is desirable as it can help easing the
access of these resources for plant breeding and research. Monitoring the genetic diversity and
responses to climate change of wild relative taxa with minor loses and/or potential gains will
also provide critical information on the responses and changes in the genetic composition of
these plants’ populations. Additionally, monitoring new competitors and the effect of habitat
fragmentation and land use changes can also help understanding if the taxon can effectively
occupy the projected territorial gains.

In terms of setting priorities for conservation, taxa and crop gene pools displaying the largest
losses in the future should be prioritized for conservation work, due to their high vulnerability
to climate change. Additional variables can be also considered to determine the prioritization
urgency of taxa and crop gene pools, as the economic value of the associated crops, the nutri-
tional supply of the associated crops to human diets, the current conservation status (e.g., [UCN
Red List), the current extent of representativeness of the genetic diversity of such taxa and crop
gene pools in existing ex sifu holdings and in sifu sites. Taxa such as Musa yunnanensis and
Daucus carota subsp. halophilus (see Table for a complete list of taxa) have been already
targeted as being poorly represented in genebanks (Castafieda-Alvarez et al., 2016), increasing
the urgency of improving their conservation and representativeness in ex sifu holdings.

Prioritizing climatically vulnerable crop wild relatives should be also guided by the easiness
of crossing such wild taxa with their associated crops (i.e., taxa in the primary and secondary
gene pools or equivalent categories), as the production of fertile hybrids is expected to be less
cumbersome. Such prioritization should also take into account less related taxa (i.e., third
gene pool and equivalents) that have been already used in plant breeding as sources of genetic
diversity and specific traits.

From a geographical perspective, areas harboring high taxa richness and presenting minor

to no changes in their future taxa richness should be considered as candidate sites for establish-
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ing in situ conservation initiatives thanks to the climatic stability they display (e.g., mountain-
ous regions in Central and South America, the Iberian Peninsula, and part of the Near East).
Whereas, areas with large losses of richness in the future might be considered less adequate
for establishing in situ reserves for long-term conservation, and therefore efforts to secure this
genetic diversity in genebanks are warranted. Given the lack of information on the physiologi-
cal and adaptive response of wild relative taxa to climate change, areas detected to have major
losses should be sampled for subsequent conservation in genebanks (e.g., temperate zones and
Amazonian basin).

I acknowledge the limitations of the approach used in this study, as it only takes into account
the environmental suitability of the wild relative taxa analyzed under a stringent representative
concentration pathway, and two highly contrasting species adaptation scenarios. Further stud-
ies, using a similar approach to that presented here, but considering more than one representative
concentration pathway and multiple periods of time can eventually provide estimates of the con-
sequences of implementing (or not) actions towards the reduction of emissions at a given point
in time (e.g.,|Warren et al.,|2013)). Additionally, using multiple environmental niche modelling
algorithms for producing the environmental niches of wild relative taxa in the future can serve
as a way to estimate and inform uncertainty (Araujo and New, 2007).

Further elements to investigate the impact of climate change on the wild relatives of crops
include field experiments to identify the likely competitors that crop wild relatives might en-
counter in new geographic ranges (if dispersal is possible) (Alexander et al.,[2015])), assessments
of the effect of climate change on the interactions of crop wild relatives with beneficial species
such as pollinators and animals involved in seed dispersal, and evaluations to determine the type
of responses that crop wild relatives may display under future warming conditions. Also, given
the massive and rapid transformation of natural habitats to other land uses (e.g., agriculture and
urbanization), it is necessary to understand the effects that these land uses may have in the abil-
ity of wild relatives to track their climates and occupy new suitable areas for their growth and

reproduction.
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CHAPTER 7

COMPLEMENTARY DIMENSIONS FOR
REFINING GLOBAL CONSERVATION
PRIORITIES FOR CROP WILD RELATIVES

7.1 Summary

Agriculture needs to continue producing food for an expanding human population, using less
natural resources and reducing its negative impacts to the environment. Moreover, climate
change is expected to severely affect crop yields by mid-century (Challinor et al., 2014)). The
sustainable intensification of agriculture has been proposed as a strategy to increase yields,
respond to climate change, use natural resources more efficiently and diminish the footprint
of agriculture to the environment (Tilman et al., 2011; Foley et al. 2011]). Attaining a more
sustainable and intensified agriculture requires new plant varieties able to respond to biotic and
abiotic stresses, use resources more efficiently, and able to sustain or increase productivity. Plant
breeders can obtain plant varieties containing novel traits thanks to the increasing availability of
tools for genomic-based breeding, but this largely depends on the availability of novel sources
of genetic diversity such as crop wild relatives (Tanksley and McCouch, |1997; |Abberton ef al.,
2015).

Crop wild relatives, a class of plant genetic resources, are more genetically diverse than
cultivars and landraces, and serve as valuable sources of novel traits for agriculture (Tanksley

and McCouch, 1997 Mariac et al.,|2006). Their conservation, availability and accessibility are
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critical for producing new plant varieties able to respond to the challenges that agriculture faces
(Guarino and Lobell, 2011; McCouch et al.,|2013). Despite their importance, crop wild relatives
are largely underrepresented in ex situ holdings and only few are thoroughly conserved in situ
reserves (Chapter [5) Maxted and Kell, 2009). Moreover, the resources available for securing
crop wild relatives are scarce, and therefore means to set conservation priorities are needed.
Here we present an approach for identifying in sifu and ex situ conservation priorities at
the global and more regional scales, based on the value of crop gene pools (i.e., group of wild
relative taxa of a crop). For this we estimated the value of crop gene pools using information
on global importance of crops to diets and agricultural production systems, and likelihood of
use of crop wild relatives in plant breeding. A further refinement of the conservation priorities
identified in Chapter [3] is performed by including the crop gene pool values here estimated.
Cassava was identified as the crop gene pool of highest priority for conservation because of its
importance for global diets, agricultural production systems, high likelihood of being used in

plant breeding and low representativeness in genebanks.

7.2 Introduction

Human population is projected to grow to 9.6 billion people by 2050 (United Nations, 2015),
almost an additional quarter of the current living population. Despite the significant reduction
in the number of undernourished people during the last decade, one in nine people in the world
are still undernourished today, and regions such as Southern Asia and sub-Saharan Africa still
present high rates of undernourished inhabitants (FAO et al., |2015)). At the same time climate
change is expected to reduce crop production by 2% per decade (Porter et al., 2014), unless mit-
igating actions are taken. Producing nutritious food for an increasing human population, while
mitigating the likely impact of climate change and reducing agriculture’s negative impacts to the
environment are required if a more sustainable agriculture is to be achieved. Multiple strategies
have been proposed to face the dilemma of producing more food using less natural resources,

including reducing the consumption of animal-derived products in human diets, reducing food
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waste, and increasing yields in established croplands (Foley et all 2011}; [Tilman and Clark,
2014)). The latter strategy will require, among others, the development and availability of crop
varieties that also help abating the projected negative impacts of climate change on agriculture
(Lobell et al., 2008} |Porter et al.l 2014; Asseng et al., 2015).

Crop wild relatives, the wild cousins of cultivated species, are important for agriculture due
to their wide genetic diversity and novel traits that can be used to produce new crop varieties
(Hajjar and Hodgkin, 2007). Various crop wild relatives’ genes have been successfully intro-
gressed to cultivated species, resulting in novel varieties with improved yields (Xiao et al.,|1996;
Gororo et al., [2002), better nutritional quality (Paulsen, 2000; Traka et al., 2013} Chae et al.,
2013)), increased tolerance to pest and diseases (Brar and Khush,|1997; Moss et al.,|1997; Yadav
et al., [2004), and greater resilience to adverse environmental conditions (Guarino and Lobell,
2011; McCouch et all, 2013). The use of crop wild relatives in plant breeding is expected to
continue to grow as more of the traits they harbor are identified (Sarikamis et al., [2006; Glover
et al.,2010), the mechanisms of inter-species hybridization are improved (Lin et al., 2015), and
pre-bred material is made readily available to plant breeders and researchers (Dempewolf ef al.,
2013).

To continue and expand their use, crop wild relatives need to be conserved and available to
plant breeders and users in general. Genebanks are facilities conserving and facilitating access
to plant genetic resources, including the wild relatives of crops. Currently, crop wild relatives
are poorly represented in genebanks. Only 10% of all the plant germplasm accessions visible
to the global research and plant breeding community are crop wild relatives, and seven in ten
crop wild relatives’ taxa associated to the world’s most important crops have been accounted to
be un- and/or under-represented in genebanks (Castaﬁeda—Alvarez et al.,2016). Furthermore,
in situ conservation of crop wild relatives is very limited, protecting only a few taxa in some
regions (Maxted and Kell, 2009). Such reserves are also in need of implementing quality stan-
dards to ensure the successful and long-term conservation of wild relative taxa (Iriondo et al.,
2012)). Targeted conservation can help using financial resources efficiently to improve the rep-

resentativeness of crop wild relatives in genebanks, and prioritize areas for in situ conservation.
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Improving the conservation of crop wild relatives also contributes to global policy targets,
specifically: Goal 2 of the United Nation’s Sustainable Development Goals, and Target 13 of
the “Aichi Biodiversity Targets” (Secretariat of the CBD, 2010).

Various approaches have been developed and applied to determine priorities for conserva-
tion, and subsequently translated into targeted conservation actions. These approaches prioritize
crop wild relatives at the taxa level (e.g., species risk of extinction, genetic erosion) and crop-
level metrics (e.g., economic value of associated crop, contributions of associated crop in human
diets), producing different listings which would be useful in different contexts and scales. [Flor
et al.| (2006) prioritized European crop wild relative taxa requiring conservation by assessing
their risk of extinction, their in situ and ex situ conservation status, the degree of relatedness of
wild relatives to their associated crops, the genetic erosion and/or pollution of wild relatives,
the actual and potential economic importance of crop wild relatives at the national and regional
level, and the cultural uses of wild relatives. Ford-Lloyd et al.| (2008) proposed a pragmatic
approach, by assessing one of these parameters: the extent of distribution of wild relative taxa
in their natural habitats, or the socio-economic value of crop wild relatives obtained by con-
sulting experts in the field. Brehm et al.|(2010) defined the conservation priorities of crop wild
relatives of Portugal, by investigating whether the wild relative taxa were native or not to the
country, the economic and ethnobotanic value of wild relative taxa, the extent of global and
local distribution of the wild relative taxa, the in situ and ex situ conservation status, existence
of national legislation protecting the taxa, and IUCN Red Listing category.

Recently, the global hotspots of wild relative taxa richness and the major ex situ and in
situ conservation gaps have been identified by examining the extent of diversity represented
in genebanks (Chapter [5)) and protected areas (H. Vincent, personal communication). However,
basing future ex situ collecting or in situ site designation on the extent of diversity represented in
genebanks and/or in situ sites alone assumes all different crop wild relatives have an equal value.
Moreover, given the limited availability of resources for conservation, initial conservation action
should focus on crop wild relative taxa of highest potential utilization value. Value in this

sense may be defined in terms of the relative commercial and macronutrient value of associated
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crops and the relative closeness of crop wild relatives to the crop, and therefore its likelihood
of being used in plant breeding. The results presented here are expected to help prioritize
future conservation efforts for 81 globally important crops, not only based on the gaps in ex situ

collections, but also taking into account the value of crop wild relative taxa.

7.3 Methodology

7.3.1 Selection of associated crops and their wild relative taxa

Crops were selected according to their global importance for food security and smallholder in-
come generation. All the food crops covered under the Multilateral System of the International
Treaty on Plant Genetic Resources for Food and Agriculture, an international agreement that
facilitates access to and use of some plant genetic resources (FAO, 2009), were included in this
study.

The group of crop wild relative taxa associated to a crop is called "crop gene pool". The gene
pool concept (Harlan and de Wet, 1971]) was used to identify the degree of relatedness between
wild relative taxa and their corresponding associated crop. The gene pool concept provides in-
formation on the easiness of crossing wild relative taxa with their associated crop, and the result-
ing chances of producing viable offspring. Proxy gene pool concepts were used when no gene
pool concept based on crossing data was available, namely, the Taxon Group concept (Maxted e?
al.,2006)), the genetic relative status (Wiersema et al., 2012)), and the preliminary gene pool con-
cept (Vincent et al.l, 2013). Crop wild relative taxa in the primary and secondary gene pool cat-
egories (and equivalent categories in proxy concepts) were selected for this study. Less related
taxa were included when confirmed and potential uses in plant breeding were reported in the
literature (e.g., USDA ARS National Genetic Resources Program, n.d.). All wild relative and
associated crop relatedness degree information were obtained by querying The Harlan and De
Wet Crop Wild Relative Inventory (http://www.cwrdiversity.org/checklist/;

Vincent et al., 2013)), and GRIN Taxonomy for Plants (USDA ARS National Genetic Resources
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Program, |n.d.).

7.3.2 Gathering and preparation of occurrence data

Occurrence data of crop wild relative taxa were acquired by querying digital repositories; dig-
itizing herbarium vouchers, peer-reviewed and gray literature, and experts’ archives (Chapter
[2). All records without geographical coordinates but with detailed descriptions of the local-
ity where the taxa were collected and/or reported were georeferenced using GEOLocate (Rios
and Bart, 2010) and the Google Maps Geocoding API. Only the newly calculated coordinates
with a precision distance below 5 km were temporarily assigned to the corresponding occur-
rence record. Both newly calculated and existing geographic coordinates were then validated
by overlapping the occurrence records on a global administrative map to detect inconsisten-
cies between the administrative unit (e.g., country) described in the occurrence record and the
country where the coordinates were mapped (Hiymans et al.,|1999). The nomenclatural identity
(scientific name) of each record was standardized following established plant species checklists
and verified to resolve misspellings or errors. The name contained in each record was queried in
GRIN Taxonomy - a widely-recognized checklist of crop wild relatives scientific names (USDA
ARS National Genetic Resources Program, [n.d.), the Taxonomic Name Resolution Service -
an online tool querying multiple checklists such as Tropicos, USDA Plants, Global Composi-
tae Checklist and NCBI Taxonomy (Boyle et al., [2013), and TaxonStand - an R package to
standardize scientific names following The Plant List (Cayuela et al., 2012)). Further queries
were performed to JSTOR plants (https://plants. jstor.orqg), the International Plant
Names Index (IPNI; http://www.ipni.org) and the Integrated Taxonomic Information
System (ITIS; http://www.itis.gov) when the name was not found in GRIN, TNRS, or

TaxonStand.
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7.3.3 Modelling the distributions of wild relative taxa

MaxEnt was selected as the species distribution modelling algorithm for its ability to produce
models using presence-only data as inputs. MaxEnt is widely recognized in the ecology com-
munity for its overall performance producing robust spatial distribution models (Elith et al.,
2000).

The background extent of each model was determined by overlapping the occurrence records
of each taxon on a global map divided in six macroregions (North America, South Amer-
ica, Europe, Asia, Africa and Oceania). The limits of the macroregions containing occur-
rence records were used as the limits of the background extent. Ten thousand random lo-
cations were drawn within the delimited background extent, and used as inputs for training
the distribution models together with the occurrence records with valid geographic coordi-
nates, and a set of nineteen bioclimatic variables (Nix| [1986) from the Worldclim database

(http://www.worldclim.org/bioclim;Hijmans ef all2005) (Table[7.1).

Table 7.1: List of bioclimatic variables (Nix) [1986)) used as environmental drivers in MaxEnt.

Name  Type Description Units

BIO 1 Temperature ~ Annual mean temperature °C

BIO2  Temperature Mean diurnal range °C

BIO3  Temperature Isothermality %

BIO4  Temperature Temperature seasonality Standard deviation x 100
BIOS5  Temperature Maximum temperature of warmest month  °C

BIO6  Temperature Minimum temperature of coldest month °C

BIO7  Temperature Temperature annual range °C

BIO8  Temperature Mean temperature of wettest quarter °C

BIO9  Temperature Mean temperature of driest quarter °C

BIO 10 Temperature Mean temperature of warmest quarter °C

BIO 11 Temperature Mean temperature of coldest quarter °C

BIO 12 Precipitation  Annual precipitation mm

BIO 13 Precipitation  Precipitation of wettest month mm

BIO 14  Precipitation Precipitation of driest month mm

BIO 15 Precipitation  Precipitation seasonality Coefficient of variation
BIO 16 Precipitation  Precipitation of wettest quarter mm

BIO 17 Precipitation  Precipitation of driest quarter mm

BIO 18 Precipitation  Precipitation of warmest quarter mm

BIO 19 Precipitation Precipitation of coldest quarter mm

Models were trained using the cross-validation option (k=5), as this setting maximizes the
use of the occurrence records, especially for taxa with small sets of occurrence records, by

splitting the dataset in k number of folds to train and test the model (Merow et al.,|2013)). Once
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trained, all models were projected onto bioclimatic layers with a spatial resolution of 2.5 arc-
minutes (~ 5 km x 5 km at the Equator) to produce potential distribution maps. Models were
assessed to determine their adequacy of being used to produce crop wild relative taxa richness
maps. An adequate model met the following performance criteria: (1) the five-fold average of
the test sample Area Under the Receiver Operating Characteristic curve (ATAUC) was greater
than 0.7, (2) the standard deviation of the ATAUC for the five folds was lower than 0.15, and (3)
the proportion of the potential distribution area where the standard deviation was greater than
0.15 was less than 10%. The shortest distance to the upper left corner of the Receiver Operating
Characteristic curve was used as threshold to produce binomial (presence-absence) distribution
maps (Liu et al., 2005)). Each potential distribution map was further restricted by clipping it to
the native distributions described in GRIN Taxonomy. A convex hull (i.e., a polygon produced
by joining the outermost occurrence records of a taxon) was produced and used to restrict a

potential distribution map when no information on native distributions was available.

7.3.4 Estimating the value of associated crops

The value of the associated crops of wild relative taxa was estimated using three dimensions,
namely, macronutrient contribution to the human diet, importance to agricultural systems, and
breeding value. Each dimension was then quantified by a range of indicators. The contri-
bution of macronutrients in the human diet was quantified through four indicators: calories
(kcal/capita/day), protein (g/capita/day), fat (g/capita/day), and food weight (g/capita/day). The
importance to agricultural production systems was quantified using three indicators: production
quantity (tonnes), harvested area (ha), and production value (current million USD). For these
two dimensions, global aggregated data from FAO statistical averaged over the period 2009-
2011 (Food and Agriculture Organization of the United Nations (FAO)., 2013) used in (Khoury
et al.,2015c) were used. The third dimension, likelihood of use of wild relatives in plant breed-
ing was produced by assigning a value of three to the wild relative taxa classified in gene pool
1 (GP-1), two to the wild relatives classified in GP-2, and one to the wild relatives in GP-3.

Crop wild relative taxa reported as being useful as rootstock and/or graftstock were assigned a
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value of two, while crop wild relatives with no gene pool classification but reported potential
or confirmed use in plant breeding were assigned a value of one. Then all values were added
up per crop gene pool. Each dimension was then normalized by dividing each crop’s value by
the maximum existing value across all crops per dimension. The four macronutrient and three
agricultural production indicators were averaged separately. All metrics are in a scale from zero
to ten, where zero represents low importance and ten is high importance at the global scale.
Finally, the overall value was computed by averaging the three different dimensions.
Associated crops were grouped in four importance categories for each dimension (i.e.,
macronutrient contributions to human diets, contributions to agricultural production systems,

likelihood of use of wild relatives in plant breeding, and overall value) as follows:

e Category “very important”: groups dimension values within the third and fourth quartile,

including upper outliers (76 - 100%).

e Category “important”: includes dimension values between the second and third quartile

(51 -75%).

e Category “moderately important”: contains dimension values between the first and sec-

ond quartile (26 - 50%).

e Category “slightly important”: includes dimension values in the first quartile and lower

outliers (0 - 25%).

7.3.5 Richness maps per importance categories

Wild relative taxa richness maps were prepared for each crop gene pool by adding the binomial
potential distribution models that met the adequacy and performance criteria used in this study.
Four global richness maps were prepared for each value dimension by adding the wild relative
taxa richness maps of crop gene pools according to the importance categories used to rank crops
(i.e., very important, important, moderately important, slightly important). These richness maps

were produced to identify conservation hotspots of crop gene pools likely to be used in plant

133



breeding programs, and wild relative taxa of crops contributing to global agricultural production

systems and human diets.

7.3.6 Relationships between prioritization scores

The relationship between the crop value dimensions and the final priority score for collecting
and conserving crop wild relatives (Final Priority Score in Chapter|[5]) was examined with a pair-
wise correlation test, by computing the Spearman’s correlation coefficient. A pair of variables

were considered complementary when a weak correlation coefficient was estimated (p < 0.5).

7.4 Results

7.4.1 Crops’ aggregation and geographical patterns of crop wild relatives

Cassava, potato, rice and wheat were the only crops classified in the “very important” category
for three dimensions, reflecting the global importance of these crops in terms of their contribu-
tions to agricultural production systems, and macronutrients to diets (Table[7.2). Likewise, the
gene pools of these crops are largely composed by wild relative taxa that are more likely to be
used in a plant breeding program thanks to their easiness to cross with the cultivated species,
and likelihood of producing fertile offspring (i.e., primary and secondary gene pool or equiv-
alent proxy categories). In terms of the global distribution of wild relative taxa, Central and
South America, the Middle East and Southeast Asia emerge as spots of high richness of wild
relatives of crop gene pools highly likely to be used in plant breeding, and globally important

for food and agriculture (Figure[7.1j).
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Figure 7.1: Richness maps of crop wild relatives grouped by overall value of associated crops. a. Richness map of the wild relatives of crops
in the “very important” category; b. Richness map of the wild relatives of crops classified in the “important” category; ¢. Richness map of
the wild relatives of crops in the “moderately important” category; d. Richness map of the wild relatives of crops classified in the “slightly
important” category. Darker red colours indicate high overlap of crop wild relative taxa.
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Table 7.2: List of crops with importance scores and categories for all crop value dimensions

Crop value dimensions

Crop type Crop name (scientific name) No. of Contributions to human Importance to agricultural Breeding value (score) Overall value (score)

taxa diets (score) systems (score)
Pulses Adzuki bean (Vigna angularis (Willd.) Ohwi & H. Ohashi) 12 moderately important (0.09)  slightly important (0.09) important (0.99) moderately important (0.39)
Cereals African rice (Oryza glaberrima Steud.) 20 very important (6.62) very important (7.12) very important (1.68) very important (5.14)
Forages Alfalfa (Medicago sativa L.) 17 - very important (1.05) very important (1.31) very important (1.18)
Fruits Almond (Prunus dulcis (Mill.) D. A. Webb) 30 slightly important (0.07) slightly important (0.12) very important (2.77) very important (0.99)
Fruits Apple (Malus domestica Borkh.) 30 important (0.44) important (0.91) very important (2.22) very important (1.19)
Fruits Apricot (Prunus armeniaca L.) 15 slightly important (0.05) slightly important (0.06) very important (1.2) moderately important (0.44)
Cereals Asian rice (Oryza sativa L.) 20 very important (6.62) very important (7.12) very important (1.68) very important (5.14)
Vegetables Asparagus (Asparagus officinalis L.) 16 important (0.34) slightly important (0.13) important (1.06) moderately important (0.51)
Pulses Bambara (Vigna subterranea (L.) Verdc.) 2 moderately important (0.09)  slightly important (0.01) slightly important (0.19) slightly important (0.1)
Fruits Banana & plantain (Musa acuminata Colla) 6 very important (0.8) very important (0.95) moderately important (0.51)  important (0.75)
Fruits Banana & plantain (Musa balbisiana Colla) 6 very important (0.8) very important (0.95) moderately important (0.51)  important (0.75)
Cereals Barley (Hordeum vulgare L.) 4 very important (1.3) very important (1.36) slightly important (0.22) very important (0.96)
Pulses Bean (Phaseolus vulgaris L.) 6 important (0.46) very important (0.97) moderately important (0.4) important (0.61)
Oilcrops Black mustard (Brassica nigra (L.) K.Koch) 6 very important (0.61) very important (0.99) moderately important (0.48)  important (0.69)
Fruits Breadfruit (Artocarpus altilis (Parkinson ex F.A.Zorn) Fosberg) 31 - - very important (1.2) very important (1.2)
Cereals Broom millet (Setaria italica (L.) P. Beauv.) 4 important (0.45) important (0.71) slightly important (0.37) moderately important (0.51)
Vegetables Cabbage (Brassica oleracea L.) 23 important (0.34) important (0.56) very important (1.68) very important (0.86)
Fruits Cacao (Theobroma cacao L.) 1 moderately important (0.17)  moderately important (0.26)  slightly important (0.11) slightly important (0.18)
Vegetables Carrot (Daucus carota L.) 21 important (0.34) moderately important (0.24)  very important (2.15) very important (0.91)
Starchy roots Cassava (Manihot esculenta Crantz) 135 very important (0.77) very important (1.33) very important (10) very important (4.04)
Fruits Cherry (Prunus avium (L.) L.) 21 slightly important (0.05) slightly important (0.09) very important (1.46) important (0.53)
Pulses Chickpea (Cicer arietinum L.) 5 moderately important (0.09)  moderately important (0.27)  slightly important (0.3) slightly important (0.22)
Spices Chili pepper (Capsicum annuum L.) 7 moderately important (0.11)  important (0.47) moderately important (0.59)  moderately important (0.39)
Oilcrops Cottonseed (Gossypium hirsutum L.) 24 important (0.44) important (0.81) very important (1.93) very important (1.06)
Pulses Cowpea (Vigna unguiculata (L.) Walp.) 14 moderately important (0.09)  moderately important (0.22)  very important (1.42) important (0.58)
Vegetables Cucumber (Cucumis sativus L.) 2 important (0.34) important (0.49) slightly important (0.15) moderately important (0.33)
Vegetables Eggplant (Solanum melongena L.) 52 important (0.34) moderately important (0.31)  very important (2.73) very important (1.13)
Pulses Faba bean (Vicia faba L.) 1 moderately important (0.09)  slightly important (0.08) slightly important (0.11) slightly important (0.09)
Cereals Finger millet (Eleusine coracana (L.) Gaertn.) 6 important (0.45) important (0.71) moderately important (0.55)  important (0.57)
Cereals Foxtail millet (Panicum miliaceum L.) 6 important (0.45) important (0.71) moderately important (0.51)  important (0.56)
Spices Garlic (Allium sativum L.) 1 important (0.34) moderately important (0.28)  slightly important (0.04) slightly important (0.22)
Fruits Grape (Vitis vinifera L.) 20 important (0.35) very important (1.01) important (0.99) important (0.78)
Fruits Grapefruit (Citrus paradisi Macfad.) 8 slightly important (0.05) slightly important (0.06) slightly important (0.3) slightly important (0.14)
Pulses Grasspea (Lathyrus sativus L.) 5 moderately important (0.09)  slightly important (0.09) slightly important (0.37) slightly important (0.18)
Oilcrops Groundnut (Arachis hypogaea L.) 16 very important (1.36) important (0.77) important (1.1) very important (1.08)
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Table 7.2 — continued from previous page

Crop value dimensions

Crop type Crop name (scientific name) No. of Contributions to human Importance to agricultural Breeding value (score) Overall value (score)
taxa diets (score) systems (score)

Starchy roots Lagos yam (Dioscorea cayennensis Lam.) 6 moderately important (0.25)  important (0.6) important (0.66) moderately important (0.5)
Vegetables Leek (Allium ampeloprasum L.) 8 important (0.34) slightly important (0.02) important (0.88) moderately important (0.41)
Fruits Lemon (Citrus limon (L.) Osbeck) 7 slightly important (0.08) moderately important (0.18)  moderately important (0.4) slightly important (0.22)
Pulses Lentil (Lens culinaris Medik.) 5 moderately important (0.09)  slightly important (0.11) moderately important (0.4) slightly important (0.2)
Vegetables Lettuce (Lactuca sativa L.) 15 important (0.34) moderately important (0.25)  important (1.1) important (0.56)
Pulses Lima bean (Phaseolus lunatus L.) 5 important (0.46) very important (0.97) moderately important (0.4) important (0.61)
Cereals Maize (Zea mays L.) 10 very important (2.45) very important (7.72) moderately important (0.59)  very important (3.58)
Fruits Mango (Mangifera indica L.) 46 slightly important (0.05) important (0.5) very important (2.91) very important (1.15)
Fruits Melon (Cucumis melo L.) 2 slightly important (0.05) moderately important (0.23)  slightly important (0.15) slightly important (0.14)
Pulses Mung bean (Vigna radiata (L.) R. Wilczek) 12 moderately important (0.09)  slightly important (0.09) important (0.73) slightly important (0.3)
Oilcrops Mustard (Brassica juncea (L.) Czern.) 4 very important (0.61) very important (0.99) slightly important (0.19) important (0.6)
Cereals Oat (Avena sativa L.) 14 slightly important (0.08) moderately important (0.24)  important (1.06) moderately important (0.46)
Vegetables Onion (Allium cepa L.) 3 very important (0.55) important (0.61) slightly important (0.26) moderately important (0.47)
Fruits Orange (Citrus sinensis (L.) Osbeck) 12 moderately important (0.28)  important (0.48) moderately important (0.51)  moderately important (0.42)
Fruits Papaya (Carica papaya L.) 8 slightly important (0.05) slightly important (0.08) moderately important (0.51)  slightly important (0.21)
Pulses Pea (Pisum sativum L.) 5 moderately important (0.14)  moderately important (0.33)  moderately important (0.48)  slightly important (0.32)
Fruits Peach (Prunus persica (L.) Batsch) 26 slightly important (0.05) moderately important (0.26)  very important (2) important (0.77)
Fruits Pear (Pyrus communis L.) 27 slightly important (0.05) moderately important (0.3) very important (2.08) important (0.81)
Cereals Pearl millet (Pennisetum glaucum (L.) R. Br.) 5 important (0.45) important (0.71) moderately important (0.4) important (0.52)
Pulses Pigeonpea (Cajanus cajan (L.) Millsp.) 15 moderately important (0.09)  slightly important (0.1) important (0.99) moderately important (0.39)
Fruits Pineapple (Ananas comosus (L.) Merr.) 5 moderately important (0.12)  moderately important (0.15)  moderately important (0.51)  slightly important (0.26)
Fruits Plum (Prunus domestica L.) 17 slightly important (0.05) moderately important (0.16)  important (0.77) slightly important (0.33)
Starchy roots Potato (Solanum tuberosum L.) 73 very important (1.84) very important (2.13) very important (5.46) very important (3.14)
Vegetables Pumpkin (Cucurbita maxima Duchesne) 3 important (0.34) moderately important (0.16)  slightly important (0.26) slightly important (0.25)
Cereals Quinoa (Chenopodium quinoa Willd.) 9 slightly important (0.02) slightly important (0.01) important (0.7) slightly important (0.24)
Oilcrops Rapeseed (Brassica napus L.) 12 very important (0.61) very important (0.99) moderately important (0.55)  important (0.72)
Cereals Rye (Secale cereale L.) 4 moderately important (0.09)  moderately important (0.15)  moderately important (0.44)  slightly important (0.23)
Oilcrops Safflower (Carthamus tinctorius L.) 14 slightly important (0.04) slightly important (0.02) important (1.1) moderately important (0.38)
Cereals Sorghum (Sorghum bicolor (L.) Moench) 17 very important (0.5) very important (1.02) important (0.88) important (0.8)
Oilcrops Soybean (Glycine max (L.) Merr.) 5 very important (3.34) very important (3.29) slightly important (0.26) very important (2.3)
Vegetables Spinach (Spinacia oleracea L.) 2 important (0.34) moderately important (0.17)  slightly important (0.22) slightly important (0.24)
Fruits Strawberry (Fragaria x ananassa (Duchesne ex Weston) Duch- 17 slightly important (0.05) slightly important (0.14) very important (1.64) important (0.61)

esne ex Rozier)
Sugarcrop Sugar beet (Beta vulgaris L.) 14 very important (0.59) important (0.71) important (1.1) important (0.8)
Sugarcrop Sugarcane (Saccharum officinarum L.) 11 very important (1.36) very important (4.66) important (0.84) very important (2.29)
Oilcrops Sunflower (Helianthus annuus L.) 36 very important (1.2) important (0.62) very important (2.19) very important (1.34)
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Table 7.2 — continued from previous page

Crop value dimensions

Crop type Crop name (scientific name) No. of Contributions to human Importance to agricultural Breeding value (score) Overall value (score)

taxa diets (score) systems (score)
Starchy roots Sweetpotato (Ipomoea batatas (L.) Lam.) 14 important (0.47) important (0.73) important (0.66) important (0.62)
Vegetables Tomato (Solanum lycopersicum L.) 12 very important (0.92) very important (1.42) important (0.99) very important (1.11)
Vegetables Turnip (Brassica rapa L.) 8 important (0.34) moderately important (0.24)  moderately important (0.59)  moderately important (0.39)
Pulses Urd bean (Vigna mungo (L.) Hepper) 21 moderately important (0.09)  slightly important (0.09) important (0.95) moderately important (0.38)
Pulses Vetch (Vicia sativa L.) 9 - slightly important (0.02) important (0.84) moderately important (0.43)
Starchy roots Water yam (Dioscorea alata L.) 6 moderately important (0.25)  important (0.6) moderately important (0.48)  moderately important (0.44)
Fruits ‘Watermelon (Citrullus lanatus (Thunb.) Matsum. & Nakai) 6 slightly important (0.05) important (0.75) moderately important (0.4) moderately important (0.4)
Cereals Wheat (Triticum aestivum L.) 42 very important (8.03) very important (6.7) very important (3.31) very important (6.01)
Starchy roots White Guinea yam (Dioscorea rotundata Poir.) 4 moderately important (0.25)  important (0.6) moderately important (0.44)  moderately important (0.43)
Starchy roots Yautia (Xanthosoma sagittifolium (L.) Schott) 1 slightly important (0.04) slightly important (0.01) slightly important (0.11) slightly important (0.05)
Vegetables Zucchini (Cucurbita pepo L.) 8 important (0.34) moderately important (0.16)  important (0.7) moderately important (0.4)




Crops globally important for their contributions to agricultural production systems include
cereals such as barley, rice and sorghum; forages such as alfalfa; fruits such as grapes, banana
and plantain; oil crops such as mustard and black mustard; pulses such as lima and common
bean; and vegetables such as tomato. The wild relative taxa richness of some of these crops
is concentrated in the Mediterranean basin, the Middle East, Central and South America and
parts of Central Asia (Figure[7.2p). Sunflower, sweetpotato, mango and yams are among other
crops of global importance for agricultural production systems (i.e., “important” category). The
distributions of their wild relatives are spread over the world, displaying subtle richness hotspots
in Eastern USA and the Malay Archipelago (Figure [7.2b). Moreover, crops of a more regional
importance to agricultural production systems include oat, chickpea, carrot, lettuce, pea, rye and
spinach (i.e., “moderately important” category). The wild relatives of these crops are distributed
in temperate and tropical regions, with notable richness spots in the Iberian Peninsula and part
of the Middle East (Figure [7.2c). Strawberry, pigeonpea, almond and apricot are among the
crops important for the agricultural production systems of specific regions and/or countries
(1.e., “slightly important” category). Their wild relative taxa are accumulated in Western USA,

the Iberian Peninsula, the Middle East, South and East Asia (Figure [7.24d).
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Figure 7.2: Richness maps of crop wild relatives grouped by associated crops’ contributions to agricultural productive systems. a. Richness
map of the wild relatives of crops in the “very important” category according to their contributions to agricultural productive systems;
b. Richness map of the wild relatives of crops classified in the “important” category due to their contributions to agricultural productive
systems; ¢. Richness map of the wild relatives of crops classified in the “moderately important” category for their contributions to agricultural
productive systems; d. Richness map of the wild relatives of crops in the “slightly important” category for their contributions to agricultural
productive systems. Darker red colours indicate high overlap (i.e., high richness) of crop wild relative taxa.



Cereals such as barley, maize and sorghum; fruits such as banana and plantain; oil crops
such as groundnut, sunflower, mustards, rapeseed and soybean; sugar crops such as sugar beet
and sugarcane; and vegetables such as onions and tomatoes were ranked as very important
crops for their contributions of macronutrients to diets. The crop wild relatives’ richness spots
of some of these crops are found across the Americas, Southern Europe, and the Middle East
(Figure[7.3p). Minor cereals such as millets, and vegetables such as asparagus, cabbage, lettuce,
carrot and spinach are found in the “important” category for their contributions of calories,
fat and protein to global diets. Their wild relatives are distributed in all inhabited continents,
and the hotspots of richness are found in the Mediterranean basin (Figure [7.3p). Yams and
pulses such as bambara groundnut, pigeonpea, chickpea are among the crops ranked in the
“moderately important” category for their contributions of macronutrients to global diets. The
wild relatives of these crops are mainly distributed in the tropics, with no remarkable richness
hotspots (Figure [7.3f). Fruits, including almond, apricot, cherry, grapefruit, mango and peach
are found in the first quartile of crops contributing macronutrients to global diets (i.e., “slightly
important category”). The wild relatives of the crops in the “slightly important” category are
found in the Americas, Europe, Southern Africa, and Asia, with richness hotspots in the Middle

East, East Asia and the Malay Archipelago (Figure [7.3[).
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Figure 7.3: Richness maps of crop wild relatives grouped by associated crops macronutrient contributions to human diets. a. Richness map
of the wild relatives of crops classified as very important according to their global contributions to human diets; b. Richness map of the wild
relatives of crops classified in the “important” category due to their contributions to human diets; ¢. Richness map of the wild relatives of
crops classified in the “moderately important” category for their contributions to human diets; d. Richness map of the wild relatives of crops

in the “slightly important” category for their contributions to human diets. Darker purple colours indicate high overlap (i.e., high richness) of
crop wild relative taxa.



Forages such as alfalfa; fruits such as almond, apricot, breadfruit, cherry, apple, mango,
peach, pear and strawberry; oil crops such as cottonseed as sunflower; pulses such as cowpea;
and vegetables such as cabbage, carrot and eggplant are among the crop gene pools highly likely
to be used in plant breeding (i.e., “very important” category). Conspicuous spots with more than
15 overlapping taxa are found in Central and South America, Eastern USA, the Mediterranean
basin, the Middle East, East and South East Asia (Figure[7.4p). Asparagus, oat, sugar beet and
lettuce are among the crop gene pools in the “important” category of the likelihood of use in
plant breeding metric. The crop gene pools in this category contain thirteen wild relative taxa
in average, including wild relative taxa that can present challenges at the moment of being used
in breeding (i.e., tertiary gene pool). The wild relatives of these crops are distributed worldwide
with hotspots of richness in the Middle East and the Iberian Peninsula (Figure [7.4p). Millets,
yams, citrus and bananas are among the crop gene pools in the “moderately” and “slightly”
important categories. These crops present narrow gene pools (five wild relative taxa in average)
and an elevated proportion of wild relative taxa of the tertiary gene pool. The wild relatives
of these crop gene pools are evenly distributed in tropical and sub-tropical regions with no

remarkable richness hotspots (Figures and [7.4d).
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Figure 7.4: Richness maps of crop wild relatives grouped by their crop gene pool likeliness of being used in plant breeding. a. Richness
map of the wild relatives of crops classified in the “very important” category according to their likeliness of being used in plant breeding;
b. Richness map of the wild relatives of crops classified in the “important” category due to their likeliness of being used in plant breeding;
c. Richness map of the wild relatives of crops classified in the “moderately important” category for their likeliness of being used in plant
breeding; d. Richness map of the wild relatives of crops in the “slightly important” category for their likeliness of being used in plant
breeding. Darker blue colours indicate high overlap (i.e., high richness) of crop wild relative taxa.



7.4.2 Complementarity between prioritization scores

The collecting priority score and the crop value dimensions calculated in this study were found
to be weakly correlated (Figure [7.5)). The crop value dimensions here examined could serve
as complementary rules to further prioritize crop gene pools for conservation as each of them
provide unique information, not yet represented by the Final Priority Score (FPS; Chapter [3).
High correlation coefficients were found between two crop value dimensions: contribution to
human diets and importance to agricultural systems (p = 0.89). This could be explained by
the high dependence of global food supply systems on few crops (Khoury ez al., 2014). Both

dimensions are further included because of the information each dimension provides.

Figure 7.5: Correlation matrix of crop value dimensions and collecting priority score (Final
Priority Score in Chapter @) Each red dot represents one crop gene pool.

Fifty-eight crop gene pools were ranked as high priorities requiring urgent collecting and
further ex situ conservation due to their low representativeness in genebanks (Chapter [5)). If
further parameters for refining the conservation priorities are applied, cassava would rank as

being of highest priority for conservation given its importance to agricultural production sys-
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tems (ranked in the *“very important” category), its contributions to diets (“very important”
category) and likelihood of being used in plant breeding (again, “very important” category). A
combination of two, three or four prioritization parameters can help guiding conservation ef-
forts, while investing scarce resources more efficiently. Deciding which is the most appropriate
combination of parameters will depend directly on the objectives’ and scope of the conservation
effort. Here a non-exhaustive list of priority crop gene pools after applying further refinements

of conservation priorities by combining two parameters:

e High priorities for ex situ conservation + very important crops for their contributions
to diets: Sugar beet, cassava, groundnut, banana and plantain, mustard, black mustard,

rapeseed, sorghum and sugarcane.

e High priorities for ex situ conservation + very important crops for global agricultural
production systems: Cassava, grape, alfalfa, banana and plantain, mustard, black mustard,

rapeseed, sorghum and sugarcane,

e High priorities for ex sifu conservation + high breeding value: Almond, apricot, bread-
fruit, cassava, cherry, cowpea, carrot, eggplant, apple, mango, alfalfa, peach, pear and

strawberry.

e Very important crops for their contributions to diets and global agricultural production
systems: Cassava, barley, maize, banana and plantain, mustard, black mustard, potato,

rapeseed, African and Asian rice, sorghum, soybean, sugarcane, tomato and wheat.

e Very important crops for their contributions to diets and high breeding value: Cassava,

sunflower, potato, African and Asian rice, and wheat.

e Very important crops for their contributions to global agricultural production systems and

high breeding value: Cassava, alfalfa, potato, African and Asian rice, and wheat.
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7.5 Discussion

The methods and results herein presented are a proposal to estimate the value of crop wild
relatives using multiple parameters, and are expected to help shaping future conservation efforts
of crop wild relatives. The importance categories used to classify each crop value dimension
permit the identification and grouping of crops according to their global or regional importance,
and the likelihood of crop gene pools to be used in plant breeding programs given the easiness
of producing fertile offspring. Crop wild relative taxa richness hotspots were identified for
crops globally important for food and agriculture (very important and important categories),
and highly likely to be incorporated in plant breeding programs (very important and important
categories). In the same way, the analysis presents the richness patterns of crop wild relatives
associated to crops of more regional importance (moderately and slightly important categories),
and crop gene pools that can result more challenging to be used in plant breeding (moderately
and slightly important categories).

The crop value dimensions estimated herein can be combined to prioritize crop gene pools
for conservation, according to the objectives and scope of the conservation effort. For instance,
chapter [5|presents the prioritization of crop gene pools based on their extent of genetic diversity
represented in genebanks. The crop value dimensions estimated herein are complementary to
this collecting prioritization score and can be used to further refine ex sifu conservation actions,
resulting in a short list of crop gene pools that require immediate attention.

South America, the Mediterranean basin, the Middle East, East and Southeast Asia emerge
as richness hotspots of wild relative taxa of crops of global and regional importance for their
contributions to agricultural production systems and/or global diets. Furthermore, these hotspots
also harbor crop gene pools likely to be used in plant breeding. These richness hotspots are
candidate sites for establishing in situ reserves, as they hold an important wealth of diversity
beneficial for multiple crops. Detecting and complementing ongoing conservation strategies
focused on conserving habitats, rather than single species is highly desirable, as it is a mean
to secure long-term conservation of crop wild relatives and other beneficial organisms like pol-

linators and associated microbiota. Moreover, these regions were also identified as collecting

147



priorities to improve the current representativeness of crop wild relatives held in genebanks
(Chapter [5). Ex situ conservation can also serve as backup of existing genetic diversity, and is
a strategy that eases access to genetic resources to plant breeders and researchers. Particular
attention is required to the richness hotspots located in the Middle East, South and East Asia,
as these areas have been targeted as being vulnerable to climate change due to their projected

climatic instability and low degree of vegetation intactness (Watson et al., 2013)).
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CHAPTER 8

CONCLUSIONS

The research presented in this thesis provides a global overview of the conservation concerns
of crop wild relatives. Species occurrence data, species distribution models and ex situ gap
analyses were used to understand the extent of the potential diversity that is currently conserved
in genebanks, and therefore setting priorities for future collecting. Geographic regions where
crop wild relatives are distributed and concentrated were also identified and used to prioritize
regions where conservation efforts need to be prioritized. Climate change projections were
used to assess the potential impact of climate change on the distributions of crop wild relatives,
and to identify crop gene pools and crop wild relative taxa expected to be largely affected by
climate change. And a set of complementary dimensions was used to estimate the value of crop
gene pools as a means to further refine conservation priorities at the global and regional scale.
The results presented in this thesis constitute the first quantitative assessment of the extent of
potential diversity of crop wild relatives conserved in genebanks for two solanaceous crop gene
pools (Chapters [3]and ) and 81 crop gene pools (Chapter [)), and the likely impacts of climate

change in several crop wild relatives (Chapter [6)).

8.1 Main findings and implications
The analyses presented in this study had led to the following conclusions:

1. The growing availability of species occurrence data in digital and reusable formats, to-
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gether with global dataset of meaningful bioclimatic variables and species modelling al-
gorithms were fundamental to pursue this study. Filling the information gaps of occur-
rence records and addressing some of the quality issues (e.g., taxonomic identification of
occurrence records) are instrumental to improve the distributions of crop wild relatives,
produce more accurate representations of the distributions of crop wild relatives, and in
consequence the improvement of the analyses that can be derived and used to guide con-

servation efforts (Chapter [2)).

. The crop wild relatives are poorly represented in genebanks (Chapter [5). Improving the
representativeness of their potential diversity in genebanks requires large efforts for col-
lecting propagules from the natural habitats of crop wild relatives. This in turn contributes
to secure the long-term conservation of crop wild relatives, to improve the availability of
these important genetic resources to the global community, and to achieve global com-
mitments related to food security and biodiversity conservation (i.e., SDG’s and Aichi
Biodiversity Targets (Secretariat of the CBD, 2010)). Further investments are therefore
required to achieve a more comprehensive conservation of crop wild relatives. Likewise,
political challenges need to be addressed to facilitate the collection, conservation and use

of crop wild relatives globally (Esquinas-Alcazar, 2005)).

. The ex situ gap analyses results presented here can be used as a baseline of the current
state of the potential diversity of 1,076 crop wild relatives conserved in genebanks. This
methodology has been improved to analyze different crop gene pools, and therefore can
be applied routinely to assess the progress towards the comprehensive conservation of

these genetic resources.

. The wild relatives of apple, cassava, grape, groundnut, sorghum, sugar beet, sugarcane
and sweetpotato were identified as high priorities for conservation due to their low poten-
tial diversity currently represented in genebanks (Chapter [5)), contributions of their asso-
ciated crops to global human diets and agricultural production systems, and likelihood of

being used in plant breeding (Chapter [7). Hotspots for further collecting these wild rel-
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atives include: South and North America, East and Southeast Asia, tropical Africa, and

the Near East.

5. For the particular case of potatoes and eggplants (Chapters [3|and ), 43.8% and 76.9% of
their wild relatives were considered of urgent conservation due to their low representative-
ness in genebanks. Field observations of potato and eggplant wild relatives, and prelim-
inary IUCN Red List assessments (only for eggplant wild relatives) identified particular
species currently threatened, and therefore urgent to conserve. Further improvements in
the taxonomic identification, specially of genebank accessions, were detected as limita-
tions in both case studies. The definition of plants’ species and their taxonomic identities
are dynamic, and these changes are not immediately reflected in genebank collections.
Alternative mechanisms to identify species (e.g., DNA barcoding) may help to overcome
this bottleneck (Jarret, 2008; |Girma et al., [2016). However, complex taxonomic groups,
such as potato, require multi-dimensional approaches to define the species’ boundaries

(Spooner, |2009)).

6. The evaluation of the potential impacts of climate change on the distributions of crop wild
relative revealed an average of 20.8% of suitable area lost due to climate change. One in
ten crop wild relative species are under the risk of losing more than 50% of their current
suitable areas. Finger millet, cowpea and potato were identified as the gene pools (i.e.,
group of wild relatives of a crop) more negatively impacted, whereas, the crop gene pools
of rice and pigeonpea are likely to be less affected by the increasing temperatures and

more variable precipitation of climate change.

8.2 Limitations

The following limitations were found during the preparation of this study. First, despite the
growing availability of species occurrence records, many taxonomic groups and geographic re-

gions remain unevenly represented. Lack of sufficient data prevented the analysis of crop gene
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pools important for their contributions to agriculture such as tea, coffee and avocado. Strategies
to close this information gap include the establishment of collaborations with botanists, that
may have accumulated large amounts of field observations and botanical specimens on the wild
relative species of globally important crops. Likewise, global initiatives to digitize living col-
lections (e.g., herbarium specimens) and germplasm collections may reveal adequate quantities
of data for performing analyses as those presented in this study.

Species distribution modelling is an increasingly useful tool for conservation studies (John-
son and Gillingham, 2005} Guisan et al.l 2013). The settings and parameterization utilized in
this thesis are considered adequate for the scale of this study (i.e., global scale) (Phillips et al.,
2006)). More localized analysis can be produced by selecting the adequate parameters for the
species (or group of species) under analysis, and the geographic extent of the analysis. This
includes determining the environmental drivers of the distribution of species, the background
extent to be used with the model, the dataset to be used for training and testing the species
distribution model, and the modelling algorithm to be used.

The gap analysis is an approach that helps estimating the potential diversity encompassed
in crop wild relatives that is currently conserved and available via genebanks, and may be used
as an alternative given the general lack of molecular data available for this species. Moreover,
targeting geographic hotspots for further collecting and collecting are mandatory activities to
acquire sufficient samples to perform sound molecular analyses. Given the more affordable
costs of molecular analyses (Sboner ef al., 2011), it is expected that further refinements of the
conservation priorities here presented can be performed (McCouch et al., 2013). Once molec-
ular data on crop wild relatives is produced, field collection planning can be complemented by
using such data to understand the genetic composition and structure of plant populations, there-
fore aiding to prioritize those populations (or sub-populations) containing unique alleles and/or
alleles of interest for plant breeding (Camadrol 2012).

The preliminary IUCN Red List assessment is largely based in geographic assessments
(Chapter [ ; Bachman et al [2011). This approach utilizes georeferenced occurrence data to

categorize crop wild relatives in threat categories. Filling the gaps of occurrence data can help
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improving the availability of records within a species’ range. This, in combination with popu-
lation data will definitely help producing formal assessments of the level of threat of crop wild
relatives, and therefore conduct the priorities setting for the conservation of such species in their
natural habitats (e.g., Rodriguez Delgado et al.| 2011).

As per the assessment of the climate change impacts on the distribution of crop wild rela-
tives (Chapter [6)), only one stringent representative concentration pathway (RCP 4.5) was con-
sidered in this study. Additional analyses, including more than one representative concentration
pathway (e.g., best and worse case scenarios), and several time slices enable the production of
comparative scenarios of the impact that crop wild relatives may face if actions to reduce the
green-house gas emissions are (or are not) implemented globally (e.g.,|Warren et al., 2013)).

Chapter [/| uses a set of dimensions to refine global conservation priorities of crop wild
relatives. The dimension that represents the contributions of crops to global diets is exclu-
sively based on macronutrients such as proteins, fats and calories (see Food Balance Sheets
inhttp://faostat3.fao.org/). In consequence, the classification of highly important
crops to global diets is biased towards crops rich in starchs, carbohydrates, oils, and proteins,
such as cereals, oilcrops, starchy roots and sugarcrops. Dissagregated data on the contributions
of micronutrients and fiber to diets may help to highlight the role of fruits and vegetables to

healthy diets.

8.3 Future work

The work presented in this thesis has enabled the author to identify the following opportunities
for future work. First, the work presented with regards to the ex sifu gap analysis of crop
wild relatives represents the first exhaustive assessment of the extent of potential diversity of
1,076 crop wild relatives conserved in genebanks and accessible to the global community. The
growing affordability of molecular analysis can be used to study the genetic structure of crop
wild relative species’ populations, leading to the identification of populations that are not yet

represented in genebanks and therefore need to be collected (e.g., |[Hoffmann et al.. |2003)).
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Likewise, species distribution models projected onto past, present and future climates can be
used to detect refugia areas associated to rich genetic diversity (Thomas et al.,[2012; Russell e?
al.,2014).

The ex situ gap analysis is based in three metrics that are used as proxies of the potential
diversity of crop wild relative species. Quantifying the contributions of geographical and eco-
logical distances to the genetic patterns of diversity is a clear area for future work. This will
help understanding to what extent the gap analysis metrics are able to capture and represent the
potential genetic diversity possessed by crop wild relatives.

The final priority score estimated with the ex situ gap analysis can be adapted to be used
as an indicator to quantify the progress towards the ex situ conservation of crop wild relatives.
This will need to re-calculate the gap analysis, using refreshed germplasm accessions data on a
routine basis. This can be useful to track the achievement of the Sustainable Development Goal
2 (Target 5), and the Aichi Biodiversity Target 13) with regards to the conservation of wild plant
germplasm.

With regards to threats assessments, additional studies can help to estimate the extent to
which crop wild relatives are exposed to increasing human pressures (Geldmann et al., 2014).
And to identify the crop wild relatives that may occur in ecosystems sensible to climate vari-
ability (Seddon et al., [2016), and climatic change (Watson et al.,|[2013).

In terms of conservation actions, much work is needed in order to collect, conserve and
use crop wild relatives. International agreements governing the collecting and exchange of
plant genetic resources play a critical role to enable and promote the use of these genetic re-
sources (Lopez Noriega ef al., 2013; Heisey and Rubenstein, [2015). Swiftly implementation
and adoption of such agreements is urgently needed, specially for the countries interested in
strengthening their agricultural productive systems.

Additional efforts to establish collaborations and alliances with other conservation beyond
the plant genetic resources are needed if the comprehensive conservation of crop wild relatives
is desired. For instance, botanical gardens can also play an important role in the conservation of

crop wild relatives, particularly for those that due to their seed storage behavior are better main-
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tained in the field. This said, enhancing the visibility of accessions held in botanical gardens
through widely known portals to plant breeders and plant genetic resources community (see
Genesys; https://www.genesys—-pgr.org) can be the first step towards the establish-
ment of such collaborations. Likewise, the implementation and adoption of the protocols such
as the Multi-crop passport descriptors (Alercia et al.l, 2012), and material transfer agreements

will be needed to facilitate access to such wild relative accessions.
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