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Abstract Eggplant (SolanummelongenaL.) is amajor vegetable cropwidely grown
in tropics and subtropics. However, eggplant production is subject to high losses from
biotic and abiotic stress. Eggplant is exposed to a broad range of biotic stresses such
as nematodes, wilt diseases, eggplant fruit and shoot borer, two-spotted spider mites,
whitefly and aphids. These biotic challenges reduce significantly yields, fruit quality,
shelf-life, and nutritional content in eggplants. Farmers mostly rely on pesticides to
control biotic stress. Breeders from public and private sector have performed some
efforts for the development of pest-resistant varieties. Todate, somedisease resistance
genes have been utilized in commercial cultivars, but much less progress has been
achieved for arthropods resistance. In this book chapter, we review the basic infor-
mation of the crop, major different biotic stresses in eggplant, genetic resources of
resistance, traditional and marker assisted breeding, molecular mapping and cloning
of resistance genes, genomics-assisted breeding, as well as genetic engineering for
resistance traits. Furthermore, brief accounts on social, political and regulatory issues
and future perspectives for this crop are highlighted.
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4.1 Introduction

Eggplant (Solanum melongena L.) is an economically important vegetable crop
worldwide, with a total production of more than 52 million tonsand net value of
over $21.4 billion according to statistics from the Food and Agriculture Organiza-
tion of the United Nation (FAOSTAT 2017). Asia alone produces more than 90% of
the global production of eggplant. As of FAOSTAT (2017), China (32.8 mill tons),
India (12.5 mill tons), Egypt (1.3 mill tons), Turkey (0.82 mill tons) and Iran (0.75
mill tons) are the five leading eggplant producing countries in the world.

Eggplant (2n= 2x= 24), also known as brinjal eggplant, is native to theOldWorld
and was first domesticated over 4,000 years ago in South East Asia (Meyer et al.
2012). Two other cultivated eggplants (S. aethiopicum and S. macrocarpon), which
are members of the nightshade (Solanaceae) family are also grown. Brinjal eggplant
(S. melongena) is a well known species worldwide, but the scarlet eggplant (S.
aethiopicumL.) and the gboma eggplants (S.macrocarponL.), have local importance
in tropical Africa (Daunay and Hazra 2012). Solanaceae family includes approxi-
mately 3,000 species distributed in 90 genera. Solanum is the largest genus, which
includes around 1,500 species such as eggplant and other globally important crops
like potato (S. tuberosum L.) or tomato (S. lycopersicum L.). Solanum melongena
and S.macrocarpon belong to section Melongena (Lester and Daunay 2003; Lester
et al. 2011), whereas S. aethiopicum belongs to section Oliganthes (Lester 1986).

Eggplant is a low-calorievegetable crop and contributes to a healthydiet of
consumers. It is a very good source of dietary fiber (both soluble and insoluble)
and considered amongst the healthiest vegetables for their high content in vita-
mins, minerals and bioactive constituents for human health (Taher et al. 2017). The
phytonutrients found in eggplant fruits include various phenolic compounds, such
caffeic and chlorogenic acid and flavonoids such as nasunin. The benefits attributed
to these compounds include antioxidant and antimicrobial activity. In many African
countries, leaves and roots of African eggplant are used as medicines for the treat-
ment of several ailments such as high blood pressure; cure wounds, diabetes, or
inflammatory tumours (Oboh et al. 2005).

Eggplant production is severely constrainedbybiotic and abiotic stresses in tropics
and subtropics. The most common abiotic stress includes high and low temperatures,
salinity, and drought, and biotic stress includes nematodes, wilt diseases caused
mostly by Ralstonia solanacearum, Fusarium oxysporum f. sp. melongenae, Verti-
cillium dahliae, and insect pests such as eggplant fruit and shoot borer (Leucinodes
orbonalis Guenée), whitefly (Bemisia tabaci Gennadius), two-spotted spider mites
(Tetranychus urticae Koch), leafhopper (Amrasca devastans Distant), and aphids
(Aphis gossypiiGlover) (Taher et al. 2017). Cultivated eggplants are related to a large
number of wild species which are rich sources of variation for breeding programs,
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in particular for traits related to adaptation to climate change including disease and
insect resistance (Rotino et al. 2014).

Little breeding efforts have been made in eggplant compared to other major
Solanaceous crops such as tomato (S. lycopersicum), potato (S. tuberosum), and
pepper (Capsicum annuum) (Daunay and Hazra 2012), mostly because production is
overwhelmingly concentrated in developing countries where investments in breeding
are often reduced. Current eggplant breeding programs focuses on development of
F1 hybrids with high-yield and fruit quality as well as resistance to abiotic and biotic
stresses.

4.2 Description on Different Biotic Stresses

Eggplant is one of the most important vegetables in tropics and subtropics, but
production is subject to high losses due todiseases and insect pests. In addition, biotic
stress reduces fruit quality, shelf-life, and nutritional content of eggplant. Farmers
often depend on pesticides to control diseases in the absence of resistant cultivars.
Intensive pesticide use in eggplant poses health hazards to growers and their families,
the environment, and consumers; as well as increases the cost of production, which
makes this vegetable expensive for poor consumers (Ramasamy 2009).Resistant
cultivars are among the cheapest, simplest, and most environmentally safe ways
to manage diseases and insect pests. The major biotic stress include bacterial wilt,
Fusarium wilt, Verticillium wilt, eggplant leaf spot, brinjal little leaf, eggplant fruit
and shoot borer, spider mites, leafhopper and whitefly.

4.2.1 Bacterial Wilt

The disease is caused by Ralstonia solanacearum (Smith) Yabuuchi et al., which
has many hosts in the nightshade family including tomato, pepper and potato. It
is a soil-borne bacterium and infection takes place through roots and especially
damaged root tissue. Infection may follow infected planting material, contaminated
tools or irrigation water. High temperature increases the growth of the pathogen
and therefore the bacterial wilt is a problem mainly in the tropics and subtropics.
Symptoms are seen as wilting but then the roots and stems are already damaged and
the losses can be fatal Genin et al. (2012). Cultural methods as crop rotation and
hygiene measures are important, as chemical methods are not effective due to the
location of the pathogen deep inside the xylem or the soil. Usingresistant cultivars
and rootstocks for grafting has been a more reliable strategy, but requires access to
such germplasm and a screening and breeding pipeline (Huet 2014; Keatinge et al.
2014). At theWorld Vegetable Center, accessions from eggplant and its wild relatives
have been screened for resistance to bacterial wilt with promising results (AVRDC
1999; Namisy et al. 2019). Especially the wild relatives are interesting here, which
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have beenconfirmed in several studies (see Genetic Resources Section for details).
A challenge however is how to move from trait discovery to resistant cultivars, as
it is hampered by polygenic inheritance and linkage drag with traits associated with
the wild species (e.g., Boshou 2005).

4.2.2 Fusarium Wilt

The disease is caused by Fusarium oxysporum f. sp. melongenae (Fomg), which is
a soil-borne pathogen that also is a problem in other Solanaceous crops. Symptoms
are discoloration of leaves that later develops into wilting plants with severe stem
and root damages. Cultivation methods with raised beds that promote soil water
drainagemay reduce the infection. The pathogen can survive as chlamydospores over
time in soil and plant debris. Crop rotation with non-hosts will however reduce the
population. Disinfection of equipments and removal of infected derbies is important
hygienemeasures if infection is found. Fungicide treatment is difficult to apply as the
pathogen is located deep inside the root and stem. Fusarium wilt resistant varieties is
a way forward and resistance genes have been identified in both cultivated and wild
eggplants and a review of these sources is provided under the Genetic Resources
Section in this chapter. Resistant rootstocks could be of great value, as grafted plants
are presenting a good level of resistance.

4.2.3 Verticillium Wilt

The disease is caused by the fungus Verticillium dahliaeKleb., which has many host
plants and can survive for several years as microsclerotia in the soil. Symptoms are
curling leaves with discolouration, and early senescence and dieback of plants. Crop
rotation with at least two years of non-host crops like wheat, corn and barley may
help, as removing plant derbies and other hygiene measures like clean planting mate-
rial. Soil fumigation or pre-plant fungicide treatments are methods used. Resistant
varieties would be a good alternative, but so far, there are not many varieties released
with proper resistance. Resistance sources have been identified but these are found in
wild eggplant species, which means that a lot of breeding effort is needed. Grafting
eggplants onto resistant tomato rootstocks to suppress the infection is an alternative
tested (Liu et al. 2009).

4.2.4 Eggplant Leaf Spot

The disease is caused by Pseudocercospora egenula (Syd.) U. Braun&Crous, which
is a fungus. Symptoms start as round yellow spots, as they grow larger, the shape
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becomes irregular, merge and turn brown, and the older leaves die. Spores are spread
by wind and rain splash. Locally, the disease can be a large problem and fungicides
are applied. Some differences in tolerance among varieties arereported but the disease
is not fully mapped (Liang et al. 2016; Vaghefi et al. 2016).

4.2.5 Brinjal Little Leaf

Brinjal little leaf is caused by a phytoplasma. Symptoms are small leaves that
turn yellow and later the whole plant is affected, including fruit setting and yield
causing considerable economic losses (Rao et al. 2010). Phytoplasma belonging to
six groups, and fromdifferent parts of theworld, have been reported to infect eggplant
(Kumar et al. 2017; Kumari et al 2019). The pathogen is transmitted via leafhop-
pers. Other Solanum crops but also weeds may serve as host plants. To reduce the
problem, vectors but also certainweeds should be controlled, but there are no direct
chemical treatments of plant phytoplasmas. Tolerant varieties have been developed
(Chakrabarti andChoudhury 1975) but notmany publications on resistance screening
and recent breeding are available.

4.2.6 Eggplant Fruit and Shoot Borer

Eggplant fruit and shoot borer is major pest on eggplant throughout the tropics in
Asia andAfrica. The larva feeds on the tender shoots, flower buds, flowers, and fruits.
It also tunnels inside the shoot and feeds on the inner contents, resulting in wilting of
young shoots, followed by drying and dropoff, which slows plant growth. In addition,
the larva feeds inside the fruit and creates tunnels filled with frass and fecal pellets,
which makes the fruit unmatketable and unfit for consumption. Farmers are mostly
applying large quantities of insecticides to control the pest, which has resulted in
the development of pesticide resistance in insects. Tolerance to this pest has been
reported in some local varieties in India such as Pusa Purple Long, Pusa Purple
Cluster, Pusa Purple Round, Aushey, Shyamla Dhepa, Banaras Long Purple, Arka
Kesav, Arka Kusmakar, Punjab Barsati, Punjab Chamkila, Kalyanpur-2 and Gote-2
(Parker et al. 1995; Alam et al. 2003; Shivalingaswamy and Satpathy 2007).

4.2.7 Spider Mites

The two-spotted spidermite [T. urticaeKoch (Acari: Tetranychidae)] is a very distruc-
tive pest in eggplant worldwide. This pest mostly prefers to live in colonies on the
underside of leaves, and high temperatures and dry conditions are suitable for the
multiplication and reprodution. Adults suck the chlorophyll, nutrients, and water
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from the leaf cells with their piercing and sucking mouthparts which causes foliar
damage with tiny white or yellow spots on the leaves. Under heavy infestation, the
mites move to the tip of the leaf or top of the plant and result in leaf discoloration,
often called bronzing and drop off, and will finally lead to stunting or plant death.
Chemical control of spider mites is often costly, and the excessive use of pesti-
cides harms human health and environment. Resistant cultivars are not available and
biological control by natural enemies could be used in protected cultivation but is
not feasible in the field (Taher et al. 2019).

4.2.8 Leafhopper

The leafhopper [Amrascabiguttula (Ishida) (Hemiptera:Cicadellidae)] is an eggplant
pest in several countries in Asia. Both nymphs and adults suck the sap from the
undersides of leaves causing small and yellowpatches, followedby crinkling, curling,
bronzing, and drying, or “hopper burn” in severe attacks. High infestation also causes
a reduction in yield. Leafhoppers may transmit viruses and phytoplasma that causes
the so-called little leaf disease. Management of leafhopper might include use of
tolerant eggplant varities such as Manjari Gota, Vaishali, Mukta Kesi, Round Green,
andKalyanipur T3, growing okra as a trap crop along the borders of an eggplant field,
and using natural predators such as ladybird beetles and green lacewings which are
highly efficient in preying on leafhopper nymphs and adults.

4.2.9 Whitefly

The sweetpotato whitefly (Bemisia tabaci Gennadius) can cause considerable direct
and indirect damages in eggplant. This pest causes direct damage on leaves that result
in reduced leaf photosynthetic efficiency, as well as on the fruits which increases the
number of unmarketable fruit (Schuster et al. 1996; Rakha et al. 2017; Taher et al.
2020). Through indirect damage, whitefly transmitsmany species of plant viruses as
well. The control of whitefly is highlydifficult due to high reproductive capacity and
it can quickly develop resistance against insecticides (Rakha et al. 2017). Eggplant
farmers apply a lot of insecticides, particularly in developing countries, which is
often costly. Biological control by natural enemies is not sufficient in the open
fieldconditions and no eggplant cultivars are resistant to whitefly (Taher et al. 2020).

4.3 Genetic Resources of Resistance Genes

Crop wild relatives of eggplant are rich sources of variation for pre-breeding and
breeding programs, particularlyfor traits related to adaptation to climate change
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(Taher et al. 2017, 2020). These wild relatives mostly produce small, bitter, multi-
seeded fruits, almost always inedible and with prickly calyx. Some of the eggplant
wild relatives contain high levels of chlorogenic acid and other bioactive compounds,
which may have potential interest for human health (Meyer et al. 2015). The wild
species were classified into three genepools based on crossability relationships and
following the biological concept of species (Harlan and de Wet 1971). For instance,
in eggplant, S.insanum can be crossed easily and produce normal fertile hybrids
whichis considered underprimary genepool (GP1) of eggplant (Plazas et al. 2016;
Syfert et al. 2016). More than 40 African and Southeast Asian species are clas-
sified assecondary genepool (GP2) ofeggplant based on crossability relationships
and phylogenetic studies. However, some interspecific hybrids derived from GP2
were partly sterile or weak due to reproductive barriers such as S. dasyphyllum, S.
linnaeanum or S. tomentosum (Rotino et al. 2014; Kouassi et al. 2016). The tertiary
genepool (GP3) includes more distantly related species and the crosses with culti-
vated eggplant generally failed or need specific breeding techniques such as embryo
rescue to succeed (e.g., Solanum torvum and S. elaeagnifolium) (Kouassi et al. 2016;
Plazas et al. 2016; García-Fortea et al. 2019).

Resistance to biotic stress has been reported in crop wild relatives of eggplant
(Table 4.1). At World Vegetable Center, about 200 accessions were evaluated for
resistance to bacterial wilt (Ralstonia solanacearum) under greenhouse using root
wounding and soil drenching inoculation methods and 38 accessions were identified
with high levels of resistance (AVRDC 1999).

Resistance to whitefly was detected in the eggplant wild relatives Solanum dasy-
phyllum,S. campylacanthum,S. tomentosum andS. pyracanthos (Taher et al. 2020).In
addition, resistance to spidermitewas detected inAfrican eggplantS.macrocarpon as
well as wild relatives such as S. sisymbriifolium, S. dasyphyllum and S. torvum (Taher
et al. 2019). Resistance to leafhopper and aphids was found in eggplant accessions
VI034971, VI035822, and VI035835. These results show that crop wild relatives
of eggplant are very promising materials for breeding pest tolerant and resistant
varieties can be developed.

4.4 Glimpses on Traditional Breeding

4.4.1 Focus of Traditional Breeding

The classical breeding of this crop has focused on the development of high yielding
varieties with larger andmore uniform fruits with less flesh browning, a characteristic
that greatly reduces the quality of the fruit (Hurtado et al. 2013). Eggplant is highly
variable in shape, color and size, and this has allowed the selection of a broad array
of improved cultivars adapted to local preferences for fruit size, shape, and color;
however, the genetic diversity of the cultivated eggplant genepool is narrow (Muñoz-
Falcón et al. 2009a, b). The focus aimedatbreeding for tolerance to stresses has been
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Table 4.1 Genepool and species of genetic resources for resistance/tolerance to biotic stress in
eggplant

Genepool Species Resistance traits References

GP1 Solanum melongena Phytophthora capsici L. and
Ralstonia solanacearum

Naegele et al. (2014), AVRDC
1999,

S. insanum Ralstonia solanacearum Namisy et al. (2019)

GP2 S. incanum Resistance to Pseudomonas
solanacearum, Leucinodes
orbonalis, Phomopsis rexans
and tolerance to drought

Bletsos and Olympios (2008)

S. anguivi Resistance to Ralstonia
solanacearum

Schippers (2000)

S. campylacanthum Whitefly (Bemisia tabaci) Taher et al. (2020)

S. dasyphyllum Whitefly (Bemisia tabaci) Plazas et al. (2016), Taher
et al. (2020)

S. lichtensteinii Tolerance to drought Vorontsova and Knapp (2012)

S. linnaeanum Tolerance to salinity and
resistance to verticillium wilt
(Verticillium dahliae)

Liu et al. (2015)

S. pyracanthos Tolerance to verticillium wilt
(Verticillium dahliae),
Whitefly (Bemisia tabaci)

Bletsos and Olympios (2008),
Taher et al. (2020)

S. tomentosum Whitefly (Bemisia tabaci) Taher et al. (2020)

GP3 S. torvum Resistance to verticillium
wilt, bacteria, and Fusarium
oxysporum, nematodes and
spider mite

Bletsos et al. (2003), Taher
et al. (2020)

S. sisymbriifolium Resistance to nematodes and
verticillium wilt, spider mite

Bletsos et al. (2003), Taher
et al. (2020)

GP1 Primary gene pool, GP2 Secondry gene pool; GP3 Tertiary gene pool

much less intense than in othermajor Solanaceae crops, like tomato, potato or pepper.
In this way, although tolerance to abiotic stresses have also been sought (Plazas et al.
2019), more works have been performed on finding resistance to biotic stresses,
like root-knot nematodes, bacteria, fungus and some insects (Kalloo 1993; Rotino
et al. 2014; Miyatake et al. 2016). Other recent works have focused on the study
of the functional and nutraceutical characteristics attributed to this crop, rich in
antioxidant compounds (Plazas et al. 2013; Kausik et al. 2016). The development of
seedless varieties has also been a major focus of eggplant breeding, and some highly
parthenocarpic materials have been obtained (Miyatake et al. 2012; Du et al. 2016;
Li et al. 2012).

The feasibility of obtaining hybrids with many wild relatives (Daunay et al. 2012;
Rotino et al. 2014; Kouassi et al. 2016; Plazas et al. 2016) holds an immense potential
to genetically improve eggplant. This makes possible the transfer of genes of interest
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from wild relatives into the genetic background of eggplant. In the last decades some
examples of genetic transfer of interest fromwild species to the genetic backgroundof
the eggplant have been established. These include the development of introgression
lines with several wild species such as S. incanum (Gramazio et al. 2017a, b) for
adaptation to climate change, as well as backcross generations with S. linnaeanum
and S. tomentosum for resistance to Fusarium, Verticillium and nematodes (Toppino
et al. 2018).

4.4.2 Limitations of Classical Endeavors and Utility
of Molecular Breeding

The increasing population in the world, climate change and the high incidence of
new diseases in crops has posed a challenge for modern agriculture and breeding
(Ray et al. 2013; Brooks and Blandford 2019). In eggplant, as in most major crops,
classical breeding methods, with a selection of traits of interest, and the subsequent
hybridization, selection and fixation in the cultured materials has been very effi-
cient in delivering improved cultivars; however, nowadays other approaches must be
used to accelerate the processes. The speed at which cultivars become obsolete has
led breeders to develop breeding methods in a shorter time, where marker-assisted
selection is essential. Access to the eggplant genome (Barchi et al. 2019a) and the
syntenic relation with the tomato genome (Wei et al. 2020), together with the large
number of wild species with which the eggplant can obtain fertile hybrids, is making
the speeding of the breeding process possible.

The application of modern molecular marker based approaches carried out have
accelerated the process of introduction and localization of genes of interest, including
genes from related wild species, in the eggplant genepool. In this way, Wei et al.
(2020) found 210 markers associated with around 71 traits of interest in eggplant.
Furthermore, the new methodology suggested by Prohens et al. (2017) called “intro-
gressiomics”, proposes the massive introduction of genes from wild species in the
genetic background of the crop of interest, where the generated materials, with wild
introgressions, will be tested and genotyped when necessary to solve the problem
that arises. This approach greatly benefits from the use of marker assisted selection
for forward and background selection.

The potential of molecular markers for the development of a new generation of
eggplant cultivars comes through its application for genetic mapping and detection
of quantitative trait loci (QTLs) in natural (germplasm collections) and experimental
(biparental, multiparental, advanced backcrosses and introgression lines sets) popu-
lations. The use of genome-wide association studies (GWAS) in germplasm popu-
lations as well as in biparental populations has allowed the identification of sever-
alQTLs for morphological and agronomic traits of interest (Ge et al. 2013a; Cericola
et al. 2014; Portis et al., 2015; Toppino et al. 2016). One of the potentiallymost useful
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experimental populations in eggplantwill be amultiparent advanced generation inter-
cross (MAGIC) populationwhich is under development at theUniversitat Politècnica
deValència. In these populations, eight eggplant parents (including a S. incanumwild
accession) have been intercrossed and recombinant inbred lines (RILs) which are an
admixture of the eight genomes are under development (Arrones et al. 2020). The use
of experimental populations in eggplant can go beyond the identification of QTLs,
and thanks to the fine mapping of a segregating eggplant population, a deletion has
been found in the genome of eggplant that could be related to the prickliness trait
(Miyatake et al. 2020). Also, Gramazio et al. (2014) found some interesting genes
related with polyphenol oxidases involved in chlorogenic acid biosynthesis pathway
in a first backcross population.

4.4.3 Positive and Negative Selection in Eggplant Breeding

Traditionally, the breeding objectives in eggplant have been to improve the size and
uniformity of the fruit, an increase in yield, as well as to eliminate the bitter taste
that characterizes the fruit of primitive varieties and wild ancestors of eggplant. In
this way, some traits, such as yield and fruit size have been under positive selection,
while others have been under negative selection. Regarding traits under negative
selection, eggplant, as other Solanum species, contains solasonine and solamargine,
two glycoalkaloids with a toxic effect on humans and that give this crop a bitter taste,
limiting its use at a commercial level (Cham 2012; Ranil et al. 2017). The presence
of saponins also contributes to the bitter taste (Toppino et al. 2016) and has also been
selected against its presence. Another undesirable trait is the oxidation that occurs
when cutting the fruit and that depreciates its quality, known as browning (Plazas
et al. 2013). Selection against this trait has indirectly led to the negative selection of
phenolic acids content, and therefore accessions with low browning and at the same
time with low antioxidant content. Also, in the case of eggplant, the reduction in
the number of seeds results in decreased browning (Maestrelli et al. 2003). Another
characteristic that has been under strong negative selection is the presence of prickles
both on the plant and on the fruit calyx, as this makes the management difficultof
the crop and the marketing of the fruits (Miyatake et al. 2020). Another important
trait under negative selection has been the presence of dormancy, very common in
eggplant wild relatives, and that is clearly detrimental in the cultivated eggplant.

Some traits that have been under positive selection include the high yield and fruit
set. Other traits in which a great emphasis has been paidis the intense dark color,
resulting from the combination of chlorophylls and anthocyanins in the eggplant peel.
Some recent breeding programs have also been aimed at improving the tolerance to
biotic and abiotic stresses, although up to now the results have been less impressive,
as well to improving the bioactive properties of the eggplant fruit by improving the
content in bioactive phenolic acids of interest for human health.
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4.4.4 Classical Breeding Achievements and Limitations

Many of the efforts made to improve the cultivation of eggplant have been carried out
using classical breeding methods, where much importance has been given to yield
and the external characteristics of the fruit, as well as to tolerance to some biotic and
abiotic stresses (Kalloo 1993).

Taking advantage of the wide phenotypic diversity that this crop has, today it is
possible to find eggplants of different sizes, from a few g to more than 1 kg, colors,
such as white, black, purple, or green, with different patterns of colorations, and
shapes including long and narrow (even serpentiform), long and wide, round, oval,
and flattened. Depending on the target market, some types are more demanded than
others. A wide variability can also be found in terms of texture and taste, as well
as on response to biotic and abiotic stresses, which are one of the most important
sources of economic losses.

Most of the modern eggplant cultivars have been developed using only intraspe-
cific diversity. Given the potential of wild species as sources of variation for many
traits and the limitations that have been found in the use of traditional breeding,
multiple strategies have been developed to foster the use of wild species in eggplant
breeding. In the "introgressiomics" approach (Prohens et al. 2017) the objective is to
develop materials and populations that contain a large number of fragments of wild
species, distributed throughout the genome of cultivated species. The application of
this approach in eggplant is generating a large array of materials that can be used
to address present and future challenges in this crop. For this new approach we will
need to have identified the introgressions need to be identified taking advantage of
the high throughput molecular markers.

4.5 Brief on Diversity Analysis

4.5.1 Phenotype-Based Diversity Analysis

A main challenge with phenotype-based characterization is to avoid environmental
bias. Standardized sets of descriptors and methods are developed for eggplants
(IBPGR 1990; van der Weerden and Barendse 2007). In addition, the phenomic tool
developed for tomato (Rodríguez et al. 2010) has been applied for eggplants with
good results (Prohens et al. 2012; Hurtado et al. 2013; Kaushik et al. 2016). Coming
to how to express phenotypic diversity and relationships, different measures are used,
from Coefficient of variation and Shannon diversity index to more multivariate tools
(Everitt 1998; Spellerberg and Fedor 2003).

Brinjal eggplant, and especially its fruits, exhibit large phenotypic variation, as
people have been selecting for traits as color, shape, texture and size. This adaptive
evolution has producedmany cultivars with a seemingly high diversity, but based on a
limited number of traits. Vegetative traits have been less emphasized. Nevertheless,
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they are of major importance for photosynthesis and plant arrangement, and for
producing high yielding and robust plants. Regarding phenotypic diversity within a
population or an accession, modern varieties are per definition uniform and stable, in
contrast to traditional cultivars (landraces) that are more diverse, and wild eggplants
that are even more diverse. A study in black-fruited brinjal eggplant clearly showed
such a pattern (Muñoz-Falcón et al. 2009a, b). Furthermore, round-fruited cultivars
have been found to be more diverse than semi-long or long-fruited cultivars (Prohens
et al. 2005; Tümbilen et al. 2011).

Crop diversity is safeguarded in public seed banks (gene banks), in breeders’
collections and in-situ in farmers’ fields and in thewild. Gene banks provide informa-
tiononphenotypic characters, and this on accession (seed sample, cultivar) level.Data
include plant growth habit, plant height, branching and leaf- flower- and fruit trait
characters (e.g. Boyaci et al. 2015; Taher et al. 2017). The largest ex-situ collection
of eggplants is maintained at World Vegetable Center, with more than 2,700 acces-
sions (Taher et al. 2017). This collection houses large phenotypic diversity. Regarding
abiotic and biotic stress resistance, less data are available. Nevertheless, the informa-
tion is increasingly important. An old study at the World Vegetable Center examined
two hundred brinjal eggplant accessions for bacterial wilt (Ralstonia solanacearum)
resistance and 38 were identified as promising (AVRDC 1999). Other trials have
examined resistance for eggplant fruit and shoot borer (Leucinodes orbonalis), two-
spotted spider mite (Tetranychus urticae), leafhopper (Amrasca devastans), and
aphids (Aphis gossypii). Some brinjal eggplant accessions showed high level of
resistance (Ramasamy 2009). For two-spotted spider mite, resistance was detected
in accessions of scarlet- and gboma eggplants (Taher et al. 2019).

4.5.2 Genotype-Based Diversity Analysis

Over the years, different marker systems have come. In the early 1990s, restriction
fragment length polymorphism (RFLP) markers were used in eggplant research but
theywere not so reliable (Sakata and Lester 1997). Later, random amplified polymor-
phic DNA (RAPD) and amplified fragment length polymorphism (AFLP) markers
for eggplant were used (e.g.,Furini and Wunder 2004; Sing et al. 2006), as well as
simple sequence repeats (SSRs) or microsatellites (Stàgel et al. 2008; Li et al. 2010;
Tümbilen et al. 2011) and most recently came the single nucleotide polymorphism
(SNP) markers (Gramazio et al., 2017a, b). The latter, with a panel of 5 k SNPs for
coding regions and introns/UTRs has now been applied in single primer enrichment
technology (SPET) for high-throughput genotyping in tomato and eggplant (Barchi
et al. 2019a, b). A set of 422 eggplant accessions (including wild relatives and culti-
vated material) generated 30,731 high confidence SNPs, respectively. The authors
concluded that this representsa robust; high-throughput technology for genetic finger-
printing that can be used to study genetic relationships among accessions and species,
and that also could be useful in identification of mislabelled accessions and dupli-
cates in genebanks. Many studies have been conducted of genotype-based diversity
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analysis. Details on a few studies are presented in the sections that follow. Here
we restrict us to emphasizethat major efforts have been based on identifying and
introducing resistance genes and on developing molecular markers for breeders.
For Fusarium wilt, a resistance gene (Rfo-sa1), identified in scarlet eggplant, was
introduced to brinjal eggplant (Toppino et al. 2008). Cleaved amplified polymorphic
sequence (CAPS) markers could link the resistance to one major QTL (Miyatake
et al. 2016; Barchi et al. 2018). Two other minor QTLs have been reported but for
other Fusarium resistance genes (Miyatake et al. 2016; Mutlu et al. 2008). Verticil-
lium vilt resistance has been introduced to brinjal eggplant from the wild species
S. linnaeanum (Liu et al. 2015). Three QTLs were identified for resistance to this
disease (Barchi et al. 2018). For bacteria wilt, a linkage map based on SNP markers
has been developed, and onemajor specific and two broad-spectrumQTLs have been
identified associated with this resistance (Salgon et al. 2017). Coming to other traits,
markers have been developed for parthenocarpy (Daunay and Hazra 2012). Markers
have also been associated to fruit contents of glycoalkaloids, sugars and organic acids
(Toppino et al. (2016).

4.5.3 Relationship with Other Cultivated Species and Wild
Relatives

Wild relatives are important gene sources for new diversity, and especially for pest-
and disease resistance (Toppino et al. 2008; Daunay and Hazra 2012; Rotino et al.
2014; Liu et al. 2015). In addition, many of the wild species grow in extreme envi-
ronment and can be valuable for climate adaptation (Knapp et al. 2013; Rotino
et al. 2014; Syfert et al. 2016). Brinjal eggplant closest relative is S. insanum that
grows wild in South- and Southeast Asia and is very prickly and weedy (Lester and
Hasan 1991; Knapp et al. 2013; Ranil et al. 2017). A genetic similarity as high as
0.947 between the species was found in an old study using 52 accessions and RAPD
markers (Karihaloo et al. 1995). The authors concluded that even despite morpho-
logically different, it is not appropriate to distinguish S. melongena and S. insanum
into different species. However, other studies do not agree (e.g. Iwata et al. 2008) and
different relationships between the different eggplant species have been presented
(Mace et al. 1999;Meyer et al. 2012). Iwata et al. (2008) compared brinjal eggplant to
eight related species using inter-simple sequence repeat (ISSR) markers to evaluate
the phylogenetic relationship, and identified seven groups: (i) S. melongena; (ii) S.
aethiopicum and S. anguivi; (iii) S. incanum; (iv) S. violaceum and S. kurzii; (v) S.
macrocarpon; (vi) S. virginianum and (vii) S. torvum.

With regardsto wild relatives that are close to brinjal eggplant, one also finds
S. incanum L. and S. linnaeanum Hepper & P-M. L. Jaeger, as well as S. licht-
ensteinii Willd (Vorontsova et al. 2013; Acquadro et al. 2017). These species can
be intercrossed with brinjal eggplants. In addition, the cultivated scarlet eggplant (S.
aethiopicumL.) and gboma eggplant (S.macrocarponL.) can also be hybridizedwith
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eggplant. These, in addition to their wild relatives S. anguivi Lam., S. dasyphyllum
Schumach. & Thonn. and to some extent also S. tomentosum L., can be valuable gene
sources for brinjal eggplant but are not closely related (Kouassi et al. 2016; Plazas
et al. 2016). Intercrosses can however be made with intermediate fertility. Especially
scarlet eggplant has served as a gene source for disease resistance in brinjal eggplant
breeding (Prohens et al. 2012). More distant are the American species, S. sisymbri-
ifolium Lam. and S. torvum Sw. (Vorontsova et al. 2013; Acquadro et al. 2017) but
they could harbor potential genes of interest.

4.5.4 Relationship with Geographical Distribution

Brinjal eggplant can be divided into an oriental group traditionally grown in southern
and eastern Asia and an occidental group traditionally grown in the Mediterranean
basin including the Middle East, Europe and northern Africa. Several studies have
pointed to geographical differentiation based onmorphology (Chadha 1993; Daunay
and Janick 2007) and genetics (Hurtado et al. 2012; Vilanova et al. 2012). For
example, Vilanova et al. (2012), by using UPGMA procedures on SSR data, showed
that 15 out of 16 accessions from the Mediterranean, Central Europe and Africa
clustered together and another cluster had 5 out of 6 accessions from Eastern and
Southeastern Asia. On a more detailed level, differentiation within regions is seen.
For example, Gramazio et al. (2019a, b) examined landraces from Greece and found
differentiation between accessions from the island and from the mainland. They
concluded that Greece was part of a Mediterranean secondary center of diversity.
We should say that the above-mentioned studies were in landraces, which are local
varieties developed over time by farmers. What seems logical is that, as cultivars
are becoming broader and with the use of genetic resources from different sources,
geographical distribution patterns will be less clear. Liu et al. (2018) exemplifies this
by showing that the accessions only partly clustered according to geographic origin.
They examined 287 accessions and from around the world and included both inbred
lines, cultivars and landraces.

4.5.5 Extent of Genetic Diversity

Genetic diversity can be expressed as Nei’s genetic diversity index, expected
heterozygosity (He) and/or Shannon’s Information index (I). In addition, number
of alleles per polymorphic locus, polymorphism information content (PIC) and
observed heterozygosity (Ho) are measures used in genetic diversity studies.

Althoughmorphologically diverse in fruits, cultivated eggplants have amuchmore
narrow genetic background than its wild ancestors (Tümbilen et al. 2011; Vorontsova
et al. 2013). This is a typical “bottleneck” effect of domestication (Meyer et al. 2012).
To illustrate this, Kaushik et al. (2016) characterized 21 accessions from 12 different
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wild relatives to brinjal eggplant. In addition, they included interspecific hybrids and
cultivars. The result clearly demonstrated that wild specieswere more variable than
cultivars and the interspecific hybrids were in between.

Regarding genetic diversity within different types of brinjal eggplant accessions,
Hurtado et al. (2012) examined 52 landraces (or selections within landraces) from
three recognized secondary centers of diversity, China, Sri Lanka and Spain. They
applied 12 highly polymorphic SSRmarkers that resulted in average PIC of 0.574 and
totally 110 alleles were identified with 4.3, 5.3 and 4.2 alleles per polymorphic locus
for accessions from China, Sri Lanka and Spain, respectively. The calculated genetic
diversity was relatively high, with He of 0.494–0.540 for the Chinese and Sri Lankan
landraces and somewhat lower for the Spanish landraces.Muñoz-Falcón et al. (2011)
examined 42 landraces of brinjal eggplant from Spain, which included 25 striped
accessions most of them of the popular Listada type but also non-striped landraces.
They applied 17 SSR and 32 EST-SSR markers and the SSRs had greater polymor-
phism and polymorphic information content (PIC) than EST-SSRs. A considerable
level of diversity was found, with a mean Nei’s genetic diversity (He) value of 0.323
(varied from 0.195 to 0.441) and a Shannon’s information index (I) value of 0.570.

Ge et al. (2013a) examined 92 cultivars (pure lines) of brinjal eggplant collected
from 21 provinces in China. They applied a set of 100 SSRmarkers with a mean PIC
value of 0.285, and found 311 polymorphic alleles. The Nei’s genetic diversity (He)
was 0.323 and the average Shannon’s Information index (I) was 0.570, but ranged
from 0.060 to 1.341. The levels of eggplant genetic diversity decreased from south
to north. Overall, the genetic diversity was lower in these cultivars than reported for
landraces from China by Hurtado et al. (2012). Vilanova et al. (2012) examined 22
brinjal eggplant cultivars from around the world. They used 55 SSR markers with
average PIC at 0.47. In total 203 alleles were detected, with an average of 4.7 per
locus. The mean expected heterozygosity was 0.52 but the observed heterozygosity
was as low as 0.06 and ranged from 0.00 for 16of the markers to 0.24 for one of the
markers. Overall, the lowest diversity was found in non-hybrid cultivars compared to
hybrid cultivars. The results demonstrate that inbreeding seems to be common in non-
hybrid cultivars and that a very narrow genepool is applied in breeding programs. Liu
et al. (2018) examined 287 of brinjal eggplant accessions and included inbred lines,
cultivars and landraces from around the world. They applied 45 SSR markers and
resolved 242 alleles and that ranged from 2 to 14 alleles per locus with an average
of 5.38. Shannon information index ranged from 0.276 to 1.903 with an average
of 1.055. Observed heterozygosity varied from 0.104 to 0.832 with a mean value
at 0.558. There were big differences among all the 45 markers in polymorphism
detection. The PIC value ranged from 0.102 to 0.815 with a mean value of 0.507.
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4.6 Association Mapping Studies

4.6.1 Extent of Linkage Disequilibrium

Linkage disequilibrium (LD) is defined as allelic (neighbor variants) association at
various genomic regions within the investigated population (Ramakrishnan 2013).
In case of linkage disequilibrium, haplotypes do not happen at the expected rates
when the alleles were independent (Goode 2011). On the contrary, LD takes place
when haplotype frequencies are equal to the product of their corresponding allele
frequencies. A haplotype is known to be the linked set of genes connected with one
haploid genome. It is usually used to describe the linked genes of themajor histocom-
patibility complex, where one haplotype is inherited from each parent. Linkage dise-
quilibrium can be formed as a cause of selection, admixture, or bottlenecks. Studies
of linkage disequilibrium patterns can contribute in branches like plant breeding,
identification of genes responsible for a disease, and population history (Ramakr-
ishnan 2013). There are plentiful ways to estimate deviation of LD which is referred
to as D which was introduced in 1918 and is defined as comparing the observed and
expected frequency of one haplotype, then the deviation is the difference between
these two. LD can be positive or negative depending on when two alleles occur
together on the same haplotype more or less often than expected (Goode 2011). The
perception of LD is very important in genome-wide association studies (GWAS)
where it helps in the identification of genetic markers that label the actual causal vari-
ants. A single-nucleotide polymorphism (SNP) is dissimilarity in a single nucleotide
that arises at a specific position in the genome. InGWAS,markers for known complex
traits, including some diseases, can be distinguished using SNPs across the genome.
In populationmodel LD is highly dependable for the success ofGWASusing SNPs as
genetic markers. LD is different from gametic phase disequilibrium which explains
the non-random connotation of alleles within gametes (even for physically uncon-
nected loci on different chromosomes) (Joiret et al. 2019). In eggplant, LD for some
agronomic traits like anthocyanin pigmentation and fruit color was investigated with
pair-wise r2, rs2 and r2sv where global LDlevel was 3.4 cM (Cericola et al. 2014).
Additionally, Ge et al. (2013b) reported that analysis of LD revealed an extensive
long-range LD of 11 cM within 141 accessions of eggplant using 105 microsatellite
markers.

4.6.2 Target Gene Based LD Studies

Solanaceae species are considered a well-defined family regarding identification of
quantitative trait loci (QTLs) aswell as other genetic and genomic research (Gebhardt
2016). High-quality genetic linkage map and LD of eggplant genome aresubstantial
approaches to identify target genes associated with biotic and abiotic stresses that are
quantitatively inherited or qualitative among various germplasm collections. Target
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genes research based on LD concept is an advantageous pathway in molecular plant
breeding programs and analysis of biotechnological processes for the development a
valuable methods for crop improvement (Collonnier et al. 2001). Moreover, genetic
linkage map construction representing quantitative genetic and genomics dataset
that allows identifyingnew markers tightly related to the desirable horticultural trait-
splays a key role in crop improvement and sustainable development. In eggplant,
RAPD and AFLP markers have been used for a linkage map construction of fruit
shape and color (Nunome et al. 2001). On the other hand, many linkage maps have
been utilizedregarding a lot of horticultural traits and improvement of the level of
resistance to various plant pathogens and insects that restrict production of eggplant
(Lebeau et al. 2013; Portis et al. 2015; Barchi et al. 2016; Gramazio et al. 2017a, b).
Genomic research strategies played a key role in smart plant breeding programs to
detect particular trait through marker-assisted selection approach. The advantages of
these DNA-based markers provide better chance for genetic variability assessment
and mapping of QTLs among tested germplasm due to their cost, speed and repro-
ducibility (Thapa et al. 2015). At present, there are many DNA-based markers for
instance AFLP, RAPD, RFLP, microsatellite, SCoT (start codon targeted), etc. that
can be applied in genetic and genomics studies including characterization, taxonomy,
genetic diversity of wild and domesticated crop species.

4.6.3 Genome-Wide LD Studies

Despitethe economic importance of eggplant, omics research approaches including
phenomic, genomics, transcriptomic, metabolomics and proteomic are still limited
compared to other species of the Solanaceae family. Interestingly, the strategy of
GWAS is considered a powerful substitutional strategy for investigating the genetic
background of various agronomic traits. Furthermore, GWAS can be applied with
many samples and accessions to represent the association between phenotypic and
genotypic data as well as acceleration of plant breeding programs and crop improve-
ment. Recently, GWAS approach was involved in eggplant research to identify
multiple agri-horticultural traits such as fruit color, size and shape; serious biotic
stress resistance, and productivity under difficult environmental conditions (Rotino
et al. 2014). The genome-wide association (GWA) analysisis efficient in supporting
and confirming QTLs and targeted genomic regions with different unique DNA
markers. Concerning germplasm sets used for GWAS, LD may be specified by
plant hybridization system, frequency of recombination, level of mutations, struc-
ture of tested populations, genetic linkage, alteration of gene sequence and natural
selection and domestication (Rafalski and Morgante 2004). Globally, the genome-
wide association mapping approach has been accomplished on eggplant populations
with plenty of traits of interest (Fig. 4.1). Additionally, 191 accessions of eggplant
including cultivars, lines and landraces were genotyped for association of fruit color
and anthocyanin pigmentationwhere 338 SNPswere identified (Cericola et al. 2014).
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Fig. 4.1 Overview of association mapping in eggplant species to exploiting the available genetic
resources for single nucleotide polymorphisms identification and gene annotation

4.6.4 Future Potential for the Application of Association
Studies for Germplasm Enhancement

Association mapping is a very useful tool in modern agricultural and breeding
programs to identify genomic regions that are responsible for traits of interest.
Genomic association research in crop species are still ongoing where convenient
trait measurements methodology and genotyping platforms with powerful analysis
software are still the great challenges regarding crop improvement and molecular
breeding. Tomaximize the future benefitof associationmapping studies, all historical
information about the population structure, size andmarker density have to be known
and informed (Álvarez et al. 2015). Moreover, advanced computational tools and
bioinformatics analysis can play a crucial role in genetic resources and germplasm
enhancement in the next decades. Furthermore, the next-generation sequencing tech-
nologies and whole-genome resequencing approaches are a great opportunity to
improve association studies not only in model crops but also in non-model plant
species. In the future, network of artificial intelligence can be applied in association
research by large scale to minimize the genome-wide error rate and get more accu-
racy dataset. On the other hand, the future approaches of association mapping can be
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selected upon LDhistory in the tested germplasm, targeted traits complication, the
provided historical knowledge of pedigree, availability of the reference genome of
the target crops and structure of population under the study.

Analysis of GWA of 191 eggplant accessions demonstrated that 79 SNPs were
mapped on 39 genomic regions and scattered over all 12 chromosomes of eggplant
(Portis et al. 2015). Specific length amplified fragment sequencing (SLAF-Seq)
strategy was applied for construction of high-throughput SNPmarkersin the genome
of eggplant. Subsequently, GWA and QTL analysis were conducted within F2 popu-
lation of 121progynies where 2,122 SNPs, 12 linkage groups and 19 QTLs were
generated for leaf morphology, height of stem and fruits (Wei et al. 2020). Moreover,
Toppino et al. (2020) genotyped 163 RILs using GBS strategy where 7249 SNP
markers were assigned to the 12 eggplant chromosomes and spanning 2169.23 cM.
This association revealed the molecular bases of seven horticultural traits associated
with anthocyanin and seed vigorwhere from7 to 17QTLs for each trait were detected
as well as development of MAS for further research.

4.7 Brief Account of Molecular Mapping of Resistance
Genes and QTLs

4.7.1 Brief History of Mapping Efforts

Genomemapping is a widely uasedmeansto investigate the genetic information of an
organism for the genomic regions/genes that are associatedwith a desirable trait. Two
main groups of genomemapping have been obviously reportedwhich are geneticmap
and physical map. Actually, genetic map refers to the Mendelian rules of segregation
and recombination to decide the distance between varied genomic sites within a gene
or between different genes on the same chromosome with cM (centi-Morgan) units,
where the linkage idea is important in genetic map construction. The connotation of
genetic linkage mapping has been reported earlerin 1913 where five sex genes on
the chromosome Y of Drosophila melanogaster were linked (Sturtevant 1913). On
the other hand, physical map is a molecular biology strategy to determine the order
of DNA fragments at the level of chromosome comprising of the whole genome or a
specific genomic region that is responsible for trait of interest and can be a count as a
realmap expressed inmillion base pairs (Mbps). It is noticeable that great efforts have
been successfully done regarding genomic and genetic research in eggplant. Many
QTLs for horticulturally desirable traits such as fruit weight (fw), fruit shape (fs),
fruit calyx prickliness (fcpri), number of seed locules (slon), plant growth habit (hab),
leaf prickliness (lepri), etc. have been effectively identified in eggplant (Portis et al.
2015; Toppino et al. 2020;Wei et al. 2020). GWAS hasobviousadvantages than other
approaches for QTL mapping and SNPs discovery. Furthermore, GWAS enables
phenotypic/genotypic variation within and between an array of accessions to iden-
tify targeted genes and for crop improvement (Portis et al. 2015). The high-quality
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reference genome of eggplant (Barchi et al. 2019a) will provide new insights with
relevance to resequencing research, domestication and evolutionarly mechanisms
of eggplant population. Addtionally, other genomic approaches and bioinformatics
tools play substantial role in association studies, smart breeding programs, ecology
and geographical origin, and climate-resilient cultivars in order to face the potential
challenges (Gramazio et al. 2019b).

4.8 Marker-Assisted Breeding for Resistance Traits

4.8.1 Germplasm Characterization

Identification of sources of tolerance or resistance to stresses is a first step for
conventional or marker-assisted breeding of these traits. Throughout the last decades
multiple screenings for some of the most important stresses, mostly biotic (diseases
and pests), involving both intraspecific and interspecific genetic resources have been
performed (Toppino et al. 2021).

Themost damaging soil-borne pathogens of eggplant areRalstonia solanacearum,
Fusarium oxysporum f. sp. melongenae and Verticillium dahliae, which are the
respective causal agents of bacterial wilt, Fusarium wilt, and Verticillium wilt.
Screening of collections of genetic resources against the different phylotypes of
R. solanacearum have allowed the identification of several sources of resistance in
the cultivated eggplant and in eggplant relatives (Lebeau et al. 2011; Namisy et al.
2019). Within S. melongena some resistant accessions have been discovered and so
far themost studied are EG203 andAG91-25 (Lebeau et al. 2013; Salgon et al. 2018),
althoughmany others have been identified (Barik et al. 2020). Interestingly, AG91-25
derives from the hybridization between S. melongena and S. aethiopicum (Ano et al.
1991; Salgon et al. 2018). Amongst the eggplant relatives that can be successfully
hybridized with eggplant via sexual crosses (Daunay et al. 2019), resistances have
been found in several species, such as S. aethiopicum, S. anguivi, S. incanum, S.
insanum, and S. torvum (Namisy et al. 2019; Barik et al. 2020). In addition, high
levels of resistance have been found in other Solanum wild species. However, given
the high genetic variability of R. solanacearum, resistance levels often depend on
the strain used (Lebeau et al. 2011; Namisy et al. 2019). Resistance to Fusarium wilt
has been found both in the cultivated species and in wild and cultivated eggplant
relatives such as S. aethiopicum, S. incanum, S. linnaeanum, S. sisymbrifolium, S.
torvum, S. viarum or S. violaceum (Cappelli et al. 1995; Boyaci et al. 2012; Altinok
et al. 2014). Some of the resistances found are stable against a wide range of isolates
(Altinok et al. 2014) providing sources of resistance of great value for the breeders.
In particular, the resistance derived from S. aethiopicum has proved of great interest
for eggplant breeding (Toppino et al. 2008). Different levels of resistance and toler-
ance to Verticillium wilt have been identified in the eggplant germplasm genepools.
However, reports of high levels of tolerance within the cultivated species are scarce.
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In this respect, the best sources of resistance have been found in wild species such as
S. anguivi, S. incanum, S. linnaeanum, S. tomentosum, S. torvum, S. sisymbriifolium,
or S. viarum.

Resistance to diseases other than the three major ones mentioned above has
been found both in the cultivated and wild eggplant genepools (Toppino et al.
2021). In this way, resistance has been found either in cultivated eggplant and/or
in eggplant relatives to fungal pathogens that may affect eggplant such as Alternaria
melongenae, Cercospora solani, Cercospora solani-melongenae, Colletorichum
coccodes,Colletotrichum gloesporioides f. sp.melongenae,Fusarium solani, Leveil-
lula taurica, Phomopsis vexans, Phytophthora parasitica, Phytophthora capsici,
Sclerotinia sclerotiorum, Sclerotinia rolfsii, or Verticillium albo-atrum (Daunay and
Hazra 2012; Rotino et al. 2014; Toppino et al. 2021). A number of studies have
also screened cultivated and wild germplasm for resistance to root-knot nematodes
(Meloidogyne spp.), mostly M. incognita. Although most of the cultivated eggplant
materials have been found to be susceptible, some lines have found to be tolerant or
partially resistant to root-knot nematodes (Colak-Ates et al. 2018), or in the case of
line A-264-A from the Philippines, fully resistant toM. javanica (Boiteux and Char-
char 1996). The most promising materials have been found in the related species
genepool. In this way, high levels of resistance to nematodes have been found in
accessions of S. torvum, S. viarum and S. stramonifolium (García-Mendivil et al.
2019).

Regarding viruses and phytoplasma, a large screening for resistance to
tobamoviruses (Rast 1991) resulted in the identification of sources of resistance
against Bell pepper mottle virus (BPMV), Tobacco mosaic virus (TMV) and Tomato
mosaic virus (ToMV). Resistance to Pepper mild mottle virus (PMMV) has also
been found in some accessions of S. aethiopicum (Tzortzakakis et al. 2006).
However, no resistance against Potato virus Y (PVY) was found in a screening
of 77 eggplant accessions (Colak-Ates et al. 2018). Screening for little leaf disease,
caused by phytoplasma, has been found within eggplant germplasm, as well as in S.
aethiopicum.

Compared to disease resistance, the screening of sources of resistance against
pests has been less intense. One of the major pests in Southeast Asia is the fruit and
shoot borer (Leucinodes orbonalis). Few materials of potential interest have been
found in the cultivated eggplant genepool against this insect, although it has been
suggested that varieties with high contents of phenolics, glycoalkaloids, dietary fiber,
ash, starch and polyphenol oxidase activity are less susceptible (Doshi 2004; Prasad
et al. 2014). Some resistances to L. orbonalis have been found in some eggplant rela-
tives, such as S. aethiopicum, S. incanum, S. macrocarpon, and S. violaceum. A few
research works have been performed on the identification of sources of resistance to
other eggplant pests. Recently, Taher et al. (2020) have identified several sources of
resistance to the whitefly Bemisia tabaci in one eggplant accession (MEL2) as well
as in the wild species S. campylacanthum, S. dasyphyllum, S. pyracanthos, and S.
tomentosum. Hasanuzzaman et al. (2018) found that eggplant varieties with lower
contents of nitrogen, glucose and aminoacids and higher contents of phenolics were
less susceptible to B. tabaci. Leaf hopper (Amrasca devastans) resistance has been
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identified both in the cultivated and wild germplasm, associated to higher leaf hairi-
ness and thin leaf lamina, as well as to higher content in phenolics and sugars (Ali
et al. 2016). Also, sources of resistance to A. devastans have been identified in S.
aethiopicum, S. insanum and S. violaceum (Warade et al. 2004). Certain levels of
resistance or tolerance have been found against other insect pests affecting eggplant,
such as thrips, aphids, or spotted beetle has been identified. Regarding spider mites,
differences among accessions in susceptibility have been described, and high levels of
resistance against the two-spotted spider mite (Tetranychus urticae) have been iden-
tified in S. dasyphyllum, S. macrocarpon, S. sisymbriifolium, and S. torvum (Schaff
et al. 1982; Taher et al. 2020).

A few germplasm characterizations have been performed for the identification of
sources of tolerance to abiotic stresses such as drought, salinity, or extreme temper-
atures. Although no large screenings have been performed, some differences among
eggplant cultivars have been found for tolerance to drought or salinity (Hanachi et al.
2009; Saracanlao et al. 2016; Tani et al. 2018; Kiran et al. 2019; Plazas et al. 2019).
Some wild species have proved to be more tolerant than the cultivated species. In
this way, S. insanum and S. torvum have been found to be more tolerant to salinity
than S. melongena and this may be associated to a higher accumulation of proline as
well as of the ions Na+ and Cl− (Brenes et al. 2020a, b). García-Fortea et al. (2019)
also been found S. elaeagnifolium, a particularly drought tolerant species, had a root
system that explored a larger volumen than that of S. melongena. Although data on
tolerance to stresses is lacking for many wild eggplant relatives, some of them grow
in highly stressful environments indicating that they are highly tolerant to the stresses
they suffer (Vorontsova and Knapp 2016). In this way, S. incanum, which grows in
desertic and semi-desertic areas, has been identified as highly promising for breeding
for tolerance to drought (Gramazio et al. 2017a, b). Kouassi et al. (2021) found that
S. sisymbriifolium and the interspecific hybrids of S. melongena with S. anguivi, S.
dasyphyllum and S. insanumwere tolerant to drought, being the interspecific hybrids
heterotic for the tolerance to this abiotic stress. Differences in eggplant cultivars
have been observed for tolerance to low temperatures (Boyaci et al. 2009; Yang et al.
2020), and some wild species such as S. aculeatissimum, S. grandiflorum and S.
mammosum have been reported as cold tolerant (Toppino et al. 2021). Differences
among eggplant cultivars have been observed for tolerance to high temperatures,
with several promising varieties having been identified (Santhiya et al. 2019).

4.8.2 Marker-Assisted Gene Introgression

The success of marker-assisted gene introgression of the resistance or tolerance to
abiotic stresses depends on the availability of markers closely linked to the gene/s
that have to be introgressed. The success of introgression of the trait also depends
on the genetic control and the expression of the gene/s in the recipient genetic back-
ground. Genetic analysis of resistance to diseases has revealed different patterns
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of inheritance to the major eggplant diseases. In this way, for bacterial wilt resis-
tance, different mechanisms have been found including, monogenic and polygenic
inheritance, with different gene action mechanisms and interactions (Barik et al.
2020). Through the use of segregating generations some molecular markers have
been identified associated to resistance to R. solanacearum. In this way, Bi-hao
et al. developed a SCAR marker associated to a dominant resistance to bacterial wilt
from resistant accession E-31. Lebeau et al. (2013) also found a major dominant
gene (Ers1, subsequenlty renamed EBRW9) for resistance against three strains of R.
solanacearum from accession AG91-25, which has been positioned in LG9 (Salgon
et al. 2017). More recently, Salgon et al. (2018) detected several QTLs associated
to resistance to phylotypes I and III coming from accession EG203, although the
expression of the QTLs was highly influenced by environmental conditions. Despite
the availability of these markers, there are no reports of introgression of resistance
to bacterial wilt in eggplant élite genetic backgrounds. In the case of Fusarium wilt
resistance, a major dominant resistance gene derived from S. aethiopicum (Rfo-sa1)
has been introgressed by Toppino et al. (2008) in the genetic background of cultivated
eggplant. Several molecular markers, such as CAPS (Toppino et al. 2008), associ-
ated to Rfo-sfa1, which maps in chromosome 2 (Barchi et al. 2018), are available.
Using a recombinant inbred line (RIL) population using a parent with resistance
introgressed from S. aethiopicum, Barchi et al. identified a major QTL cosegre-
gating with Rfo-sfa1. Apart from this major QTL, these authors also identified a
minor QTL, accounting for 11% of the variation, in chromosome 11. By using a
bulked segregant analysis (BSA) strategy, Mutlu et al. (2008) also developed SCAR
markers linked to a dominant gene of resistance derived from the eggplant resistant
line LS2436. This resistance has been introgressed into eggplant (Boyaci et al. 2020).
In another study (Miyatake et al. 2016), using the two eggplant resistant varieties,
one of which is LS2436 (as in Mutlu et al. 2008), found two resistance alleles (Fm1L

andFm1E) that mapped in the same genomic region asRfo-sa1. In addition,Miyatake
et al. (2016) also found an additional QTL in chromosome 4 derived from LS2436.
Regarding Verticillium wilt, the high levels of resistance to this disease found in S.
linnaeanum have been introgressed into the eggplant genetic background by Acciarri
et al. (2004) and Liu (2015). Sunseri et al. (2003) using AFLP markers found two
tentative QTLs for resistance to Verticillium wilt in segregating populations using
the same source of resistance than Acciarri et al. (2004). Liu et al. (2015) found
that the resistance to Verticillium of the S. linnaeanum accession PI388846 could be
selected with a molecular marker for the homolog of the tomato Ve resistance gene.
In addition to the resistance introgressed from S. linnaeanum, Barchi et al. (2018)
identifyied three QTLs for tolerance to Verticillium wilt in chromosomes 5, 8 and
9 in a RIL population. Interestingly, Barbierato et al. (2016) found that after inocu-
lation with Fusarium oxysporum f. sp. melongenae, materials carrying the Rfo-sfa1
gene expressed improved tolerance to Verticillium wilt. Marker-assisted breeding
to other biotic, either diseases or pests, and abiotic stresses is still in its infancy in
eggplant and introgression of resistance into the eggplant genetic background has not
been reported yet. However, the availability of introgression lines with wild species
that may harbor genes for tolerance of stresses, such as the one with S. incanum
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(Gramazio et al. 2017a, b) may facilitate the identification of lines with tolerance
to stresses introgressed from the donor wild species. Also, some genes involved in
tolerance to stresses have been identified. For example, Zhou et al. (2018a) found a
gene from the eggplant wild relative S. aculeatissimum potentially involved in resis-
tance to the root-knot nematode M. incognita. Also, Li et al. (2019) found that the
SmAKT1 K+ transporter gene contributed to higher tolerance to salinity in eggplant,
while Zhou et al. (2018b) found that three C-repeat binding factor genes (SmCBF1,
SmCBF2 and SmCBF3) were involved in tolerance to cold, drought and salinity in
eggplant.

To our knowledge, no gene pyramidimg works have been performed aimed at
developing eggplant varieties with tolerance to several eggplant biotic and abiotic
stresses. However, the availability of markers for genes and QTLs associated to
some of these traits would facilitate this task. Similarly, hybrids resistant or tolerant
to several stresses could be easily obtained in eggplant by crossing complementary
parents for the resistance or tolerance (Sidhu et al. 2005).

4.9 Map-Based Cloning of Resistance Genes

Several cultivated accessions and varieties and wild relatives have traits useful for
breeding newand robust eggplant varieties. Traditionally this is done byhybridization
and backcrossing methods. This works as long as the species are cross compatible
and time allows. Gene editing and cloning can speed up the process, and allow
introduction of genes from species further away in the taxonomy system. Still there
are limitations, especially when it comes to risks and public acceptance. Several
genes have been identified, characterized and cloned, and these are especially genes
encoding for disease- and insect pest resistance (Table 4.2).

For root-knot nematode resistance, the gene SacMi was recently cloned (Zhou
et al. (2018a, b). The full-length DNA is 4,014 bp and enhances the production for
a protein of 1,338 amino acids. The gene has been cloned into S. aculeatissimum,
where tobacco rattle virus was used as a vector, and from where the plasmids were
transformed into Agrobacterium tumefaciens. Interspecific hybridization between S.
aculeatissimum and S. melongena gives opportunity to utilize this, and other resis-
tance genes, from S. aculeatissimum, through traditional breeding as well as further
gene editing research. Another nematode resistance gene, but from tomato (Mi-1.2),
has also been transferred to eggplant (Goggin et al. 2006). Furthermore, a modified
rice cystatin gene, OC-IΔD86, which is controlling nematodes, has been introduced
to eggplants (Papolu et al. 2016) but further research is needed before it can be taken
into fields.

A Verticillium wilt resistant gene, Ve, has been isolated in the wild relative S.
linnaeanum (accession number PI388846). Through hybridization and backcrossing
it was introduced into eggplant (Liu et al. 2014). Another resistance mechanism is
ove-expression of a yeast desaturase gene done through transgenic introduction (Xing
and Chin 2000). The gene increases the production of 16:1 and 16:3 fatty acids that
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Table 4.2 Overview of some
interesting genes and their
encoding traits if expressed in
eggplant

Gene and source
plant

Trait/resistance References

Ve gene, S.
linnaeanum

Verticillium wilt Liu et al. (2014)

Yeast Δ-9
desaturase gene

Verticillium wilt Xing and Chin
(2000)

Chitinase genes,
rice

Verticillium wilt Singh et al. (2014)

Glucanase gene,
alfalfa

Fusarium
oxysporum

Singh et al. (2014)

Dm-AMP1 gene,
Dahlia merckii

Botritys cinerea Turrini et al. (2004)

Defensin gene,
wasabi

Alternaria solani Darwish et al.
(2014)

cry1Ac gene
(Bt-gene)

Eggplant fruit and
shoot borer

Shelton et al.
(2018)

Mi-1.2 gene,
tomato

Root-knot
nematode

Goggin et al.
(2006)

SacMi gene, S.
aculeatissimum

Root-knot
nematode

Zhou et al. (2016,
2018)

OC-IΔD86 gene,
rice

Root-knot
nematode

Papolu et al. (2016)

again inhibit the Verticilliumwilt pathogen. Resistance genes to Verticilliumwilt and
Fusarium has also been introduced by expressing a glucanase gene from of alfalfa
and a chitinase gene from rice, respectively (Singh et al. 2014). Furthermore, the
gene Dm-AMP1 from a Dahlia species has been introduced to eggplant to increase
the resistance to Botritys cinerea and some other fungi through a protein release
via the root exudates (Turrini et al. 2004). Resistance to Alternaria solani has been
introduced to eggplant by expressing a defensingene from wasabi.

Coming to insect pest resistance, aBacillus thuringiensis (Bt) cry1Ac gene, which
has been introduced into several important crops, has also been introduced into
eggplant to reduce the damage from eggplant fruit and shoot borer (Leucinodes
orbonalis) and other insect pests (Shelton et al. 2018). Modified eggplant varieties
with the gene are now used in South Asia since 2014 (ISAAA 2019).
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4.10 Genomics-Aided Breeding for Resistance Traits

4.10.1 Structural and Functional Genomic Resources
Developed and Applications

The fact that eggplant is one of the most cultivated Solanaceae crop, which has
received little attentionopen ahuge rangeof possibilities for the scientific community.
It has been observed that at least 40% of the most important agronomic traits of
this crop are controlled by the same genes that have been previously described in
other Solanaceaecrops such as potato, tomato and pepper (Doganlar et al. 2002b).
This feature will be very useful for genotyping characters on genetic maps and for
generating comparative maps between species.

The first interspecific linkage map developed in eggplant was constructed using
an interspecific cross S. linneanum × S. melongena (Doganlar et al. 2002a). For the
development of this map, markers previously described and located in tomato and
potato was used. Several years later this map was improved by Wu et al. (2009).
Later on, a new linkage map based on a different interspecific cross (S. melongena
× S. incanum) was developed by Gramazio et al. (2014). In this map, the prickliness
trait as well as the genes involved in the chlorogenic acid pathway and genes of the
polyphenol oxidases were located in different chromosomes. A new intraspecific
map was developed and used to anchor the genome sequence (Hirakawa et al. 2014).
More recently, another linkage map developed using 114 RILs between the “Ram-
nagar Giant” eggplant variety and the wild species S. incanum “W-4”, locating 1443
polymorphic markers between the two species of diverse molecular nature (Mishra
et al. 2020).

The first intraspecific map of eggplant was constructed by Nunome et al. (2001)
and improved by Nunome et al. (2009). Subsequently, Barchi et al. (2010) devel-
oped two intraspecific mapping populations from the cross between the breeding
lines ‘305E40’ and ‘67/3’. This map was improved using RAD-seq approach and is
composed mainly of SNPs (Barchi et al. 2012). Finally, two high-density intraspe-
cific genetic maps were developed using a cross between S. melongenaMM738 and
S. melongena AG91-25 (Salgon et al. 2017) and a double haploid population from
the cross EG203 ×MM738 (Salgon et al. 2018).

The genome-wide association mapping approach (GWA) was also implemented
in eggplant. The first attempt was carried out by Ge et al. (2013a), whom analysed
the association of several fruit traits. Taking advantage of the high-throughput SNP
technologies, new association studies were performed by Cericola et al. (2014) and
Portis et al. (2015). The authors were able to associate SNPs to several traits related
to fruit, plant, and leaf morphology.

Some works have attempted to unravel the relationship between eggplant and
some of its related species, seeking to find the reason for the resistance or tolerance
present in wild species and related cultivated species (Lebeau et al. 2013; Toppino
et al. 2008; Yang et al. 2014). QTLs related to fungal resistance have been found
(Barchi et al. 2018) and also some rootstock cultivars were developed to be resistant
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to bacterial wilt (Rakha et al. 2020). The mechanisms involved in the development of
the eggplant ovary when it is crossed with other cultivated species (S. aethiopicum)
and with different wild species have been studied. Performing a comparative analysis
of the transcriptome, more than 1600 transcription factors involved in interspecific
hybridization have been located (Li et al. 2020). In addition, themechanism that regu-
lates anther dehiscence has been studied in depth. Using fertile and sterile eggplant
accessions, relevant information has been obtained that makes it possible to clarify
what reactions are taking place in the flower (Yuang et al. 2021).

4.10.2 Details of Genome Sequencing

The first version of the genome was published in 2014 by Hirakawa et al. (http://egg
plant.kazusa.or.jp/) and it was a giant step in the improvement of the crop, since the
improvement processes were going to accelerate, for the development of this genome
an Asian type eggplant was used, elongated and purple. Despite this, this genome
was just a first draft and only reached scaffold assembly level and only covers 70%
of the genome.

The availability of the genome of the eggplant has allowed carrying out synteny
studies with respect to other nightshades (Portis et al. 2015; Gramazio et al. 2016) of
interest, such as tomato and potato. This has made possible to annotate a multitude
of genes (more than 800 in the work by Barchi et al. 2019a), some of them previously
described in otherrelated species, and to locate multiple translocations. In this sense,
the potential of using wild species in breeding was observed (Acquadro et al. 2017).
Wild relatives of eggplant separated into four clusters species that have been used
successfully in breeding programs (Plazas et al. 2016).

The new version of the eggplant genome developed and published by Barchi
et al. (2019b). This new genome was sequenced using a combination of Illumina and
single molecule optical mappingreaching chromosome-anchored genome assembly.
The annotation of the genome detected 34,916 high-quality protein-coding genes;
whichis similar to the previously annotated Solanum genomes (http://www.eggpla
ntmicrosatellite.org/). This genome information was used for resequencing seven
eggplants and its wild relative S. incanum to develop useful breeding tools (Gramazio
et al. 2019a, b).

A new genome is currently available, developed byWei et al. (2020). Its coverage
is around 91% compared to 74% of the genome developed in 2004 (Hirawaka et al.
2014). TheHQ-1315 accessionwas used, obtaining a genome of 1.17GB in size with
more than 36,582 protein-coding genes. This study has made it possible to locate
genes that control important crop traits. In addition, a QTL has been located on chro-
mosome 3 involved in the length of the fruit, and more specifically, a gene from the
SUN family (Smechr0301963) that regulates the length of the fruit in eggplant. In
addition, more than 200 markers have been identified associated with 71 morpho-
logical and physiological characters (size and color of the fruit, leaf morphology and
some nutritional components). Of these genes, at least 1009 are listed. Comparison

http://eggplant.kazusa.or.jp/
http://www.eggplantmicrosatellite.org/
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of this new genome with the previous ones has made it possible to locate some varia-
tions and confirm that the eggplant is phylogenetically speaking, closer to the potato
and tomato than to the pepper.

The currentgenome of the eggplant developed byLi et al. (2021) has found slightly
fewer high-quality protein-coding genes. Despite this, one of its potentialities is that,
within the specific genes of the family (646 genes), the genes related to the bacterial
spot of the eggplant and the genes involved in the synthesis pathway of chlorogenic
acid have been located. This feature makes this new genome a very useful tool for
the scientific community.

All the phenomic and genomic information available has allowed a more efficient
improvement in horticuoral traits. Shortening the development and adaptation times
of new cultivars is a primary objective, since mainly due to climate change and the
disproportionate increase in theworld population, agriculture has had to accelerate its
objectives. It tookmore than sevn years to developmarkers associatedwith resistance
to Fusarium (Toppino et al. 2008), however, it is possible to reduce these times with
new information and technologies (Barchi et al. 2018).

4.10.3 Impact on Germplasm Characterization and Gene
Discovery

At this time, having the phenotypic and genotypic information of the cultivated
species in the same database would save a lot of time and work for the breeders
(Raubach et al. 2020). Focusing on this objective, the “Germinate” database (https://
ics.hutton.ac.uk/cwr/eggplant/#/) was developed, which is a repository that collects
both the passport data of the material, genotypic data and phenotypic characteriza-
tion information, among others. One of its most important uses is to be able to search
for sources of resistance in related species, and thus improve the species more effi-
ciently.Many times, that variability is present, but that information is unknown, so for
germplasm banks to be more useful and accessible, they must have that information
collected and easily accessed.

Throughout the process of developing eggplant materials with crop wild relative
(CWR) introgressions, different evaluations have been made for biotic and abiotic
stresses (Barchi et al. 2018; Brenes et al. 2020a, b; Kaushik et al. 2016; Kouassi et al.
2020). Some interspecific hybrids were found to be very vigorous and exhibited a
powerful root system, which may explain greater tolerance to drought, as well as
greater stem vigor when eggplant is grafted onto vigorous interspecific aubergine
hybrids (Mangino et al., 2020). Therefore, the direct use of interspecific eggplant
hybridswithwild relatives as rootstocks is promising (Somvanshi et al. 2020). Global
warming, in addition to themultiple consequences it has had on crops, has accelerated
the search for sources of resistance or tolerance. Trying to find eggplant accessions
that are better adapted to very high temperatures, 315 upregulated genes and 342

https://ics.hutton.ac.uk/cwr/eggplant/#/
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downregulated genes have been located when different accessions of this cropwere
subjected to stress due to high temperatures.

Selection that has traditionally been made towards the shape of the fruit has had
a considerable impact on the genetic structure and diversity of the eggplant (Liu
et al. 2019; Stagel et al. 2008), an impact that has been detected with unique changes
distributed throughout the genome. The variability found in the Asian center of diver-
sity (Miyatake et al. 2019) has been represented using almost 900 molecular markers
and 893 eggplant accessions, from which a nuclear collection of 100 accessions
was developed. The increase in cystatin represented a considerable advance in the
development of rootstocks tolerant to nematodes (Papolu et al. 2016), as well as
the silencing of the Mi-msp-1 gene (Chaudhary et al. 2019). These advances have
occurred thanks to having the genome of the eggplant available (Chapman 2020).

4.11 Genetic Engineering

4.11.1 Brief on Genetic Engineering for Resistance Traits

Gene silencing (GS) is the switching off a certain gene expression in the plant cell
through transcription or translation process that possibly developed as a molec-
ular defense system against biotic stress (Waterhouse et al. 2001). Gene activity
suppression in plant species can be controlled by various molecular and biochem-
ical mechanisms such astranscriptional gene silencing (TGS), virus-induced gene
silencing (VIGS), RNA interference (RNAi) and micro RNAs. Transgenic plants
may be released as a result to manipulation of gene silencing approach that switch
off genes of interest. These indispensable strategieshaveopened new insights in front
of plant scientists (breeders, pathologist, entomologist, agronomist, etc.) forcrop
improvement as well as to accelerate and facilitate plant breeding programs in model
and non-model species. Moreover, GS technology has been significantly applied in
different research objectives like resistance to biotic stress (Scorza et al. 2001), food
quality (Ogita et al. 2003), protein value in tomato and maize (Segal et al. 2003),
quantity and quality of forest trees. In eggplant, VIGS tool has been successfully used
as an authoritative technology regarding gene function investigation. To accomplish
VIGS tool, a lot of vectors have been widely utilized for functional genomics anal-
ysis like Tomato golden mosaic virus (TGMV), Tobacco mosaicvirus (TMV), Potato
virus X (PVX) and Tobacco rattle virus (TRV) where TRV is particularly excessively
applied in Solanaceae species (Fu et al. 2005). Interestingly, four genes PDS, Chl
H, Su (Sulfur), CLA1 were silenced in eggplant by VIGS (Liu et al. 2012). Wang
and Fu (2018) applied VIGS approach to chalcone synthase gene (SmCHS) expres-
sion through fruit ripening process of eggplant where CHS gene expression was
related to a negative gravitropic response.Unfortunately, the gene silencing research
on eggplant is lack, thus many investigations are needed in the future regarding an
array of horticultural traits.
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4.11.2 Bt Eggplant

As indicated above, the eggplant fruit and shoot borer (Leucinodes orbonalis) is
a major constraint to eggplant production in Southeast Asia. An alternative to
conventional plant breeding against this pest is the development of transgenic plants
expressing the Bacillus thuringiensiscry1Ac gene (Shelton et al. 2018). This strategy
has proved as very efficient in other crops, such as cotton or maize, where other Lepi-
doptera borers aremajor pests (Hautea et al. 2016). The Indian companyMaharashtra
Hybrid Seeds Co. Pvt. Ltd. (Mahyco) transformed eggplant with the cry1Ac gene
under the control of the constitutive 35S CaMV promoter and the transformation
event called EE-1, which proved successful to control the eggplant fruit and shoot
borer, has been introduced in several lines and hybrids (Shelton et al. 2018). While in
India the cultivation of Bt eggplant was cleared for commercial cultivation in 2009,
since then it is under a moratorium (Hautea et al. 2016). However, in Bangladesh
commercial cultivation of several Bt eggplant varieties were approved and nowadays
there are over 1,000 ha cultivated of this transgenic eggplant with excellent results
in terms of yield and revenue, which was 19.7% and 21.7% higher compared to
non-Bt varieties (Shelton et al. 2020), demonstrating the high potential of transgenic
eggplant for dealing with pests such as the eggplant fruit and shoot borer.

4.12 Gene Stacking

Gene stacking is the process of combining two or more desirable genes (multigene)
into a single crop plant. The newly produced traits from this strategy can be called as
stacked traits and the crop species is known as biotech stacked (Singh et al. 2018).
Genetic variability plays a crucial role in crop improvement, breeding programs
and gene pyramiding. The source of variation may be derived from landraces, wild
species, RILs, etc. that support plant breeders to generate new cultivars and hybrids
with genes of interest through interspecific or intergeneric hybridization. Biotech
or stacked cultivars have advantages more than mono-trait varieties and theyallow
farmers to increase their crop production and overcoming the biotic (insects, diseases,
weeds) and abiotic (high temperature, salinity, drought) problems. Gene stacking can
be accomplished via two main approaches: hybrid stacking and molecular stacking.
Hybrid stacking aaproachcan be conducted byhybridization between the twoparental
lines that possess multi-agronomic traits of interestin order to introduce new popula-
tions with desirable traits. Although, the aforementioned tool is simplest and earliest
method of developing stacks, however there are some drawbacks like high cost, time
consuming, long process, selectable markers requiredand difficult to gain homozy-
gous crop plants for all transgenes. In molecular stacking approach, all genes of
interest can be inserted into the target plant jointly or sequentially using Agrobac-
terium mediated transformation as a standard transfer technique or biolistic method
(Que et al. 2010).In eggplant, gene pyramiding strategy can be applied for crop
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improvement where transgenic plants with a modified rice cystatin and root-knot
nematodes resistance were developed (Papolu et al. 2016). Interestingly, many future
advanced studies that associated with gene stacking to improve quality, quantity,
and biotic and abiotic stress resistance of eggplant particularly in omics era are
indispensable.

4.13 Protection of Eggplant Plant Material

Usually, plant breeders exert their intelectual property rights by protecting the
eggplant varieties they developed according to the International Union for the Protec-
tion of New Varieties of Plants (UPOV) requirements (Sanderson 2017). This is
usually done by filing an individual application for each variety with the authori-
ties of UPOV members granting breeders’ rights. New varieties have to conform to
the Disctinctness, Uniformity, and Stability (DUS) criteria according to the descrip-
tors used for evaluation of eggplant, which in the case of the UPOV guidelines for
eggplant include 43 morphological descriptors (UPOV 2002). New eggplant vari-
eties can have different genetic constitutions, typically being lines or hybrids and
nowadays, only in the European Union there are 405 registered eggplant varieties
(European Commission 2020). An special case of protection in the European Union
for landraces with distinctive features, is including them in the register of conser-
vation varieties. In the case of eggplant, there is one eggplant conservation variety,
which is the ‘Almagro’ eggplant, grown in a limited geographical area in the center
of Spain, and used for pickling (Hurtado et al. 2014).

4.14 Future Perspectives

Eggplant is a major vegetable crop with an increasing global cultivation. However,
eggplant is exposed to many abiotic and biotic stresses. Abiotic stress includes
salinity, drought and high tempratuers, and biotic stress includes soil-borne diseases
and many pests such as nematode, spider mite, whiteflies, aphids, eggplant fruit and
shoot borer, leafhopper, and thrips, in particularly tropics and subtrobics (Taher et al.
2017, 2020). Eggplant wild relatives are richer than cultivated eggplant in genetic
variations and could provide a great source for resistance to biotic and abiotic stresses
(Daunay and Hazra 2012). Commercial varieties containing wild relative introgres-
sions are not yet available and more research is required on using wild relatives in
eggplant breeding. In the past, researchers had limited molecular markers to work
with and could not easily introgress resistance genes into cultivated genetic back-
grounds because of wild characteristics linked at other resistance loci. Now with
functional genomics we have saturated markers, and such crossovers can be detected
in each region. From that point forward, these genes could be easily deployed in pest
resistant cultivars in the future. Of course if disease and insect resistance genes are
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combined in a single vaieity it would likely be a durable resistance package for biotic
stress especially under climate change.
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