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Abstract

The next-generation sequencing revolution is allowing the whole-genome resequencing (WGRS) of
hundreds or even thousands of accessions for staple crops and model species. With the release of their
reference genome, progressively also other plants species are undertaking WGRS projects for a broad
variety of studies. In common eggplant (Solanum melongena), although a first draft of the reference genome
sequence has been published, no resequencing studies have been performed so far. In this chapter, we
present first results of the resequencing of eight accessions, seven of common eggplant and one of the wild
relative S. incanum, that correspond to the parents of a MAGIC population that is currently under
development using the newly developed eggplant genome sequence presented in chapter 7 of this book.
Over 10 million polymorphisms were identified among the accessions, 90% of them in the wild related S.
incanum, confirming the genetic erosion of the cultivated common eggplant. Among the MAGIC
population parents, the common polymorphisms distribution pattern along the chromosomes has revealed
possible footprints of ancestral introgressions from interspecific crosses. The set of polymorphisms has
been extensively annotated and currently is being used for further analyses in order to efficiently genotype
the ongoing MAGIC population and to dissect important agronomic and morphological traits. The
information provided in this first resequencing study in eggplant will be extremely helpful to assist plant
breeding to develop new improved and resilient varieties to face future threats and challenges.
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Introduction

The release of the first drafts and complete genomes of the most important cultivated crops has represented
a scientific milestone in plant biology. For the first time ever, genome sequences have provided a vast
amount of information for a comprehensive analysis of the genome structures, genes and repetitive
elements, among others (Huang et al., 2013). However, the information retrieved from the reference
genome sequence is not sufficient to provide a comprehensive picture of the structural and allelic variation
of a species or of its related genepool materials (Schatz et al., 2014). The continuing improvements in
sequencing technologies coupled with the significant decrease of the sequencing costs have opened the way
to the whole-genome resequencing (WGRS) of hundreds of cultivated accessions and wild relatives for
model crops and the most important economically cultivated crops such as Arabidopsis thaliana, tomato,
rice, soybean, or cotton, among others (Weigel and Mott, 2009; Xu et al., 2012; Aflitos et al., 2014; Zhou
etal., 2015; Du et al., 2018). In fact, WGRS can extremely speed up the challenging task of reconstructing
the "pan-genome puzzle" of a species through the identification of global polymorphisms and gene
variations, genomic structural variations, gene copy number, or copy number variation (Jha et al., 2016).
With WGRS, the natural variation of a crop can be can be easily captured through the identification of
millions of robust polymorphisms among accessions, allowing to perform forward genetics techniques and

genome-wide association studies, and thus unravelling the genetic base of complex traits of agronomic
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importance (Ogura and Busch, 2015). WGRS can also shed light on the history of a crop and identify the
genetic diversity bottlenecks occurred during the domestication and the genes that are associated with this
process. For example, Zhou et al. (2015) were able to detect 230 selective sweeps and 162 selected copy
number variants associated with ten genomic regions and nine domestication traits in addition to the
identification of 13 previously uncharacterized loci for agronomic traits in soybean including oil content,
plant height and pubescence form. Moreover, using this approach it is possible to associate genes and traits
with geographical areas revealing how populations and subpopulations have adapted to a specific
geographic area (Qi et al., 2013). Ultimately, the reconstruction and identification of the different stages of
breeding history and artificial selection by WGRS provide new and most efficient tools and strategies for
future crop breeding and biotechnology (Jiao et al., 2012).

Resequencing in eggplant

To our knowledge, no resequencing studies have been published in eggplant (Solanum melongena L.) so
far. In fact, despite the economic importance of this crop, which ranks fifth among vegetables in total
worldwide production (Faostat, 2016), and its role to guarantee food security in tropical and subtropical
regions, few genomic studies have been performed in eggplant and its wild relatives (Gramazio et al., 2018).
The disparity between eggplant and other important cultivated crops for genomic data and information is
still large, although some efforts are being done to narrow the gap. In comparison, in tomato several
resequencing studies have been published, including the resequencing of 360 cultivated and wild relatives
accessions representing several geographical origins, consumption types and improvement statuses (Lin et
al., 2014), 84 tomato accessions and related wild species to explore genetic variation (Aflitos et al., 2014),
experimental populations (Causse et al., 2013; Kevei et al., 2015, Zhang et al., 2018), elite cultivars
(Kobayashi et al., 2014; Jung et al., 2016), mutants (Shirasawa et al., 2016), abiotic stress tolerance
(Tranchida-Lombardo et al., 2018), among others.

The lack of resequencing studies in eggplant might be, in part, due to the unavailability of a high-quality
reference genome sequence and the corresponding annotation. Up to now, the eggplant research community
can rely on just a draft eggplant genome published in 2014, which is fragmented in 33,873 scaffolds
covering 833.1 Mb (ca. 74% of the eggplant genome) and where 85,446 genes were predicted (Hirakawa
et al., 2014). Thus, mapping a WGRS dataset onto this eggplant genome sequence could lead to a loss of
valuable information about the target of the study. A new high-quality eggplant genome sequence, obtained
by the “Italian Eggplant Genome Sequencing Consortium” (http://www.eggplantgenome.org/), has been
presented and will soon be released (see chapter 7 in this book, Barchi et al., 2016). Based on the statistics
presented, this new reference genome is much less fragmented and the number of genes annotated is about
35,000, very similar to those described in tomato (Tomato Genome Consortium, 2012). The imminent
availability of this high-quality reference genome will foster genomic studies as it occurred in other
cultivated species. In fact, our group, which had access to this improved genome sequence thanks to fruitful
collaborations with the members of the “Italian Eggplant Genome Sequencing Consortium”, took the
opportunity to use this valuable information to assist several research lines, including a re-sequencing study.
Among them, we have performed the WGRS of eight accessions that correspond to the parents of a MAGIC
(Multi-parent advanced generation inter-cross) population that we are currently developing. Seven out of
the eight parents correspond to common eggplants (S. melongena) from different geographic areas. These
accessions are phenotypically very diverse, showing substantial differences in fruit size, fruit shape, fruit
color, calyx prickliness, and many other agronomic and morphological traits. The eighth parent is a S.
incanum accession, a wild species from the secondary genepool of common eggplant (Syfert et al., 2016).
Solanum incanum is very interesting for eggplant breeding since has been reported as a powerful source of
phenolic compounds, showing contents several times higher than common eggplant (Stommel and
Whitaker, 2003; Prohens et al., 2013), and is tolerant to some abiotic and abiotic stresses, mainly drought
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(Knapp etal., 2013). The specific S. incanum accession (MM577) used for this WGRS has been extensively
characterized in other studies for several traits (Stommel and Whitaker, 2003; Gisbert et al., 2011; Salas et
al. 2011; Meyer et al. 2015). In addition, MM577 and one of the seven MAGIC parent, AN-S-26, have
been used to build an interspecific genetic linkage map to locate the candidate genes involved in the
chlorogenic acid biosynthesis pathway and other candidate genes of agronomic interests, as well as, the
candidate genes involved in the fruit flesh browning (Gramazio et al., 2014). Subsequently, this mapping
population was used to develop the first introgression line population in eggplant genepool (Gramazio et
al., 2017).

The main goal of this WGRS project was to provide a large set of molecular markers among the eight
founder lines to efficiently assist the genotyping of the first MAGIC population in eggplant, as well as, to
dissect the genetic base of complex traits of agronomic importance in eggplant, detect potential
introgressions associated to domestication and geographical areas and ultimately provide tools to clarify
the eggplant evolutionary history and enhance eggplant breeding.

High-throughput Sequencing and mapping

To generate a large set of high-resolution SNPs distributed throughout the genome, a whole-genome
sequencing approach was adopted. After preparing the Illumina paired-end libraries of 300 bp, the MAGIC
parents were sequenced on two lines of an lllumina HiSeq 4000 sequencer. The sequencing produced over
100 Gb of data with a range of 150 to 220 million raw reads per sample (Figure 1). Less than 3% of the raw
reads were discarded after the trimming and cleaning process and the remaining clean reads were mapped
onto the high-quality reference genome (Barchi et al., 2016). Over 80% of the reads were successfully
mapped with an overall coverage of around 20x. Thanks to the newly improved Illumina platforms, it
becomes affordable to have a good coverage also for genomes of medium size as S. melongena (around 1.2
Gb). In fact, just a few years ago, the most common mapping coverage in WGRS projects was around 10x
or less, including for small/medium genomes as rice, tomato or barley (Causse et al., 2013; Zhou et al.,
2015, Xu et al., 2012). Although single molecule real time sequencing (SMRT) platforms are becoming
more popular for de novo whole-genome sequencing, the lllumina platform is by far the most frequently
selected sequencing technology for WGRS studies, especially for high-quality and completed genomes,
since in this scenario the short read length is not a limitation and the higher throughput compared to other
technologies is preferred. New Illumina platforms, like NovaSeq 6000 System, can give an impressive
sequencing output up to 6Tb of data that correspond to around 20 billion paired-end reads and thus may
further decrease sequencing costs, which may foster resequencing studies in eggplant.

Variant calling, distribution and annotation

Over 10 million polymorphisms were identified among the eight MAGIC parents resequenced, most of
which were SNPs. While among the S. melongena accessions the variants identified were around one
million per accession, for the S. incanum accession the number of variants was over 9 million (Figure 2).
This large difference in polymorphisms between cultivated and wild relative species is quite common for
the most economically important and staple crops, where artificial selection for important breeding traits
and the seeking to uniformity for commercial varieties have dramatically increased their genetic erosion
(Aflitos et al., 2014; Zhou et al., 2015). Before the advent of the next-generation sequencing era, the
development of reliable molecular markers was not an easy and inexpensive task. In consequence, many
crops, in particular no-model crops, had been neglected from research studies and molecular-marker
assisted (MAS) selection. Common eggplant was one of them and just a few years ago the gap with other
economic important crops has been narrowed thanks to the first genomic studies performed (Gramazio et
al., 2018).



The variants detected were divided into 10 Mbp-sized bins in order to identify similar patterns of
polymorphisms distribution and associate them with potential common ancestral introgressions. Figure 3
shows an example of the distribution of homozygous SNPs for the chromosome 6. It is very clear that the
common eggplant accessions C, D, E and G presented a similar SNP distribution pattern from the beginning
of the chromosome 6 to about 25 Mbp and then until 60 Mbp the accessions C and D shared other common
peaks while the accessions E and G did not present the same ones. This similar SNPs distribution
represented by these peaks may be a footprint of an old interspecific introgression from a common eggplant
relative. Then the accessions C and D, which are from the same geographical area and probably shared a
recent ancestor, could have incorporated an additional introgression resulted from another hybridization
event. An alternative hypothesis could be that the accessions E and G might have lost part of the
introgression during the domestication events.

In addition, the variants were annotated and classified by impact (high, low, moderate or modifier), by
functional class (missense, nonsense or silent mutation), by the type (start lost, stop gained, stop lost, and
others) and region affected (intergenic, intron, exon, and others), as well as, DNA substitution mutations
(transitions and transversion) and amino acids changes. At the time this chapter is being written many
analyses are being performed using the information generated in this WGRS study like repetitive elements,
copy number variations (CNVs), relationship analyses among the accessions, or search for candidate genes
of important agronomic traits.

Conclusions

The combination of the decreasing cost of sequencing and the availability of high-quality sequencing
genomes are boosting resequencing studies even for no-model plant species, including eggplant. Although
for model plants like Arabidopsis thaliana (Weigel and Mott, 2009) or important staple crops like rice (Guo
et al., 2014) thousands of accessions have been resequenced during the last decade, the first resequencing
studies in other species of scientific or economic interest are, little by little, being published. The potential
of resequencing to interrogate the whole genome of eggplant and identify structural and functional variation
among accessions makes it a great powerful analysis and inquiry strength. Furthermore, its high versatility
of approaches and strategies allows answering many scientific and technical questions, including allele and
variants discovery, germplasm genomic characterization, domestication history, or dissecting agronomic-
associated loci for plant breeding, among others. The first resequencing efforts performed in eggplant can
boost the gathering of genomic data from the germplasm of this species and wild relatives, which may be
pivotal to develop a new generation of improved eggplant varieties adapted to present and future challenges
in eggplant production and fruit quality.
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Figure 1. Statistics of the sequencing of the eight MAGIC parents and the read mapping onto the eggplant
reference genome. The codes A to G correspond to S. melongena, while the code H to S. incanum.
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Figure 3. Distribution of homozygous variants along the first part of chromosome 6 divided into 10 Mbp-
sized bins (in red). The x-axis represents the Mbp of chromosome 6 and y-axis the number of homozygous
SNPs identified. The arrows of the same color indicate the similar SNP distribution pattern. The codes A
to G correspond to S. melongena, while the code H to S. incanum.

10



