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Crop wild relatives of the brinjal eggplant (Solanum
melongena): Poorly represented in genebanks and
many species at risk of extinction1
Mindy M. Syfert2,9, Nora P. Castañeda-Álvarez3,4, Colin K. Khoury3,5, Tiina Särkinen6, Chrystian C. Sosa3, Harold A. Achicanoy3,
Vivian Bernau3, Jaime Prohens7, Marie-Christine Daunay8, and Sandra Knapp2,9

PREMISE OF THE STUDY: Crop wild relatives (CWR) provide important traits for plant breeding, including pest, pathogen, and abiotic stress resistance. Therefore, their conservation and future availability are essential for food security. Despite this need, the world's genebanks are currently thought to conserve
only a small fraction of the total diversity of CWR.
METHODS: We define the eggplant genepool using the results of recent taxonomic and phylogenetic 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 models (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 protected areas.
KEY RESULTS: We show that many eggplant CWR are poorly represented in genebanks compared to their native ranges. Priority areas for future collecting
are concentrated in Africa, especially along the Kenya-Tanzania border. Fourteen species of eggplant CWR are assessed as threatened or near-threatened;
these are also concentrated in eastern Africa.
CONCLUSIONS: The knowledge base upon which conservation of wild relative germplasm depends must take into account both taxonomic and phylogenetic
advances. Beyond traditional research focus on close relatives of crops, we emphasize the benefits of defining a broad CWR genepool, 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.
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distribution modeling

Domestication and subsequent improvement has generally led to
narrowing of the genetic diversity of our commonly cultivated crop
varieties (Tanksley and McCouch, 1997). Limited genetic diversity
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also limits the potential of crop breeding efforts, especially in the
face of environmental change. This situation has reinvigorated research into the use of crop wild relatives (CWR), the wild cousins
of domesticated crop species, in breeding efforts (Tanksley and
McCouch, 1997; Hodgkin and Hajjar, 2008; Dempewolf et al.,
2014). 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
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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 Agriculture (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’ Sustainable Development Goals, the updated
Global Strategy for Plant Conservation (CBD, 2010b) and the Aichi
Biodiversity Targets (CBD, 2010a) have specifically targeted the
comprehensive conservation of wild plant genetic resources.
The conservation of CWR is a matter of urgency because many
of these species are considered 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 climate change (Jarvis et al., 2008; Brummitt et al.,
2015). A number of initiatives have been enacted to conserve such
genetic resources in the wild, but these efforts have treated a limited
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 conservation 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., 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 (i.e., occurrence records
from herbaria and genebanks) and using geographic and species
distribution modeling methods (Ramírez-Villegas et al., 2010;
Parra-Quijano et al., 2011; Castañeda-Álvarez et al., 2015, in press).
Efforts to protect wild plant genetic resources have 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 important 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 mechanism 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 distinct cultivated species of eggplants are known: (1)
the Gboma eggplant (S. macrocarpon L.); (2) the scarlet eggplant (S.
aethiopicum L.); and (3) the brinjal eggplant itself (S. melongena).
While the two former are mainly grown in small scale local agricultural

systems in Africa (Daunay and Hazra, 2012), the brinjal eggplant is
cultivated worldwide, with a 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 (Raigón 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 beneficial for a number of metabolic and cardiovascular ailments. Breeding objectives for eggplant are mostly oriented toward developing high-yielding, early maturing, and high
fruit-quality varieties, along with stress resistance and high antioxidants (Singh and Kumar, 2007; Daunay and Hazra, 2012; Gramazio
et al., 2014). Breeders have performed research with wild relatives
of eggplant for yield increase, fruit quality, disease resistance, and
more recently, improved nutritional content (Table 1). However, in
contrast to tomato, where most modern cultivars carry genes introgressed from CWR (Díez and Nuez, 2008), at present no modern
commercial cultivars of eggplant with traits introgressed from
CWR have been released.
All three cultivated eggplant varieties are members of the diverse genus Solanum L., which is one of the largest genera of
flowering plants and has more than 1000 species distributed
worldwide (Bohs, 2005; Särkinen et al., 2013). All eggplants belong
to the Leptostemonum clade, a monophyletic group informally
called the “spiny” solanums, and within the Leptostemonum clade,
a species-rich subclade composed exclusively of Old World taxa
(the Old World clade sensu Stern et al., 2011; Vorontsova et al.,
2013) from Africa, Australia, and Asia (including Eurasia and the
Middle East).
The putative progenitor of Solanum 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 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 al., 2015). Wild populations are distinct from cultivated forms (Meyer et al., 2012a) and in general harbor higher levels of genetic diversity (Mutegi et al., 2015).
The rest of the close wild-relative species of eggplant occur outside the main centers of eggplant 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 et al., 2013; Vorontsova and Knapp, in press), and
phylogenetic analyses have clarified their relationships. Previous
classification systems (Lester and Hasan, 1991; Daunay and Hazra,
2012) for these taxa used two species names only (Solanum melongena and S. incanum L.) 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 complicated recording of species identities in genebanks with many accessions being identified only to
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TABLE 1. Spiny solanums used in eggplant breeding and improvement programs.

Species
S. anguivi Lam.
S. incanum L.

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

S. violaceum Ortega
S. torvum Sw.

Reported use

Reference

Backcross to obtain cytoplasm substitution male-sterile lines
Interspecific hybrids as rootstock
Backcross introgression of high content in bioactive phenolic acids
Resistance to Fusarium wilts.
Backcross introgression of resistance to Verticillium dahliae.
Development of introgression lines
Sexual and somatic hybridization for resistance to Ralstonia solanacearum
and Verticillium dahliae. No backcrosses or selfings of hybrids obtained.
Resistance to Ralstonia solanacearum and Verticillium dahliae wilts
Resistance to fruit and shoot borers (Leucinodes orbonalis)
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 Ralstonia solanacearum,
Verticillium dahliae and root-knot-nematodes. No backcrosses or
selfings of hybrids obtained
Resistance to soil pathogens R. solanacearum and Verticillium and
as graftstock
Resistance to root-knot nematodes (Meloidogyne spp.)

Khan and Isshiki, 2011
Gisbert et al., 2011
Prohens et al., 2013
Rao and Kumar, 1980
Sunseri et al., 2003; Liu et al., 2015
Mennella et al., 2010
Bletsos et al., 1998; Collonnier et al., 2003a

species level (for a complete explanation of this system see Knapp
et al., 2013).
Previous work in analyzing 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; Mace
et al., 1999). Molecular phylogenetic studies confirmed the close
relationship of these species in what was termed the Eggplant clade,
but showed that additional species (e.g., Solanum 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 et al., in press) 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 Fig. 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 had 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 collections, to designate those species and geographic
areas most threatened and least well- conserved ex situ, and to propose actions to overcome these deficiencies.

MATERIALS AND METHODS
Genepool concept and selection of species—The genepool concept
is used in plant breeding to delineate species based on their ability
to cross with the domesticated species, and on the relative fertility

Collonnier et al., 2003a
Chelliah and Srinivasan, 1985
Ahuja et al., 1987
Schalk et al., 1975
Rao and Kumar, 1980
Khan and Isshiki, 2009
Bletsos et al., 1998; Jarl et al., 1999;
Kumchai et al., 2013
Jarl et al., 1999; Collonnier et al., 2003b;
Gisbert et al., 2011
Ahuja et al., 1987

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 et 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 genepools is challenging due to limited
crossability data that are systematically reported (Plazas et al., 2016)
as well as the extremely large number of potential genepool members. Here we adopt a combined approach to delimit a meaningful
genepool concept for the cultivated eggplant taking into account
both relatedness as measured by phylogenetic analyses (Vorontsova
et al., 2013; Aubriot et al., in press) and, where available, crossability data (Plazas et al., 2016), as outlined in Genepool concept definition in Results.
Occurrence data—We collected occurrence data for the species
we defined as wild relatives of the brinjal eggplant (Table 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 georeferenced by others
were checked. Additional herbarium specimen data were retrieved from the Global Biodiversity Information Facility (GBIF;
http://www.gbif.org) and were similarly checked for nomenclatural and geographic accuracy. Herbarium accessions are mapped
in Fig. 1. Genebank accession passport data from multiple genebanks were electronically retrieved from the Global Information
Portal for Plant Genetic Resources (Genesys; https://www.genesyspgr.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
Appendix S1 (see Supplemental Data with the online version of
this article).

Aldabra
(Seychelles)
Africa and
Madagascar
Africa
Africa
Africa
Africa
Africa
Africa
Africa
Africa

China

Arabia
Africa
India
South Africa
Africa
Africa and
Middle East
Southeast
Asia and
Madagascar
Africa

Anguivi (GP2)

Eggplant (GP2)

Anguivi (GP2)
Eggplant (GP2)

Anguivi (GP2)
Anguivi (GP2)
Eggplant (GP2)
Anguivi (GP2)

Anguivi (GP2)

Anguivi (GP2)

Anguivi (GP2)
Anguivi (GP2)

Anguivi (GP2)
Anguivi (GP2)
Anguivi (GP2)

Eggplant (GP2)

Eggplant (GP1)

Anguivi (GP2)

S. aureitomentosum
Bitter+
S. burchellii Dunal
S. campylacanthum
Hochst. ex A.Rich.+
S. capense L.
S. catombelense Peyr.
S. cerasiferum Dunal
S. cyaneopurpureum
De Wild.
S. dasyphyllum
Schumach. &
Thonn. +
S. deflexicarpum
C.Y.Wu &
S.C.Huang*
S. glabratum Dunal
S. hastifolium
Hochst. ex Dunal
S. hovei Dunal
S. humile Lam.
S. inaequiradians
Werderm.
S. incanum L.

S. insanum L.

S. lamprocarpum
Bitter
S. lichtensteinii Willd.
S. lidii Sunding*

Eggplant (GP2)
Anguivi (GP2)

South Africa
Canary Islands

Africa

Eggplant (GP2)

Anguivi (GP2)

Africa

Native
distribution

Anguivi (GP2)

S. adoense Hochst.
ex A.Rich.
S. agnewiorum
Voronts.
S. aldabrense
C.H.Wright*, 1
S. anguivi Lam.

Species of
Solanum
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44
9

132
130
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64
64
36

36
1101

29
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30

12

78

71
3

9

78

184

9
35
7

79
95

2

174

45
60
45
22

31
715

19

514

10

8

36

15
14

1

9

114

0
15
0

0
1

0

35

22
6
5
1

5
66

0

115

2

0

0

14
4

0

9

37

0
12
0

0
0

0

19

12
5
3
1

4
48

0

46

2

0

0

71
3

9

78

184

8
35
7

79
95

2

174

45
60
45
22

32
715

19

514

10

9

36

Total
Total no.
Total no.
No. of
no. of
of georeferenced
Total no.
of georeferenced samples
herbarium
herbarium
of germplasm
germplasm
available
records
records
records
records
for SDMs

0.789
—

—

0.871

0.881

—
0.889
0.915

0.799
0.843

—

—

0.795
0.817
0.832
0.777

0.896
—

—

0.747

—

0.89

0.769

0.772
—

—

0.847

0.878

—
0.874
0.838

0.779
0.829

—

—

0.784
0.770
0.801
0.723

0.867
—

—

0.743

—

0.87

0.708

0.0

0.1

0.1

0.0
0.4
0.0

0.0
0.0

0.0

0.0

0.7
0.2
0.0
0.2

0.4
0.2

0.0

0.6

0.0

0.0

0.0

0.0

1.7

5.3

0.0
5.0
0.0

0.0
0.0

0.0

4.0

5.7
3.7
1.3
2.1

4.2
7.1

0.0

8.7

0.0

0.0

0.0

1.4 0.3 3.8
6.7 10.0 10.0

1.0

0.5

2.6

0.0
2.5
0.0

0.0
0.1

0.0

1.4

2.8
0.9
0.7
0.3

1.2
0.6

0.0

1.4

0.6

0.0

0.0

1.8
8.9

0.5

0.7

2.7

0.0
2.7
0.0

0.0
0.0

0.0

1.8

3.1
1.6
0.7
0.9

1.9
2.6

0.0

3.6

0.6

0.0

0.0

continued

HPS
NFCR

HPS

HPS

MPS

HPS
MPS
HPS

HPS
HPS

HPS

HPS

MPS
HPS
HPS
HPS

HPS
MPS

HPS

MPS

HPS

HPS

HPS

Ex situ
Training
conservation
AUC
Test AUC
prioritization
(complete) (CrossVal) SRS GRS ERS FPS
category

•

Phylogenetic
group
(genepool)

TABLE 2. Eggplant wild relative species with gap analysis results priority categories, and preliminary IUCN 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 labeled with a cross (+). Samples available
for SDMs were based on georeferenced herbarium records and duplicates within a 1 km2 were removed. Abbreviations in columns 11 to 15 are defined in the text and are as follows: SRS = sampling
representativeness score; GRS = geographic representativeness score; ERS = ecological representativeness score; FPS = final priority score; HPS = high priority species; MPS = medium priority species;
LPS = low priority species; NFCR = no further collecting required.
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Africa
Africa
India
Africa
Arabia
Africa
Africa and
Madagascar
Cape Verde
Islands
Africa
Africa
Africa

Anguivi (GP2)

Anguivi (GP2)
Anguivi (GP2)
Anguivi (GP2)

Anguivi (GP2)

Anguivi (GP2)
Climbing (GP2)

Eggplant (GP2)

Anguivi (GP2)
Anguivi (GP2)
Anguivi (GP2)

S. rigidum Lam.2

S. rubetorum Dunal
S. ruvu Voronts.*,3
S. setaceum
Dammer
S. sisymbriifolium
Lam.

S. umtuma
S.Knapp &
Voronts.
S. usambarense
Bitter & Dammer

S. sodomeodes
Kuntze
S. stipitatostellatum
Bitter
S. supinum Dunal
S. taitense Vatke
S. tomentosum L.+
S. torreanum
A.E.Gonç.
S. torvum Sw.

Africa

Anguivi (GP2)

Africa
Africa
South Africa
Africa
Central
America
(native?);
widespread
South Africa

Africa

Anguivi (GP2)
Anguivi (GP2)
Anguivi (GP2)
Anguivi (GP2)

NW-Torva (GP3)

Anguivi (GP2)

Eggplant (GP2)

56

Africa

Climbing (GP2)

36

22

821

24
43
56
11

21

151

56
1
39

33

56
119

18

47
13
33

16

29

4

142

32

16

540

19
33
25
10

34

21

109

38
1
29

32

30
77

14

42
5
25

10

19

4

110

0

0

125

5
0
32
0

0

0

68

9
0
0

0

0
3

1

1
0
3

0

0

0

75

0

0

55

2
0
17
0

0

0

23

1
0
0

0

0
2

1

0
0
2

0

0

0

28

31

16

540

19
33
34
10

38

21

109

30
1
29

25

25
77

14

42
5
32

10

19

4

110

Total
Total no.
Total no.
No. of
no. of
of georeferenced
Total no.
of georeferenced samples
herbarium
herbarium
of germplasm
germplasm
available
records
records
records
records
for SDMs

NW-Sisymbrifolium South America
(GP3)
(native);
widespread
Anguivi (GP2)
Africa

Anguivi (GP2)

South Africa;
Mediterranean
Africa

Native
distribution

Eggplant (GP2)

Phylogenetic
group
(genepool)

S. linnaeanum
Hepper &
P.-M.L.Jaeger
S. litoraneum
A.E.Gonç.
S. macracanthum
A.Rich.
S. malindiense
Voronts.
S. mauense Bitter
S. multiflorum Roth*
S. nigriviolaceum
Bitter
S. platacanthum
Dunal
S. polhillii Voronts.
S. richardii Dunal

Species of
Solanum

TABLE 2, continued

0.825

0.789

0.815

0.854
0.819
—
—

0.872

0.841

0.806

0.851
—
0.79

0.967

0.912
0.725

—

0.870
—
0.892

0.966

0.881

0.88

0.939

0.785

0.765

0.816

0.816
0.744
—
—

0.800

0.783

0.778

0.810
—
0.75

0.963

0.881
0.677

—

0.854
—
0.877

0.964

0.785

0.85

0.930

0.0

0.0

0.0

0.6

0.0

0.0

0.0

2.9

0.0

0.0

1.3

1.7
0.0
3.6
0.0

0.0

0.0

3.1

1.4
0.0
0.0

0.0

0.0
0.2

0.5

0.0

0.0

0.1

0.1
0.0
1.4
0.0

0.0

0.0

0.0

0.2
0.0
0.0

0.0

0.0

0.0

4.5

0.6
0.0
9.2
NA

0.0

0.0

2.8

2.1
0.0
0.0

0.0

0.0 0.0
0.0 10.0

7.6 10.0

0.2 0.0 0.0
0.0 0.0 0.0
0.8 10.0 10.0

0.0

0.0

0.0

3.5

0.0

0.0

2.0

0.8
0.0
4.7
0.0

0.0

0.0

2.0

1.2
0.0
0.0

0.0

0.0
3.4

6.0

0.1
0.0
6.9

0.0

0.0

0.0

2.3
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HPS

HPS

HPS

HPS
HPS
MPS
HPS

HPS

HPS

HPS

HPS
HPS
HPS

HPS

HPS
MPS

LPS

HPS
HPS
LPS

HPS

HPS

HPS

HPS

Ex situ
Training
conservation
AUC
Test AUC
prioritization
(complete) (CrossVal) SRS GRS ERS FPS
category
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S. zanzibarense
Vatke

Notes: 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 to have been introduced
and is now no longer present; 3 species only known from the type.

HPS
0.6
1.5
0.1
0.1
0.845
0.870
58
1
1
58
74

HPS
2.5
4.6
0.2
2.6
0.776
0.792
108
41
84
108
237

LPS
MPS
6.6
3.6
5.0
4.2
4.9 10.0
6.5 0.1
0.751
0.879
0.812
0.901
9
34
8
45
18
85
9
34
19
46

HPS
0.0
0.0
0.0
0.0
0.890
0.891
15
0
0
15
23
Africa
Anguivi (GP2)

Anguivi (GP2)
Canary Islands
NW-Acanthophora Brazil (native);
(GP3)
widespread
Anguivi (GP2)
India and
Southeast
Asia
Climbing (GP2)
Africa
S. violaceum
Ortega

Species of
Solanum

S. usaramense
Dammer
S. vespertilio Aiton
S. viarum Dunal

Native
distribution

Total
Total no.
Total no.
No. of
no. of
of georeferenced
Total no.
of georeferenced samples
herbarium
herbarium
of germplasm
germplasm
available
records
records
records
records
for SDMs

Ex situ
Training
conservation
AUC
Test AUC
prioritization
(complete) (CrossVal) SRS GRS ERS FPS
category
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Phylogenetic
group
(genepool)
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TABLE 2, continued

640

Species distribution modeling—Georeferenced herbarium re-

cords were used as occurrence samples to build species distribution
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; Hijmans 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.org), and enhanced vegetation
index (EVI) derived from MODIS imagery from WorldGrids
(http://www.worldgrids.org). All the data layers were obtained 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 environmental variables were: (1) temperature seasonality; (2) annual mean temperature; (3) the precipitation of the coldest quarter (three-month
period); (4) enhanced vegetation index (EVI); (5) actual evapotranspiration (AET); and (6) water deficit (calculated as potential
evapotranspiration minus actual evapotranspiration; Stephenson,
1998).
MaxEnt (version 3.3.3; Phillips et al., 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., 2006; Pearson et al., 2007). We adopted the default regularization parameters but restricted 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 respectively; downloaded 24 September 2014). The spatial extent of
the area modeled also influences model performance (Peterson
et al., 2011). In our case, species ranges varied from very small within a
single country (e.g., Solanum deflexicarpum C.Y.Wu & S.C.Huang) to
widespread on multiple continents (e.g., S. torvum Sw.). Given the
influence of the spatial extent of the area modeled on model performance, we built models with varied extents that fit species ranges to
allow for a biologically meaningful fit between a species’ occurrence
and the associated environmental variables. A 200 km buffer
around all presence points was used to delimit the model extent of
each species following VanDerWal et al. (2009). All species with
>10 georeferenced samples were modeled 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
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FIGURE 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.

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 situ 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 et al., 2005, 2013).
Ex situ conservation analysis—We used three species-specific gap
analysis metrics adapted from Ramírez-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), 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 modeled distribution
of each crop wild relative species, and the known wild diversity using data derived from herbarium collections. The SRS is a general
measure 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
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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 to improve representation in genebank collections: (1) high priority for further collecting (FPS = 0-3);
(2) medium priority (FPS = 3.01-5); (3) low priority (FPS = 5.017.5; 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 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 version 2.15 using maptools (Bivand and Lewin-Koh, 2014), rgdal (Bivand et al., 2014),
SDMTools (VanDerWal et al., 2014), raster (Hijmans, 2014), sp
(Pebesma and Bivand, 2005; Bivand et al., 2013), and dismo
(Hijmans et al., 2014) packages. All raster files were mapped in ESRI
ArcGIS 10 (ESRI, 2013).
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., 2006; Mace et al., 2008).
Threatened species were placed within three categories (critically endangered, endangered, and vulnerable) based on five criteria (A-E;
IUCN, 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
convex 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, measures the
area with in the EOO that is occupied by a taxon. We focused
on EOO rather than AOO 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 (Table 3). The effect of land
use changes for each species was assessed in Google Earth (http://
www.google.co.uk/earth/) using current and 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 km2 (< 100 km2 = critically endangered, < 2000
km2 = endangered, and < 20,000 km2 = vulnerable) and if a minimum of two of the following subcategories were met: (1) severely
fragmented habitat; (2) continuing decline of habitat; and (3) extreme range fluctuations (see Appendix S2 for details of IUCN
criteria).
We also examined the intersection of threatened species of
eggplant CWR and protected areas 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 (WDPA, 2010). We also prepared a map of hotspots for
further collecting of those species preliminarily assessed at risk
for extinction by overlaying the collecting 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 extent of area in collecting
hotspots for species at risk for extinction was combined with the
overall area for general priority collecting hotspots to identify regions with multiple species poorly represented in genebanks that
coincide with regions where there are also significant conservation threats.
TABLE 3. IUCN threat assessments for eggplant wild relatives at risk for
extinction. Extent of Occurrence (EOO) and Area of Occupancy (AOO)
calculations described in the text. All listings are new here with the exception
of Solanum lidii (formally assessed by Rodríguez Delgado et al., 2011).
EOO and AOO values for all species are in Appendix S3 (see Supplemental
Data with the online version of this article) and all occurrence data used
in these calculations are archived on the NHM Data Portal (http://dx.doi.
org/10.5519/0006757).

Species of Solanum

EOO (km2)

AOO (km2)

Prelim IUCN
category

S. agnewiorum Voronts.
7946
32
VU B1ab(iii)
S. aldabrense C.H.Wright
3437
32
EN B1ab(iii)
S. deflexicarpum C.Y.Wu &
0
8
CR B1ab(iii)
S.C.Huang1
S. inaequiradians Werderm.
2101
28
EN B1ab(iii)
S. lidii Sunding2
<5
5
CR B2ab(ii,iii) +C2a(i)
S. litoraneum A.E.Gonç.
6196
16
VU B1ab(iii)
S. malindiense Voronts.
2381
40
EN B1ab(iii)
S. nigriviolaceum Bitter
43 749
16
NT
S. platacanthum Dunal
45 123
56
NT
S. rigidum Lam.
135 509 (35 310)3 124 (108)3
LC (NT)3
S. ruvu Voronts.
0
4
EX [?]
S. setaceum Dammer
13 564
112
VU B1ab(iii)
S. torreanum A.E.Gonç.
16 804
40
VU B1ab(iii)
S. vespertilio Aiton
2336
36
EN B1ab(iii)
Notes: 1 EOO could not be calculated because there are only two distinct localities; 2 AOO
value is as reported from Rodríguez Delgado et al. (2011); 3 values excluding Caribbean
range where species is likely to have been introduced and is now no longer present.
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RESULTS
Genepool concept definition—Based on the existing phylogenetic
hypotheses and information on crosses between the wild relatives
and the cultivated eggplant, we included 52 eggplant CWR species
in our eggplant wild relative genepool concept (Table 2). Species
were assigned to clades, grades, and genepools based on morphological evidence when they had not been included in a previous
phylogenetic analysis (Table 2; Vorontsova and Knapp, in press).
Genepool 1 (GP1) was defined as the cultivated eggplant and its
widely accepted wild progenitor Solanum insanum (Knapp et al.,
2013), following Maxted et al.’s (2006) concept. Genepool 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: (1) 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 among the component species are
not well-resolved. Lastly, genepool 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 nonphylogenetically defined group we here call the
New World group (Table 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.
Occurrence data—A total of 5618 occurrence records from her-

barium specimens and 936 germplasm accession records were
compiled. Records with geographic coordinates ranged from 1 to
1100 per species (Table 2). All herbarium specimen records for the
eggplant genepools defined above are mapped in Fig. 1. All occurrence data are available for download from the Natural History
Museum Data Portal (http://dx.doi.org/10.5519/0006757).
Species distribution models—SDMs with adequate predictive per-

formance to use in the gap analysis were produced for 37 CWR
species [median test AUC was 0.83 ± 0.06 SD (from 5-fold crossvalidated models)]. SDMs could not be built for five species with fewer
than five georeferenced records (Solanum aldabrense C.H.Wright,
S. deflexicarpum, S. lidii Sunding, S. litoraneum A.E.Gonç., and 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 2).
While it is expected that sample 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 biotic interactions) beyond
the variables included to build the SDMs. For instance, a recent
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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), suggesting biotic interactions could be important factors influencing
the distribution of this species.
Ex situ conservation analysis—The wild relatives of eggplant are
currently exceedingly poorly represented in global germplasm collections (Table 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 (Appendix S4a). Island species with narrow
distributions (i.e., Solanum lidii and S. vespertilio Aiton) 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 (1101 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 locations where
germplasm has already been collected as compared to the total
modeled distributions of eggplant CWR) (Appendix S4b). Forty
seven of the 52 species used in our analyses had a geographic representativeness score (GRS) of less than 2 (Table 2). Only species with
relatively restricted distributions had a GRS above 7.5 (Solanum lidii, S. vespertilio, 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 Appendix S4c). Twenty four of the 52 species analyzed
had an ERS of < 2. Some widespread species such as Solanum anguivi, S. richardii, and S. tomentosum L. displayed a relatively comprehensive ecological representativeness (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., Särkinen et al., 2011, as done for tropical dry forests in South America) 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 (Fig. 2). Several areas along the TanzaniaKenya border have as many as 10 species occurring in the same
area and were identified as high or medium priority collecting
areas (Fig. 2, inset 2). Further hotspots include western South Africa (Fig. 2, inset 1) and the region of the Western Ghats in India
(Fig. 2, inset 3).
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FIGURE 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 color are highest priority collecting hotspots; these include more than seven species. Insets zoom in on regions identified as 1 (southwestern Africa), 2 (eastern Africa), and 3 (India) on the larger scale map.

These “secondary” hotspots are even clearer when the data are
analyzed 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 (Appendix
S5a). Western South Africa and Namibia is identified as an additional priority area for further collecting for the Anguivi grade (Appendix S5b), and areas in coastal eastern Africa from Kenya south
to Mozambique are priorities for the species of the Climbing clade
(Appendix S5c).
In situ conservation assessment—Solanum lidii is the only species

of the 52 eggplant wild relatives that has been previously formally
assessed and included on the IUCN Red List (critically endangered;

Rodríguez Delgado et al., 2011). We have assessed an additional
nine species as threatened (EOO < 20,000 km2) according to preliminary Red List criteria due to small geographic ranges (Fig. 3)
and occurrence in areas with high habitat fragmentation and degradation (IUCN criterion B1ab (iii); Table 3). Our analysis shows
that one additional species is likely to be critically endangered (S.
deflexicarpum), four species endangered (S. aldabrense, 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.Gonç.; Table 3). In addition
to the 10 eggplant wild relatives assessed as threatened, two species
with EOOs greater than 20,000 km2 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
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FIGURE 3 Map of georeferenced specimens of eggplant wild relatives identified as at risk for extinction. One species (Solanum 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 , three (S. nigriviolaceum, S. platacanthum, S. rigidum) as near threatened
according to the preliminary IUCN Red List assessment criteria, and one (S. ruvu) has been previously suggested to be extinct in the wild.

been recently shown to be endemic to the Cape Verde Islands although there are a few old specimens from the Caribbean, possibly
dispersed by humans (Knapp and Vorontsova, 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 collecting 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 3 for EOO and AOO
values for all threatened species and Appendix S3 for EOO values
for all species).
Five of the species identified at risk for extinction are restricted
to eastern Africa, primarily in Kenya, Tanzania, and Uganda (Fig. 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 (Fig. 4A). Only 15% (ca. 10,000 km2

of a total 65,000 km2) of hotspot areas identified as high priority for
further collecting (i.e., seven or more eggplant wild relatives occurring in one pixel) and also containing Red List species are protected
(Fig. 4B). More than half of these target collecting priorities occur
in the hot semiarid 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 and fragmented mosaic.

DISCUSSION
Defining genepools 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
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FIGURE 4 Collecting priority hotspots in relation to protected areas in eastern Africa. (A) Collecting priority hotspots (7 or more species per pixel); and
(B) collecting priority hotspots with at least one species that has a threatened preliminary status using IUCN Red List criteria. The georeferenced type
specimen for Solanum ruvu (possibly extinct in the wild) is included. Hatched polygons represent protected areas (WDPA, 2010).

et al., 2013; Plazas et al., 2016). The concept presented here uses
primarily phylogenetic 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 al., 2016). Our newly suggested
genepool 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 2). Our revised genepool 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
the cultivated eggplant with its wild relatives can help in producing
a refined genepool 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 genepool 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 is 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 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 of the Eggplant
clade, taxonomic challenges persist within wild eggplants. A systematic specimen identification of eggplant relatives has been carried out and it is reflected in the occurrence 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, Solanum 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 labeled 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 (Daunay and Hazra, 2012; Rotino et al., 2014) are currently poorly represented in genebank collections. Improving the
current representativeness of eggplant CWR in genebanks is vital
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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 IUCN Red List threat assessment categories can help to
prioritize the most threatened species (see final column in Table 2).
Geographic collecting gaps often coincide with areas known to
have degraded habitats due to conversion to agriculture and urbanization (Vorontsova, 2010), so geographic and species collecting
gaps can also directly inform strategies for the management of
threatened species in situ. Of all prioritized areas, the TanzaniaKenya 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 importance 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 Solanum
lidii (Rodríguez Delgado et al., 2011; see Fig. 3). The population size
and genetic diversity of extant populations of S. lidii 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 2), and wild populations occur in the Reserva
Natural Especial de Los Marteles on the island of Gran Canaria
(Rodríguez Delgado et al., 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 degradation, but have no germplasm accessions
in genebanks. Solanum deflexicarpum is a member of the Anguivi
grade closely related to S. violaceum (Aubriot et al., in press), 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 Fig. 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 et al., 2013; Aubriot et al., in press) 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 Philippines). 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 populations of S. insanum in southern India
and showed that populations of the wild species (S. insanum) were
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genetically distinct from the cultivated plants, and were highly
structured geographically. 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 Fig. 2 in Knapp et al., 2013), leading to its having 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,
1991). Morphological variability of this magnitude is likely to be
mirrored in genetic variability, although this is not always the case
(Kardos et al., 2015). This again suggests that for conservation in
genebanks, populations across the range of S. campylacanthum
should be collected. Our analyses of hotspots 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 analyzed here could be classified as weeds: Solanum campylacanthum, S. insanum, and S. anguivi all have very large distributions in many different sorts of disturbed and semidisturbed
habitats (Vorontsova and Knapp, in press). Weediness facilitates
commensalism with humans, ease of establishment, 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 1),
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, to be used as
rootstocks (Rahman et al., 2002; Prohens et al., 2013). Richardson
and Rejmánek (2011) included the eggplant relatives S. torvum 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 nonnative
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 be exhibiting ecological 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 collecting CWR for conservation in genebanks, especially if weedy CWR are resistant to a great variety of
challenges. In this context S. viarum Dunal and S. torvum (both
included in our GP3) may be particularly interesting because their
nonnative ranges include regions in southeastern Asia where
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eggplant is thought to have been domesticated (see Fig. 1) and presumably also where pests and disease that have coevolved 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 worldwide. Our high resolution species distribution
models can be of use in targeting areas for further collecting to
improve the conservation status of these species ex situ. Combining
the ex situ gap analysis with an assessment of conservation threat in
situ 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 collecting efforts of
eggplant CWR species in eastern Africa (Dempewolf et al., 2014).
Working with traditional genepool 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 understanding of eggplant wild relatives and
strengthen eggplant breeding in the future.
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