
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

122,000 135M

TOP 1%154

4,800



Chapter 9

Reaping the Benefits of Next-generation Sequencing
Technologies for Crop Improvement — Solanaceae

Sushil Satish Chhapekar, Rashmi Gaur, Ajay Kumar and Nirala Ramchiary

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/61656

Abstract

Next-generation sequencing (NGS) technologies make possible the sequencing of the
whole genome of a species decoding a complete gene catalogue and transcriptome to al‐
low the study of expression pattern of entire genes. The huge data generated through
whole genome and transcriptome sequencing not only provide a basis to study variation
at gene sequence (such as single-nucleotide polymorphism and InDels) and expression
level but also help to understand the evolutionary relationship between different crop
species. Furthermore, NGS technologies have made possible the quick correlations of
phenotypes with genotypes in different crop species, thereby increasing the precision of
crop improvement. The Solanaceae family represents the third most economically impor‐
tant family after grasses and legumes due to high nutritional components. The current
advances in NGS technology and their application in Solanaceae crops made several pro‐
gresses in the identification of genes responsible for economically important traits, devel‐
opment of molecular markers, and understanding the genome organization and
evolution in Solanaceae crops. The combination of high-throughput NGS technologies
with conventional crop breeding has been shown to be promising in the Solanaceae trans‐
lational genomics research. As a result, NGS technologies has been seen to be adopted in
a large scale to study the molecular basis of fruit and tuber development, disease resist‐
ance, and increasing quantity and quality of crop production.
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1. Introduction

In developing countries, “population” and “food security” are the two major issues. These
problems get worse with the sudden climate changes that hamper production, yield, and
quality of food crops. Therefore, to keep in mind the food security for billions of peoples, an
initiative is required for improving the quality and yield of important crops. Several traditional
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plant-breeding practices have been carried out for producing new varieties that can withstand
with such changing climatic conditions besides increasing the productivity. These time-
consuming practices could make considerable progress in crop improvement using selective
germplasm, however, resulted in loss of biodiversity in the process. The recent advances in
crop genomics, particularly the use of high throughput next-generation sequencing (NGS)
technologies, look promising to identify causal genetic factors at genome by sequencing the
whole genome and transcriptome of a species. As a result, the complete gene catalogue of a
crop species and functional genes in different tissues could be identified besides allowing
studying the genetic pathways involved in growth and development and biochemical
pathways that eventually could be correlated with the crop phenotypes [1, 2]. Furthermore,
the sequence data generated in vast amount provide a basis of genetic variation such as single-
nucleotide polymorphisms (SNPs), which ultimately provide a relationship between genotype
and phenotype in different species.

The Solanaceae family comprises approximately 2500 flowering plant species under 102
genera. The family represents the third most economically important family after grasses and
legumes. Among the most important plants of this family are the potato (Solanum tuberosum),
eggplant (Solanum melongena), tomato (Solanum lycopersicun), and capsicum or pepper
(Capsicum annuum). They serve as important food crops and consumed worldwide due to their
high nutritional components. Solanaceae crops have high nutritional value due to the presence
of quality proteins, mineral salts, starch, vitamins, and antioxidants. Tomato majorly contrib‐
utes to dietary nutrition globally with beneficial effects to human health mainly attributed to
antioxidant compounds in the fruit such as lycopene and several other compounds such as
carotenoids, zeaxanthin, and vitamin C. Capsicum fruits are rich source of metabolites that are
beneficial for human health, such as carotenoids (provitamin A), vitamin C, vitamin A (which
destroy free radicals), vitamin E, flavonoids, and capsaicinoids (anticancer agent). Although
these compounds function as antioxidants and nutrients, they are used in traditional medicine
also due to their enormous medicinal properties. Eggplant serves as an excellent source of
antioxidants such as anthocyanins and several phenolics. Apart from this, it has a significant
effect in reducing blood and liver cholesterol rates in humans. Worldwide, potato tubers are
the principal source of starch along with proteins, vitamins, and antioxidants.

Here in this chapter, an attempt has been made to compile current research progress made
based on NGS technology in four most important Solanaceae crop plants: tomato, potato,
eggplant, and pepper. Furthermore, the application of NGS technology on those four crops
toward translational research has been discussed.

2. Next-generation sequencing technologies

Knowing the genome sequence of a species has an advantage in crop breeding. This became
possible with the revolution of DNA sequencing technologies. The Sanger method [3] was the
first-generation sequencing method based on DNA chain termination method of the single-
pass sequencing of one clone at a time. With the advent of NGS technologies, the sequencing
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of complete genome or transcriptome of a species/genotype has become possible within a few
hours. Utilizing various NGS platforms that are based on diverse chemistry and detection
methods, several crop genomes, including major Solanaceae crops have been sequenced [4–
7]. Among the various NGS technologies, three widely utilized platforms are Roche/454,
Illumina Genome Analyzer (GA), and ABI SOLiD. The Roche/454 GSFLX chemistry is based
on pyrosequencing and can produce up to 1 million reads of 600 bp to 1 kb [8]. The ABI SOLiD
chemistry is based on emulsion polymerase chain reaction and sequencing by ligation
technology, which can sequence up to 100 million reads of 50 bp in size [9]. The Illumina/Solexa
GA based on sequencing by synthesis method produces 320 to 640 million reads of 100–150
bp [10].

The third- and the fourth-generation sequencing technologies are being developed, the
majority of which allow the detection of single molecules with real-time sequencing. The
popular third-generation sequencing platforms are Ion Torrents/Life Technologies, Heli‐
Scope™/Helicos Biosciences, and PacBio RS/Pacific Biosciences. The fourth generation is
nanopore sequencing technology (Roche/IBM and Oxford). Ion Torrent company introduced
a very different approach in 2010 as “Personal Genomic Machine,” which was later commer‐
cialized by Life Technology. The chemistry is based on the real-time detection of the pH change
(release of hydrogen ions), with the incorporation of a nucleotide into a growing DNA strand
by a silicon detector [11]. The technology provides an average read length of ∼  200 bp. The
HeliScope introduced by Helicos BioSciences was the first commercially available single-
molecule sequencing (SMS) platform [12]. The technology is based on highly sensitive
fluorescence detection system with the incorporation of each nucleotide carrying fluorescent
dye in the growing strand. The read length obtained ranges from 30 to 35 bp. PacBio RS, a
single-molecule real-time (SMRT) sequencing technology, is based on the DNA sequencing by
synthesis method and contains the provision of the real-time imaging of fluorescently tagged
nucleotides for studying the sequence and structure of nucleic acid [13]. This technology not
only can produce a comparatively longer DNA sequence (average read lengths of 5500−8500
bp) but also has wider application in epigenetics research as the technology is able to detect
DNA methylation such as 4-methylctosine (mC), 5-mC, and 6-methyladenine (mA) [14].

The development of nanopore sequencing technology [15] begins an era of fourth-generation
sequencing technology and has promised a cheap and fast method of sequencing. The principle
involves threading a single-stranded DNA/RNA molecule electrophoretically through a
nanopore that causes altering the pore’s electrical properties and thereby modulating the ionic
current through the nanopore. Braha et al. [16] designed a biosensor using “α-hemolysin,” a
toxin isolated from Staphylococcus aureus. The first commercial sequencing device was an‐
nounced by Oxford Nanopore Technologies in 2012. Later, the technology was adapted and
commercialized by other companies like Roche with IBM, Electronic BioSciences, and NABsys
[17, 18]. This technology has advantage as sample preparation is not needed and the trans‐
duction and recognition occur in real time, on a molecule-by-molecule basis. The technology
produces very long reads (up to 10 kb), which could be are capable of inexpensive de novo
sequencing.
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3. Application of NGS technology in Solanaceae genetics and genomics
studies

NGS technologies have numerous potential applications in plant genetics and genomics, which
include generation of genomic resources, complete decoding of a species genome, differential
gene expression studies, whole genome association studies (WGAS), genomics assisted
breeding (GAB), etc. (Figure 1).

Figure 1. Overview of NGS applications in plant genetics and genomics

3.1. Transcriptome profiling of Solanaceae

Transcriptome sequencing of a species is the first step to access the functionally active genes.
The transcriptome sequencing either by first-generation Sanger sequencing or by high
throughput NGS approaches provides an insight into the expression of genes in a particular
tissue/or different developmental stages of a species. The vast amount of sequencing data serve
as a useful resource for the identification of sequence variations for the development of various
markers, which would enable the mapping of candidate genes/QTLs for important traits. These
applications have been discussed below in four important Solanaceae crops.
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3.1.1. Potato

Potato (S. tuberosum) is the world’s fourth largest crop after maize, rice, and wheat. It has a
number of ploidy levels ranging from diploid (2n = 24) to triploids, tetraploids, pentaploids,
and hexaploids. Most of the cultivated varieties are autotetraploid (4n = 48). Potato is the
world’s most important food crops that have edible tuber produced from stolons under
favorable environmental conditions. It is accepted worldwide as a cheap source of dietary
starch, protein, vitamins, and antioxidants, especially to feed large populations in developing
countries. To date, only 4,20,074 ESTs are available in NCBI database (http://
www.ncbi.nlm.nih.gov/nucest/?term=potato) that served as a valuable resource in various
studies of gene discovery and expression analysis in potato germplasm [19–22]. In 2011, Massa
et al. [23] reported a transcriptome sequence of S. tuberosum group Phureja clone DM1-3 516R44
using Illumina GAII platform. In this study, a total of 22,704 transcripts were identified, and
83% of these were of known function. The expression analysis was performed in a set of 32
tissues at various developmental stages and revealed that more than twenty thousand genes
were found to be expressed in normal potato tissue and of these, some showed tissue-specific
expression. In another study, using the weighted gene correlation network analysis (WGCNA),
18 gene co-expression modules were identified that comprised of a total of 5400 genes [24].
These modules were classified according to the high correlated expression profiles of genes in
particular developmental stages. Two modules contained mainly transcription factors that
showed co-expression in fruit development (e.g., Leafy Cotyledon 1 and transcriptional factor
B3 domains) and tuber-tissue-specific expression (e.g., APETALA and WRKY). In another
study, using digital gene expression (DGE) profiling, five genes encoding for DOF protein, a
blue light receptor, a lectin, a syntaxin-like protein, and a protein with unknown function were
found to be specifically associated with photoperiodic tuberization [25]. Hamilton et al. [26]
published transcriptome sequencing of three potato cultivars and identified a total of 55,340
SNPs using the Maq SNP filter. In 2013, a whole-genome transcript analysis of the pollen
mRNA of Solanumtuberosum, S. demissum, and their reciprocal F1 hybrids was performed using
Illumina GAII platform [27]. A total of 12.6 billion bases were obtained and were assembled
into 13,020 transcripts. They identified the transcriptional differences between these samples
and also identified nuclear genes that contributed to the differences observed in reciprocal
crosses. Very recently, a comparative transcriptome analysis of white and purple potato was
reported using Illumina HiSeq 2000 platform [28]. De novo assembly of the reads was per‐
formed for each cultivar using Trinity version r20131110 (http://trinityrnaseq.source‐
forge.net/). A total of 209 million paired-end reads were assembled into 60,930 transcripts.
They identified candidate genes encoding transcription factors involved in anthocyanin
biosynthesis. In a very interesting study, Aulakh et al. [29] reported global gene expression
comparisons between wild-type (Bintje) and an activation-tagged mutant underperformer (up)
using RNA-seq and identified approximately 1600 genes that were differentially expressed
between them, thereby suggesting the modification of various biological pathways in the
mutant variety.

3.1.2. Tomato

Tomato is an important vegetable crop that supplies vitamins and nutrients and consumed in
different forms around the world. Whole transcriptome sequencing of six tomato accessions
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Solanum pimpinellifolium was performed by sequencing by synthesis method of Illumina GAII
[30]. This resulted in the generation of 17 Gb of sequence data with 291,915,037 high-quality
reads and represented an average of 32.5 Mb of transcriptomic sequence per accession. By
using these data, a large number of SNPs were identified to analyze genetic variation in
cultivated and wild populations. A leaf transcriptome sequence data of tomato cv. Hon‐
gtaiyang 903 were generated using Illumina RNA-seq, which resulted in 50,616 transcripts
[31]. Eighty-four percent of these transcripts were functionally annotated in the NCBI nr
database and 94.5% in the tomato reference genome [24]. Of these, 14,371 transcripts were
found to be involved in 310 pathways. An expression analysis revealed that 2787 transcripts
showed significant expression after exogenous ABA treatment. These transcripts were related
to ABA signaling pathway, various transcription factors, heat shock proteins, and pathogen
resistance. The RNA-seq of one cultivated (Solanum lycopersicum M82) and five wild species
with two red-fruited (Solanumpimpinellifolium and Solanum galapagense) and three green-fruited
(Solanum habrochaites, Solanum chmielewski, and Solanum pennellii) varieties of tomato was
performed to study the changes in gene expression and diversity in DNA sequence of these
six species [32]. From this analysis, they identified several distinguishable polymorphic
positions between cultivated and wild genotypes. Further, to examine the effect of the fungal
symbiosis of tomato root on tomato fruit metabolism, Zouari et al. [33] performed an RNA-
Seq of S. lycopersicum cv. Moneymaker using Illumina GA and studied transcriptome profiling
during fruit maturation. A total of 712 differentially expressed genes in fruits from mycorrhizal
and control plants were identified. The majority of the regulated genes were involved in
various functions such as photosynthesis, stress response, transport, amino acid synthesis, and
carbohydrate metabolism. Further, it was found that AM fungi can serve as a replacement of
exogenous fertilizer for the growth of tomato plant with nutrient rich fruits. In addition, to
examine the hormonal response in tomato roots, Gupta et al. [34] published a transcriptome
atlas of tomato root using Illumina RNA-Seq method. By mapping the 165 million reads onto
the tomato reference genome (S. lycopersicum), they identified differential expression pattern
after various hormonal treatments. To look into regulatory and metabolic pathways specific
to fruit tissues, Matas et al. [35] reported a transcriptome study coupled with laser capture
microdissection. Five fruit pericarp tissues were sequenced by the pyrosequencing method of
GSFLX platform (Roche) and identified 20,976 high-quality expressed unigenes, which
included genes that showed expression specific to particular cell type and tissue. Very recently,
Mou et al. [36] performed a global analysis of transcriptome of cherry tomato (Lycopersicon
esculentum var. cerasiforme “XinTaiyang”) fruit after exogenous treatment of ABA and nordi‐
hydroguaiaretic acid (an inhibitor of ABA biosynthesis) to study their effect on fruit ripening
process. Of the total 25,728 genes, 10,388 were found to be differentially expressed. The data
also revealed the upregulation and downregulation of pigment-related genes after exogenous
ABA and NDGA treatment, respectively. Moreover, they also suggested the transcriptional
abundance of candidate genes involved in photosynthesis during inhibition of endogenous
ABA, which highlighted the significance of ABA in the regulation of ripening process in tomato
fruit. Further, to utilize the large amount of transcriptome data for tomato for studying gene
expression analysis, Bostan and Chiusano [37] recently presented a web-based platform, i.e.,
NexGenEx-Tom, that contain collection of high quality transcriptome data of several tissue at
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various stages of the development of different tomato genotypes and serve as a useful
approach for analysis of gene expression profiling and comparisons in various tissues/
genotypes.

3.1.3. Pepper (Capsicum)

The capsicum is a diploid, 2x = 2n = 12, and self-pollinating plant. Capsicum is closely related
to other members of the Solanaceae family, such as potato, tomato, and tobacco, that originated
in the New World. The genus contains 39 species of which only six species are cultivated, such
as C. annuum, C. baccatum, C. frutescence, C. chinense, C. pubescens, and C. assamicum [38, 39].
These Capsicum species are grouped as pungent (hot/spicy) and nonpungent (sweet) pepper
based on the presence and absence of capsaicinoid compounds, respectively, and therefore
used as a major ingredient in various cuisines around the world. The fruit contains beneficial
metabolites such as carotenoids (provitamin A), vitamins C and E, flavonoids, and capsaici‐
noids. It is also used as a coloring agent in food and also have several medicinal properties
and thus used in making of traditional medicine. Moreover, several studies have suggested
an effective role of capsaicinoids in inhibiting the growth of cancer [40–42], the painkiller in
arthritis, reducing appetite, and weight management [43–45]. For chili pepper, a large number
of varieties are available that are well adapted in diverse climate conditions around the world
[46]. Many studies were targeted toward various aspects, including the development of genetic
and genomic resources for crop improvement [39]. A Capsicum transcriptome database (DB,
http://www.bioingenios.ira.cinvestav.mx:81/Joomla/) was developed by the sequencing of C.
annuum transcriptome from different tissues [47]. They have obtained 1,324,516 raw reads from
which 32,314 high-quality contigs, and 51,118 singletons were assembled. Functional annota‐
tion of the 75% of the contigs was done resulting in 7481 novel sequences. Further, using 454
GS-FLX pyrosequencing platform, the transcriptome analysis of red pepper (C. annuum L.
TF68) was carried out [48]. They obtained approximately 30.63 Mb of EST data with 9818
contigs and 23,712 singletons. In another study, Nicolai et al. [49] performed transcriptome
analysis using Roche 454 pyrosequencing, and this consists of 23,748 contigs and 60,370
singletons. Using the data, they identified a total of 11,849 SNPs and 853 SSRs. However, in a
separate study, Ashrafi et al. [50] used three chili genotypes, namely, Maor, Early Jalapeno,
and Criollo de Morelos-334 (CM334) for transcriptome sequencing. From the first assembly,
they identified a total of 4236 SNPs and 2489 SSRs, while the second transcriptome assembly
based on Illumina GAII resulted in 22,000 high-quality putative SNPs and 10,398 SSRs.
Recently, the Pepper GeneChip array from Affymetrix in Capsicum for polymorphism detec‐
tion and expression analysis was reported [51]. Further, the hybridization of genomic DNA
from 40 diverse C. annuum lines and few lines from other cultivated species such as C.
frutescens, C. chinense, and C. pubescens resulted in generation of 33,401 single-position marker
(SPP) from 13,323 unigenes. Liu et al. [52] constructed de novo transcriptome assembly in C.
frutescens and obtained 54,045 high-quality unigenes in which a total of 4072 SSRs were
identified, including three candidate genes i.e., dihydroxyacid dehydratase (DHAD), Thr
deaminase (TD), and prephenate aminotransferase (PAT) involved in the capsaicinoid
biosynthesis pathway. Additionally, a total of 9150 putative SNPs in 3349 contigs were
identified between C. frutescens and C. annuum. In another study, a high-throughput tran‐
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scriptome profiling in two C. annuum varieties resulted in 279,221 and 316,357 sequenced reads
with a total of 120.44 and 142.54 Mb of sequence data. A total of 9701 and 12,741 potential SNPs
were identified [53].

3.1.4. Eggplant

Eggplant or brinjal (S. melongena L.), an autogamous diploid (2n = 2x = 24), is the third most
important vegetable crop from the genus Solanum after potato (S. tuberosum) and tomato (S.
lycopersicum). The eggplant is widely grown in Asia, the Middle and Near East, Southern
Europe, and Africa [54]. The eggplant fruit serves as an excellent source of antioxidants like
anthocyanin and phenolics [55, 56] and the tolerance to abiotic and biotic stresses [57].
Therefore, several genetic studies have been carried out from the last two decades targeting
various fruit traits such as size/shape and color. Moreover, the different origin of eggplant
from other Solanaceae spp. makes it an important crop for comparative and evolutionary
studies. In this regard, various aspects have been focused by researchers such as the develop‐
ment of genetic resources like molecular markers and genetic map that have been utilized for
comparative analysis with other spp. of the Solanaceae family. The eggplant belongs to the
Leptostemonum clade, which is far lagged behind the potato and tomato (potato clade) in terms
of the development of genomic resources as only a total of 226,664 nucleotide sequences were
available in NCBI database, of which majority (98,086) were obtained from ESTs generated by
Fukuoka et al. [58]. These 98,086 ESTs were assembled into 16,245 unigenes that covered only
a limited portion of eggplant transcriptome. Later, transcriptome sequencing was carried out
using Illumina sequencing and reads were assembled into contigs using Trinity program [59].
Of these, 80% (27,393) of unigenes showed matches with the sequences available in NCBI nr
database. A total of 29,717 genes were functionally annotated. A comparison of eggplant with
11 plant proteomes resulted in 276 high-confidence single-copy orthologous groups and
revealed that eggplant and its wild Leptostemonum clade relative “turkey berry” split ~6.66
million years ago in the late Miocene and the Leptostemonum split ~15.75 Mya from the potato
clade in the middle Miocene.

3.2. Whole genome and transcriptome sequencing of Solanaceae spp.

Whole genome sequencing of a species reveals the structural organization of genome, includ‐
ing a number of protein-coding and non-protein-coding genes and repetitive elements and
serves as the basis for finding genome-wide analysis of genetic variation, QTL mapping,
diversity analysis, association mapping of agronomically important traits for crop improve‐
ment, and comparative study of genome evolution between different species.

3.2.1. Potato genome

The draft sequence of 844 Mb genome of a homozygous double-monoploid genotype named
DM (DM1-3 516R44) was sequenced using three methods, namely, Sanger method, Roche/454
Pyrosequencing, and Illumina sequencing-by-synthesis method and assembled using the
SOAPdenovo assembly algorithm (PGSC; The Potato Genome Sequencing Consortium, 2011)
[6]. A heterozygous diploid line, i.e., RH (RH89-039-16) was also sequenced using shotgun
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sequencing of BACs and WGS, and its reads were mapped to the reference assembly of DM
genome (http://potatogenome.net). About 86% of the genome was anchored and assembled
into pseudomolecules. A total of 39,031 protein-coding genes were obtained; of them, 90%
were located on 12 pseudomolecules. To overcome the problem of heterozygosity and
inbreeding depression, which is the major drawback in potato improvement using traditional
breeding practices, the researchers selected a homozygous, double-monoploid form, referred
as DM for sequencing and integrated with sequence data of heterozygous diploid line RH. The
potato genome was the first among the asterid species to be sequenced, and a total of 2642
high-confidence asterid-specific and 3372 potato lineage-specific genes were identified and
also found the collinearity with 97.5% identity between DM and RH genome. Furthermore,
they identified 3.67 million SNPs and 275 gene-specific presence/absence variations and
concluded that the homozygous alleles were the reason for the reduced level of vigor in DM
line. They also studied the evolution of tuber development, which revealed that about 15,235
genes were found to be expressed in developing tubers.

3.2.2. Tomato genome

In the year 2012, the Tomato Genome Consortium (TGC, 2012) [5] reported the draft genome
sequence of inbred cultivar of tomato “Heinz 1706” using a combination of NGS technologies
(454/Roche GS FLX, Illumina Genome Analyser, and SOLiD sequencing). They predicted the
genome size of 900 Mb, which were assembled in 91 scaffolds aligned to 12 chromosomes. The
data revealed only 0.6% nucleotide divergence (in two tomato genotypes) compared to 8%
divergence with potato. The alignment of tomato–potato orthologous regions confirmed nine
large inversions during evolution. They predicted about 34,727 (in tomato) and 35,004 (in potato)
protein-coding genes. The analysis suggested that the genome triplications could have added
new gene family members such as RIN (ripening-inhibitor), CNR (colorless nonripening), ACS
(associated with ethylene biosynthesis), PHYB1/PHYB2 for red light photoreceptors, and PSY1/
PSY2 (phytoene synthase) for lycopene biosynthesis that mediate important fruit-specific
functions such as fleshiness and color. Further, the study reported the presence of noncoding
RNAs (ncRNA) with the identification of 96 miRNA genes in tomato and 120 miRNA genes in
potato genome. In another study, Aflitos et al. [60] performed the resequencing of 84 tomato
accessions and explored the genetic variability present among those cultivated tomato and its
wild progenitor. They identified more than 10 million SNPs in wild species, signifying the
dramatic genetic erosion of tomato. Furthermore, through comparative sequence alignment,
group-, species-, and accession-specific polymorphism was observed, which may be linked to
agronomically important fruit traits. Such information may be easily used by recent high-
throughput  genotyping methods for  the  detection of  genetic  variability  across  extensive
populations. The genomic information provided by these projects could be used for compara‐
tive genetic and genomic studies and in-depth sequence analysis in Solanaceae.

3.2.3. Pepper genome

The recent advancement in the sequencing and development of NGS technologies has
accelerated the genetics and genomics studies of capsicum. Recently, a draft genome sequence
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of a diploid hot pepper, i.e., “C. annum cv ‘CM334’” (Criollo de Morelos 334), was published
[7]. The variety CM334 has been utilized in breeding practices as it showed resistance against
Phytophthora capsici, pepper mottle virus, and root-knot nematodes. The authors reported
sequencing a total of 650.2 Gb pepper genome, which is approximately equal to 186.6× genome
coverage of 3.48 Gb estimated C. annuum genome by utilizing Illumina platform. Filtered reads
were assembled into 37,989 scaffolds using SOAPdenovo and SPACE (total 3.06 Gb). Anchor‐
ing of those contigs on high-density genetic map could assembled 86% of the (2.63 Gb; 1357
scaffolds) scaffolds onto 12 pseudomolecules of capsicum genome. A total of 34,903 protein-
coding genes were identified using the PGA annotation pipeline. The comparative analysis
showed a high level of conservation with its closest relative, i.e., tomato, as 17,397 orthologous
gene sets were identified, and their expression studies revealed that 8.8% of them showed
expression in leaf tissue and 46.4% were found to be expressed in pericarp tissue. As the pepper
genome is four times larger than tomato, the genome size increment seen is mainly due to the
presence of a large number of repetitive elements such as LTR retrotransposons. Of the
reported retrotransposons, the Gypsy family was found to present 12-fold more than the Copia
family when compared to another genome such as tomato, maize, and barley. Moreover, the
expression analysis of different capsaicinoid pathway genes showed that all genes were
expressed at 16 DPA, 25 DPA, and mature green stages of pepper fruit, but their orthologous
genes hardly showed any expression in tomato and potato fruits. This study confirms the
specificity of capsaicinoid pathway in the development of pungent flavor in pepper fruit.

To provide a better understanding of evolution and domestication of capsicum, Qin et al. [61]
reported two reference genome sequences of cultivated Zunla-1 (C. annuum L.) and wild
Chiltepin (C. annuum var. glabriusculum) pepper. They estimated the genome size of 3.26 Gb
and 3.07 Gb, respectively. The reads were assembled in scaffolds comprising 3.48 and 3.35 Gb,
respectively. They found different transposable elements (TEs) that covered ∼2.7 Gb (81%) of
the genome and estimated that the pepper genome expanded ∼0.3 Mya. Approximately 79%
of 3.48 Gb scaffolds contained 34,476 protein-coding genes that were anchored to chromo‐
somes by a high-density genetic map. Using an in-house-generated program, they identified
6527 long noncoding RNAs (lncRNAs), which comprised 5976 intergenic and 222 intron-
overlapping lncRNAs. In addition, the sequencing of small RNAs from five different tissues
allowed the identification of 5581 phased siRNAs. Based on plant micro-RNAs (miRNAs)
miRBase database, a total of 176 miRNAs were discovered of which 35 were found to be specific
to pepper. They also predicted 1104 target genes that have putative functions such as dihy‐
drolipoamide dehydrogenase (Capana12g000245) and α-CT (Capana09g001602) genes from
capsaicinoid biosynthetic pathway, suggesting the regulation of capsaicinoid biosynthesis by
miRNAs. Further, they identified 31% constitutively expressed genes and also 3670 genes that
were showing tissue-specific expression. The annotation of these genes resulted in the
identification of candidate genes for various traits. By a comparison of cultivated and wild
pepper genomes with data of 20 resequencing accessions, they identified genes for domesti‐
cation, which revealed molecular footprints of artificial selection. Moreover, they identified 51
gene families involved in capsaicinoid biosynthesis, and based on the phylogenetic analysis,
they concluded that independent pepper-specific duplications in 13 gene families had occurred
compared with tomato, potato, and Arabidopsis.
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3.2.4. Eggplant genome

To elucidate the genome structure and complexity, a draft genome sequence of eggplant has
recently been published in which the whole genome shotgun sequencing of eggplant variety
named as “Nakate-Shinkuro” was carried out using HiSeq 2000 sequencer (Illumina) [62]. The
high-quality reads were assembled using SOAPdenovo v1.05 into 1,321,157 scaffolds and
presented a draft genome assembly “SME_r2.5.1” that spanned approximately 74% (833.1 Mb)
of the total 1127 Mb of the eggplant genome. Also, transcriptome sequencing of “AE-P03” and
“LS1934” was carried out using Roche/454 FLX sequencer (Roche Diagnostics, Basel, Switzer‐
land). By merging the two data sets, a hybrid assembly was produced using PCAP.rep that
constituted 81,273 hybrid scaffolds of a total of 836.8 Mb in size. They predicted about 42,035
protein-coding genes in SME_r2.5.1 by Augustus 2.7. A total of 16,573 genes were located on
superscaffolds and showed an orthologous relationship with tomato.

3.3. Sequence-based molecular marker discovery and genetic mapping

Sequence-based molecular markers have been used in many comparative and functional
genomics studies because of their preferable features like genome-wide distribution, chromo‐
some-specific location, co-dominant inheritance, and reproducibility. The high-throughput
NGS technologies produce a huge amount of data, which is highly suitable for the identifica‐
tion of a large number of sequence variations in genome or transcriptome. For SNP identifi‐
cation, various SNP calling programs such as SOAPsnp [63], MAQ [64], Atlas-SNP2 [65],
SAMtools [66], and GATK [67, 68] have been used commonly [69].

In tomato, Sim et al. [70] developed the first large-scale SNP genotyping array using 8784 SNPs
based on NGS-derived transcriptome sequences of six different genotypes [71]. They con‐
structed three high-density linkage maps using interspecific F2 populations (with various
accessions of S. lycopersicum and S. pennellii). The physical positions of about 7666 SNPs were
identified relative to the draft tomato genome sequence and found that the genetic and the
physical distances were persistent. Such maps help to provide details of genetic order and
recombination, also to improve gene assemblies and to dissect the complex traits. In another
study, the genome-wide SNP genotyping was carried out with 7617 SNPs in 40 tomato lines
and identified 6474 polymorphic SNPs [72]. Further, the effect of SNPs on protein function
was studied, which revealed that the function of about 200 genes was altered by the substitu‐
tions phenomenon.

In eggplant, Barchi et al. [73] mapped QTLs associated with anthocyanin pigmentation using
inter- and intraspecific linkage maps. They used a combination of the restriction site-associated
DNA (RAD) strategy with high throughput sequencing (Illumina) to generate SNPs. A total
of 415 of the 431 markers were assembled into twelve major and one minor linkage group,
covering 1390 cM distance.

Very recently, in pepper, Devran et al. [74] developed molecular markers tightly linked to
potyvirus resistance 4 (Pvr4) by sequencing the parental lines and progenies using Illumina Hi-
Seq2500 in combination with bulked segregant analysis (BSA) approach. By comparative
analysis, they identified the syntenic regions between resistant and susceptible progenies, and
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more than 5000 single-nucleotide variants (SNVs) were identified that were converted into
CAPS markers and used to map Pvr4 locus using F2 mapping populations. In a separate study,
intron-targeting (IT) markers were developed from the NGS (5500xl SOLiD)-derived tran‐
scripts in tetraploid potato cv. White lady [75]. These markers were tested on various potato
genotypes and in other Solanum species. A detailed list of reports of NGS-based molecular
marker is given in Table 1.

S. No. Type of study Population/species Number of
SSRs

Number of SNPs/
InDels

NGS
platform

Reference

Capsicum

1 Transcriptome
profiling

TF68 (Capsicum annuum) 751 1536 SNPs
101 InDels

454 GS-FLX [39]

2 Transcriptome
profiling

Yolo Wonder and Criollo
de Morelos 334 (both C.
annuum)

853 11,849 454 GS-FLX
and Illumina

[40]

3 Transcriptome
profiling

Bukang (C. annuum)
First assembly

2,489 4,236 Illumina [41]

Second assembly 10,398 22,000 Illumina

4 Transcriptome
profiling

Xiaomila (Capsicum
frutescens)

4,072 9,150 Illumina [43]

5 Transcriptome
profiling

Mandarin (C. annuum) – 1025 454 GS-FLX [44]

Blackcluster (C. annuum) – 1059

6 Whole genome re-
sequencing

BA3 (C. annuum) – 154,519 InDels Illumina [76]

BA07 (C. annuum) – 149,755 InDels

7 Genome sequencing
with BSA

SR231 and Criollo de
Morelos334 (C. annuum L.)

– 5,000 SNV Illumina
HiSeq 2500

[74]

Tomato

1 Whole genome re-
sequencing

Ailsa Craig, Furikoma,
M82, Tomato
Chuukanbonhon Nou 11,
Ponderosa and Regina (All
are inbred lines of Solanum
lycopersicum)

– 1536 SNPs were
selected for
genotyping of
which 1293
successfully
genotyped and 1248
found polymorphic

Re-
sequencing
with ABI
SOLiD and
Genotyping
by Illumina
GoldenGate
Assay

[77]

2 Whole
transcriptome
sequencing

8 accessions of (S.
lycopersicum) and 1 of
(Solanum pimpinellifolium)

– 62,576 non
redundant putative
SNPs

Illumina [30]
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S. No. Type of study Population/species Number of
SSRs

Number of SNPs/
InDels

NGS
platform

Reference

Capsicum

3 Whole genome re-
sequencing and
transcriptome re-
sequencing

Several accessions of S.
lycopersicum and S.
pimpinellifolium

– 4,812,432 non-
redundant SNPs

Illumina and
454 GS-FLX

[78]

4 Whole genome
sequencing

S. pimpinellifolium – 4,680,647 Illumina and
454 GS-FLX

[78]

5 Whole genome re-
sequencing

‘Micro-Tom’ and ‘Heinz
1706’ of S. lycopersicum

– 1,231,191 Illumina and
454

[79]

6 Genome sequencing
and transcriptome
sequencing

S. lycopersicum accessions – 6,000 (identified)
5528 (validated)

Illumina and
454

[80]

Eggplant

1 Genome sequencing accessions of Solanum
melongena and Solanum
aethiopicum

2,000
putative SSRs

10,089 SNPs
874 (InDels)

Illumina [81]

Potato

1 Transcriptome
sequencing

Solanum tuberosum – 575,340 SNPs Illumina [26]

2 Genome sequencing S. tuberosum – 111,212 SNPs
13,094 InDels

Illumina [82]

Note: SNP—single-nucleotide polymorphism, SNV—single-nucleotide variant, SSR—simple sequence repeat, InDels—
insertion/deletion.

Table 1. List of transcriptome and whole genome sequencing using NGS technologies for development of genomic
resources in Solanaceae crop plants

3.4. Epigenomics during the age of next-generation sequencing technologies

Molecular breeding has a crucial role in the improvement of crops. Although conventional
breeding program brought a substantial increment of food production, however, with rapid
population growth worldwide, crop improvement should be accelerated so that climate
resilient, biotic stress-resistant, high-nutritional, and high-productivity cultivars could be
developed. The advent of NGS made it possible to study phenotypic variations caused by
genetic and epigenetic modification to facilitates crop improvement. The term epigenotype
was first introduced by Conrad H. Waddington to demonstrate the sum of interrelated
developmental pathways that enable one genome to give rise to multiple epigenomes and
consequently to multiple cell types that make up the whole organism. Nowadays, the term
epigenetics is commonly referred to all kinds of heritable changes that are not caused by
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changes in the alteration of DNA sequences but are triggered by chemical modifications on
the DNA (cytosine methylation) or on histone modifications (e.g., acetylation, methylation)
bringing about modulation of chromatin structure and function [83]. In recent years, small
RNAs have been emerged as key players in controlling epigenetic changes throughout the
plant genome.

3.4.1. DNA methylation

DNA methylation refers to the covalent addition of methyl group to the cytosine base at
position 5 by the action of DNA methyl transferases. In mammals, cytosine methylation occurs
mostly at CG sites and rarely at non-CG sites, while in plants, cytosine methylation can occur
in both CG and non-CG contexts. Non-CG methylation involves both symmetrical and
asymmetrical sites, CHG and CHH, respectively (H = A, T, or C). Much of our knowledge with
respect to DNA methylation is based on the studies performed on model plant Arabidopsis
thaliana. DNA methylation in plants is being catalyzed principally by three different enzymes.
The maintenance of symmetrical CG methylation during DNA replication is carried out by
Methyltransferase1 (MET1) (homolog of animal DNA methyltransferase DNMT1), while CHG
methylation is catalyzed by the plant-specific chromomethylase 3 (CMT3) and asymmetric CHH
methylation is mediated by domains rearranged methyltransferase 2 (DRM2) (similar to the
mammalian DNMT3 family) activity, which works through RNA-directed DNA methylation
(RdDM) pathway [83, 84].

The first ever single-base resolution methylomes of tomato fruits were established, which
revealed that fruit epigenome is not static, and the changes occur continuously during different
stages of fruit development. The whole genome bisulfite sequencing was employed to study
four different stages of fruit development. This study identified 52,095 differentially methy‐
lated regions of the 90% of the genome covered in this analysis in wild-type tomato fruits.
Comparative analysis of fruits from two nonripening mutants of tomato viz ripening-inhibitor
(rin) and Colorless nonripening (Cnr) demonstrated the changes in the methylation patterns
in the wild type and the mutants [85]. The Cnr mutation in tomato restricts normal ripening
process in tomato resulted in a colorless fruits develop a colorless pericarp [86]. Silencing of
the SlCMT3 gene in tomato resulted in the increased expression of LeSPL-CNR that encodes
for SBP-box transcription factor, which was located in the Cnr locus that ultimately triggers
Cnr fruits to ripen normally. These studies revealed that the induced ripening of Cnr fruits is
associated with a reduction of methylation at CHG sites of the LeSPL-CNR promoter, while a
decrease of DNA methylation in differentially methylated regions associated with the
LeMADS-RIN binding sites [87, 88].

3.4.2. Histone modifications

The interaction between DNA and proteins has a crucial role in the regulation of gene
expression. Chromatin immunoprecipitation (ChIP) can be employed to study such interac‐
tions. These interactions can be explored using a technique called ChIP, microarray platforms
(ChIP-on-chip or ChIP-chip) [89, 90]. More recently, NGS-based techniques are being used for
studying histone modifications where ChIP-Seq combines ChIP with massively parallel direct

Next Generation Sequencing - Advances, Applications and Challenges260



sequencing. ChIP-enriched DNA is sequenced directly, using the Solexa/Illumina platform,
and the readings were mapped to the reference genome. Histone modification phenomenon
includes methylation, acetylation, phosphorylation, ubiquitination, sumoylation, and ADP-
ribosylation. These modifications bring changes directly and cause structural changes to the
chromatin or indirectly through the mediator proteins. All histone modifications are reversible
and provide versatile ways for regulating gene expression during plant development and their
responses to environmental stimuli. The study found that the reversible acetylation and
deacetylation of specific Lys residues on core histone N-terminal tails catalyzed by histone
acetyltransferases (HDA) and histone deacetylases (HDAC), respectively [91, 92]. The action
of both enzymes regulates biological processes like transcriptional regulation. It was found
that generally, hyperacetylated histones are associated with gene activation, whereas hypoa‐
cetylated histones were involved in gene inactivation. ChIP-seq was employed to identify the
targets of ASR1 starting out with the purification of ASR1, by using the high-quality anti-ASR1
antibody. ChIP-seq data generated through this helped in identifying the genes encoding
aquaporins and those associated with the cell wall; these genes were associated with drought
stress response [93]. There are several studies reported where ChIP-seq along with ChIP-chip
methods were used to search genomes for locations associated with binding of several
transcription factors (TFs) such as RIN and fruitful homologs (FUL1/FUL2) [85, 94, 95]. The
investigation of genome-wide targets for the main regulators of fruit ripening viz. RIN,
FUL1, and FUL2 by combining RNA-Seq with ChIP-chip assay identified a total of 292, 860,
and 878 target ripening-associated genes in tomato [85, 95]. Therefore, a combination of ChIP-
seq and RNA-Seq with ChIP-chip are imperative tools nowadays and can be employed for
better understanding of transcriptional networks underlying tomato development.

3.5. Noncoding RNA (ncRNAs) in crop improvement

Recent advances in next-generation genome and transcriptome sequencing with thorough
bioinformatics and computational analysis laid to the discovery of numerous RNA types.
The ncRNAs are one of the great examples of such techniques. The ncRNAs has emerged
as  a  key  product  of  eukaryotic  transcriptionary  machinery  with  a  critical  role  in  the
regulatory  mechanism.  The  ncRNAs  are  being  classified  as  housekeeping  ncRNAs  and
regulatory  ncRNAs [96].  The  rRNAs,  tRNAs,  small  nuclear  RNAs (snRNAs),  and small
nucleolar RNAs (snoRNAs) are under the “housekeeping” ncRNAs, whereas the “regulato‐
ry”  ncRNAs  are  known  as  small  ncRNAs  (such  as  miRNAs  and  siRNAs)  and  long
noncoding RNA (lncRNAs) [96, 97].

3.5.1. Role of long noncoding RNAs in Solanaceae

The lncRNAs are defined as a non-protein-coding functional RNAs of more than 200 bp in
length with regulatory function and principally transcribed by RNA polymerase II. The
identification of lncRNA in plants and especially in Solanaceae is still at infancy as compared
with the human/animal genome. The application of high-throughput NGS technologies
toward identification and the characterizations of lncRNAs are being reported. Recently, by
analyzing around 200 A. thaliana transcriptome data sets, about 6480 lncRNAs were identified
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in the intergenic regions of the genome [98]. Further, 439 lncRNAs were identified in maize
[99], and in a more comprehensive way by integrating all available data sets for maize
transcriptome, high confidence 1704 lncRNAs were identified [100]. However, a systemic
study on lncRNAs in Solanaceae has not been done except some few reports. In pepper, a total
of 5976 long intergenic ncRNAs (lincRNAs), 222 intronic overlapping lncRNAs, and 329
bidirectional overlapping lncRNAs were identified from RNA-seq data of unopened flower
buds [44]. Recently, a genome-wide identification of lncRNAs in tomato was reported [101].
The study identified a total of about 3679 lncRNAs from wild-type AC tomato and mutant
ripening fruit (rin). The analysis further reported that out of 3530 and 3679 lncRNAs identified
in wild-type and rin mutant tomatoes, only 23 and 126 lncRNAs were transcribed specifically
in wild-type and rin mutant tomatoes, respectively. Most of the lncRNAs are derived from
intergenic regions. It was also found that 490 lncRNAs were upregulated in ripening mutant
fruits, while 187 lncRNAs were downregulated, suggesting the involvement of lncRNAs in
the regulation of fruit ripening. However, the function of lncRNAs has not been fully under‐
stood and studied. In a more conclusive study, the role of lncRNAs known as COOLAIR (cool-
assisted intronic noncoding RNA) and COLDAIR (cold-assisted intronic noncoding RNA)
during vernalization was investigated. These lncRNAs are involved in the epigenetic silencing
of FLC gene that subsequently promotes flowering [102]. The identification and the charac‐
terization of novel lncRNAs have enormous potential to open new windows for crop im‐
provement. Therefore, databases of lncRNAs named as PLncDB (plant long noncoding RNA
database) [103] and PNRD (plant ncRNA Database) [104] have been developed which provide
information about the functions and role of lncRNAs in plants.

3.5.2. Role of miRNAs in regulation of gene expression

MicroRNAs (miRNAs) are approximately 21 nucleotides long in length, and they are a class
of noncoding RNAs that play an important role in regulating gene expression in plants [105–
107]. Plant miRNAs mostly exert their effects by cleavage of target mRNA with full comple‐
mentarity, and their target sites are mostly found in coding regions thus altering the gene
expression [105–107]. Recent studies have shown that plant miRNAs also repress translation
via a slicer-independent mechanism and, therefore, mediates the expression of the genes
posttranscriptionally [108, 109].

There are mainly two major approaches for identifying miRNAs in plants: (1) experimental
and (2) bioinformatic approaches. An experimental approach includes forward genetics, direct
cloning, and next-generation high-throughput sequencing. High-throughput sequencing
technology showed significant progress in small RNA identification and has become com‐
monly available and affordable tool nowadays. A large number of miRNAs have been
identified by means of high-throughput sequencing and available in online database (http://
www.mirbase.org, accessed June 21, 2014), which currently holds 35,828 mature miRNA
products from 223 species. The majority of miRNAs identified so far have been obtained from
only a few model plant species, such as A. thaliana, Oryza sativa, Glycine max, and Medicago
truncatula. Despite the largest family in the plant kingdom, the annotated miRNAs are still
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very limited in Solanaceae [110–113]. It is necessary to understand the function of miRNAs in
Solanaceae. The study of the miRNAs in pepper has been reported based on identification
using an in silico approach [114]. However, there is a need to employ high-throughput
sequencing approaches on the pepper to discover miRNAs. Recently high-throughput
sequencing technologies have been employed to identify miRNAs in pepper from ten different
tissues such as leaf, stem, root, flower, and six developmental stages of fruits. Based on a
bioinformatics pipeline, the researchers successfully identified 29 and 35 families of conserved
and novel miRNAs, respectively. Moreover, their miRNA targets were also predicted com‐
putationally, many of which were experimentally validated using 5′ rapid amplification of
cDNA ends (RACE) analysis. Among them, one of the confirmed novel targets of miR-396 was
a domain-rearranged methyltransferase, the major de novo methylation enzyme responsible for
RNA-directed DNA methylation in plants. These studies carried out using NGS technologies
provide a basis for understanding the functional roles of miRNAs in pepper that can be
explored for the crop improvement [115].

Kim et al. [114] identified miRNAs and their target genes by analyzing expressed sequence tag
(EST) data from five different species of Solanaceae, wherein they revealed the presence of at
least 11 miRNAs and 54 target genes in pepper (C. annuum L.) and 22 miRNAs with 221 target
genes in potato (S. tuberosum L.). Apart from this, they identified a total of 12 miRNAs with
417 target genes in tomato, 46 miRNAs with 60 target genes in tobacco (Nicotiana tabacum L.),
and 7 miRNAs with 28 target genes in Nicotiana benthamiana. Further, the identified miRNAs
with their target genes were submitted to the SolmiRNA database, (http://gene‐
pool.kribb.re.kr/SolmiRNA). They showed the presence of both conserved and specific
miRNAs, which may play crucial roles in the growth and development of Solanaceae plants.
In addition, 12 miRNAs were randomly selected from a differentially expressed conserved
miRNA family and subjected to qRT-PCR validation. Of these, the expression level of nta-
miR167d was highly enriched in the leaf tissue, whereas the expression level of nta-miR319a
and nta-miR160c were specifically found in stem and root tissues, respectively. The target
prediction showed that most of the targets genes were those which codes for transcription
factors involved in cellular and metabolic processes [116]. Similar study was performed where
deep sequencing of leaf, stem, and root, and four early developmental stages of tubers were
performed [117]. The study revealed a total of 89 conserved miRNAs belonging to 33 families
and 147 novel miRNAs with 112 candidate potato-specific miRNAs. Digital expression
profiling based on TPM (transcripts per million) and qRT-PCR analysis of conserved and
potato-specific miRNAs revealed that some of the miRNAs showed tissue-specific expression
(leaf, stem, and root), while a few demonstrated tuber-specific expressions. Further, targets
were predicted for the identified conserved and potato-specific miRNAs. The predicted targets
of four conserved miRNAs are as follows, ARF16 (auxin response factor 16) for miR160, NAM
(no apical meristem) for miR164, RAP1 (relative to Apetala2 1) for miR172, and HAM (hairy
meristem) for miR171. Later they were experimentally validated using 5′ RLM-RACE (RNA
ligase mediated rapid amplification of cDNA ends). The list of databases for miRNA identifi‐
cation is presented as Table 2.
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Database Description Link Reference

miRBase Database of published miRNA
sequences and their annotation

http://www.mirbase.org/ [118–122]

deepBase A platform for annotating and
discovering small and long
ncRNAs (microRNAs, siRNAs,
and piRNAs) from next generation
sequencing data

http://deepbase.sysu.edu.cn/ [123]

miRanda-
microRNA.org

Database for predicted microRNA
targets, target downregulation
scores and experimentally
observed expression patterns

http://www.microrna.org/microrna/home.do [124]

DIANA-mirGen
2.0

Database of miRNA genomic
information and regulation

http://diana.cslab.ece.ntua.gr/mirgen/ [125]

miRNAMap miRNAMap Genomic maps of
miRNA genes and their target
genes in human, mouse, rat, and
other metazoan genomes

http://mirnamap.mbc.nctu.edu.tw/ [126, 127]

PMRD Plant miRNA database with large
information of plant microRNAs
data, consisting of microRNA
sequence and their target genes,
secondary dimension structure,
expression profiling, genome
browser, etc.

http://bioinformatics.cau.edu.cn/PMRD/ [128]

Table 2. List of databases for miRNA identification

3.5.3. miRNAs in plant growth and development

To investigate the role of miRNAs in ovary and fruit development of tomatoes, transgenic
plants were generated by overexpressing MIR167. The transgenic plants showed a reduction
in leaf size and internode length as well as shortened petals, stamens, and styles. The RNA-
Seq analysis identified many genes with altered expression patterns in tomato. Of these,
SpARF6 and SpARF8 genes involved in flower maturation in Arabidopsis have been found to
be significantly down regulated [129]. In a separate study, it was found that transgenic tomato
plants harboring AtMIR156b (A. thaliana miRNA 156b family) precursor resulted in abnormal
flower and fruit morphology; in addition, the fruits were characterized by the growth of extra
carpels and ectopic structures [130]. Moreover, these transgenic lines also displayed increased
the expression of genes, which are involved in maintenance of meristem and formation of new
organs such as LeT6/TKN2 (a KNOX-like class I gene) and GOBLET (a NAM/CUC-like gene).
Overall, these observations suggest that the miR156 is involved in the maintenance of the
meristematic activity of ovary tissues and participates in the normal fleshy fruit development.
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Several miRNAs have been identified in the fruit tissue. However, no miRNA has been
experimentally validated to be involved in fruit ripening. Recently, SlymiR157 and Sly‐
miR156 have been shown to regulate ripening and softening of tomato fruits. SlymiR157
governs the expression of key ripening gene LeSPL-CNR by miRNA-induced mRNA degra‐
dation and by translational repression. Furthermore, qRT-PCR profiling of key ripening-
related genes reveals that the SlymiR157-target LeSPL-CNR may also affect the expression of
LeMADS-RIN, LeHB1, SlAP2a, and SlTAGL1 [131]. Table 3 contains the list of databases for
miRNA target gene prediction.

Database Description Link References

starBase Interaction Networks of lncRNAs,
miRNAs, competing endogenous RNAs
(ceRNAs), RNA-binding proteins (RBPs),
and mRNAs from large-scale CLIP-Seq
(HITS-CLIP, PAR-CLIP, iCLIP, and
CLASH) data

http://starbase.sysu.edu.cn/ [132, 133]

miRwalk 2.0 Database with collection of predicted and
experimentally verified miRNA–target
interactions with various novel and unique
feature

http://zmf.umm.uniheidelberg.de/
apps/zmf/mirwalk2/index.html

[134]

targetScan Database and Webserver for predicted
miRNA targets in animals

http://www.targetscan.org/ [135–137]

DIANA-TarBase
v7.0

DIANA-TarBase v7.0 provides for the first
time hundreds of thousands of high
quality manually curated experimentally
validated miRNA–gene interactions

http://
diana.imis.athenainnovation.gr/
DianaTools/index.php?r=tarbase/
index

[138, 139]

DIANA -microT
v3.0

Accurate microRNA target prediction
database

http://diana.cslab.ece.ntua.gr/microT/[140, 141]

miRecords Manually curated database of
experimentally validated miRNA–target
interactions

http://c1.accurascience.com/
miRecords/prediction_query.php

[142]

picTar PicTar: a computational method for
identifying common targets of microRNAs

http://pictar.mdc-berlin.de/ [143]

RNA22 Web based browser to identity miRNA
targets

https://cm.jefferson.edu/rna22/
Interactive/

[144]

micTarBase miRTarBase has accumulated more than
fifty thousand miRNA–target interactions
(MTIs)

http://mirtarbase.mbc.nctu.edu.tw/ [126, 127]
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Database Description Link References

RNALogo Database with novel graphical
representation of the patterns in an aligned
RNA sequences with a consensus structure

http://rnalogo.mbc.nctu.edu.tw/ [145]

miRGator Database with microRNA diversity,
expression profiles, and target
relationships

http://mirgator.kobic.re.kr/ [146–148]

miRNAMap miRNAMap Genomic maps of miRNA
genes and their target genes in human,
mouse, rat, and other metazoan genomes

http://mirnamap.mbc.nctu.edu.tw/ [112]

miRDB Webserver for miRNA target prediction
and functional annotation

http://mirdb.org/miRDB/ [149]

RNA hybrid This tool is primarily meant as a means for
microRNA target prediction

http://bibiserv.techfak.uni-
bielefeld.de/rnahybrid/

[150]

miRU,
psRNAtarget

A Plant Small RNA Target Analysis Server http://plantgrn.noble.org/
psRNATarget/

[151]

miRNEST miRNEST is an integrative collection of
animal, plant and virus microRNA data

http://rhesus.amu.edu.pl/mirnest/
copy/browse.php

[152]

PMTED Plant MicroRNA Target Expression
Database

http://pmted.agrinome.org/
by_mirna.jsp

[153]

MIREX A platform for comparative exploration of
plant pri-miRNA expression data

http://www.comgen.pl/mirex2/ [154]

TAPIR Target prediction for plant microRNAs http://bioinformatics.psb.ugent.be/
webtools/tapir/

[155]

PASmiR A database for miRNA molecular
regulation in plant abiotic stress

http://pcsb.ahau.edu.cn:8080/
PASmiR/

[156]

Table 3. List of databases for miRNA target gene prediction

3.5.4. miRNAs in biotic stress

miRNAs have been identified in many plants with their diverse regulatory roles in biotic
stresses. miRNA sequencing was used to investigate the miRNA expression difference
between the tomatoes treated with and without Phytophthora infestans. Using high-throughput
sequencing technologies, they could identify a total of 207 known miRNAs and 67 novel
miRNAs. In addition to this, a total of 70 miRNAs were differentially regulated in the plants
treated with P. infestans; of these, 50 were downregulated and 20 were upregulated. Also, a
total of 73 target genes were identified for 28 differentially expressed miRNAs by using
psRNATarget analysis [157].

Next Generation Sequencing - Advances, Applications and Challenges266



The fungus Fusarium oxysporum f. sp. lycopersici causes vascular wilt disease in tomato. A
comparative miRNA profiling of susceptible (Moneymaker) and resistant (Motelle) tomato
cultivars were performed to explore the role of miRNAs in tomato defense against F. oxyspo‐
rum. SlmiR482f and SlmiR5300 were repressed during infection of Motelle with F. oxysporum.
Four predicted mRNA targets, two each of slmiR482f and slmiR5300, displayed increased
expression in resistant Motelle. This was further confirmed by co-expression analysis in N.
benthamiana. Silencing of the targets in the resistant Motelle cultivar compromised the resist‐
ance to F. oxysporum and confirmed the role of these genes in fungal resistance [158].

3.5.5. miRNAs in abiotic stress

Abiotic stress (such as salt, drought, and heat) is becoming a major constraint to crop produc‐
tion due to the climate change. miRNAs have been found to play a significant role in tolerance
to these stresses. For example, in tomato, transgenic lines were generated by the overexpression
of miR169 family member: Sly-miR169c that displayed reduced stomatal opening, decreased
transpiration rate, reduced water loss, and enhanced drought tolerance [159]. In eggplant, the
high-throughput sequencing of salt tolerant species was performed and identified 98 con‐
served miRNAs from 37 families [160]. Some of them were found to be expressed under salt
stress. These studies provide a better understanding about the regulation of gene expression
under abiotic stresses for genetic improvement of crops.

4. High-throughput genotyping technologies

With the development of various NGS platforms, thousands to millions of SNPs have been
identified from whole genome and transcriptome sequence data. Therefore, various high-
throughput genotyping platforms were developed simultaneously for large-scale genotyping
of SNPs in a large set of individuals. These platforms are the GoldenGate Genotyping Tech‐
nology (GGGT; Illumina, San Diego, CA, USA) [161], BeadChip-based Infinium assay (Illu‐
mina) [162], SNPStream (Beckman Coulter, USA) [163], GeneChip (Affymetrix, USA) [164],
and competitive allele-specific PCR, KASPar (KBioscience, UK) [165].

4.1. GoldenGate Genotyping Technology (GGGT)

The Illumina GGGT is a custom-based platform that covers construction of 96-1536 SNPs assay.
The method is based on BeadArray technology, which includes immobilization of genomic
DNA on avidin-coated particle. A further step is annealing of two allele-specific oligonucleo‐
tides and a locus-specific oligonucleotide for each SNP, later allele-specific primer extension
for generating allele-specific products followed by PCR amplification with universal primers.
It is a custom-based genotyping platform that allows screening of a vast number of samples
(up to 3072 SNPs) using a single multiplexed assay. Shirasawa et al. [77] utilized 1536-plex
SNP genotyping in tomato, of which 1293 were genotyped successfully. Moreover, 1248 SNPs
showed clear polymorphism in 663 accessions. For eggplant, Barchi et al. [73] identified >10,000
potential SNPs. Of these, 384 highest quality SNPs were used to genotype 23 diverse eggplant
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germplasm with respect to fruit shape and color, and observed polymorphic information
content values ranged from 0.29 to 0.5 with a mean value of 0.43.

4.2. BeadChip-based Infinium assay (Illumina)

It includes whole genome amplification followed by hybridization to oligonucleotide probe
attached to a bead, extension, and detection of fluorescence by iScan Reader. The assay considers
up to four million SNPs in a single sample run, or even up to several hundred thousand multiple
samples in the same array. The chemistry involves incubation of samples on bead chip where
they anneal to locus-specific 50-mers covalently linked to beads followed by allele-specific
single-base  extension,  fluorescent  staining,  signal  amplification,  scanning in  a  dual-color
channel reader, and analysis. This technology is advantageous as one can use a premade array
that is easily available commercially for selected species. Hamilton et al. [26] identified 69,011
high confidence SNPs from six potato cultivars and used for genotyping with the Infinium
platform. A total of 96 of these SNPs were used to assess allelic diversity in 248 germplasms and
found 82 informative SNPs for subsequent analyses. In 2012, Felcher et al. [166] reported
“Infinium 8303 Potato Array” comprising of 8303 functional markers which includes 3018 from
candidate genes of interest by utilizing the transcriptome data from Hamilton et al. [26]. These
were used for the genotyping and development of linkage maps. In tomato, a large-scale SNP
genotyping array using 8784 SNPs were obtained from transcriptome sequencing [30] and later
used for construction of a high-density linkage map of tomato [70].

4.3. SNPStream (Beckman coulter)

This method involves a single-base extension assay and tag array technology. It starts with a
multiplexed SNP-specific PCR followed by a primer extension reaction using tagged primers
and fluorescent-labeled nucleotide terminators, i.e., ddNTPs. The products are captured on a
tag array, which is then scanned to detect the hybridized extension primers and produce calls.
It allows the processing of up to three million genotypes in 384 samples at a time. This
genotyping system combines solid-phase primer extension assay and universal tags for SNP
genotyping. The instrument allows processing of 4,600–3,000,000 genotypes per day [167].

4.4. GeneChip (Affymetrix, USA)

The GeneChip assays are based on allelic discrimination by the direct hybridization of genomic
DNA to arrays containing locus- and allele-specific oligonucleotides (25 mers). Genomic DNA
is digested with a restriction endonuclease and ligated to adaptors, which are then amplified
by PCR using a single universal primer thereby creating a reduced representation of the
genome [168]. These PCR amplicons are fragmented, end-labeled, and hybridized. The
fluorescence signal is recorded by the GeneChip 3000 scanner (Affymetrix). The hybridization
scanning is evaluated as positive and negative signals. Hill et al. [42] developed a GeneChip®
array for analysis of polymorphism and expression in Capsicum. The array was designed from
30,815 unigenes, and hybridization was performed using genomic DNA of 40 diverse lines of
C. annum. They detected 33,401 single-position polymorphisms within 13,323 unigenes. A total
of 251 highly informative markers across these C. annuum lines were found. Also, a region of
8.7 cM was detected around Pun1 locus in nonpungent line that showed no polymorphism.
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In tomato, an oligonucleotide array was developed with 22,821 probe sets, which correspond
to 22,714 unigenes [169]. Genomic DNA isolated from three S. lycopersicum varieties, i.e.,
FL7600 (fresh-market), OH9242 (processing), and PI114490 (var. cerasiformae), were used to
hybridize with that array. They identified 189 putative single feature polymorphisms, and a
subset of these was utilized for validation which resulted in the identification of 279 SNPs and
27 InDels in 111 loci. Moreover, a subset of validated SNPs was used for analysis of genetic
diversity in 92 tomato varieties and accessions.

4.5. KASPar (KBioscience, UK)

The KBioscience-competitive allele-specific PCR (KASPar) is a simple, cost-effective, and
flexible way for determining both SNP and InDel in genotypes. It is a custom-based technology
that covers 96-1536‐well plate formats like Illumina’s GGGT. It relies on the discrimination
power of a novel form of competitive allele-specific PCR to determine the alleles at a specific
locus. The improvement has been made by incorporating a 5′–3′ exonuclease cleaved Taq DNA
polymerase (the engineered Taq increases its discrimination power) and a homogeneous
fluorescence resonance energy transfer (FRET) detection system, which makes this technology
more competent among the genotyping platforms. From the pepper transcriptome sequence
data, Ashrafi et al. [41] identified a large number of SNPs. A subset of them was validated by
KASPar assay and identified 78 polymorphic SNPs.

5. Genotyping By Sequencing (GBS)

This technology is comparatively new in which genomic DNAs from large mapping popula‐
tions are sequenced followed by SNP identification. This allows a rapid way for dissecting
QTLs for economically important traits in large mapping populations besides allowing genetic
diversity and the phylogenetic study between large numbers of accessions/genotypes. This
approach is based on reduced representation sequencing, which involves the digestion of
genomic DNA with appropriate restriction enzyme to capture a targeted portion of the genome
followed by adapter (DNA-barcoded) ligation, PCR amplification, and sequencing of multi‐
plexed libraries [170, 171]. For sequencing, the Illumina’s GAII and HiSeq and latest with the
Torrent PGM and Proton (Life Technologies) are used. To analyze the large sequencing data,
several automated pipelines are being developed, including TASSEL, UNEAK, and IGST.
Besides de novo SNP discovery, it offers the greatest advantage for those crops in which the
solid reference genome sequence is absent. GBS has emerged as a high-throughput, robust,
and cost-effective tool for genome-wide association studies and genomics-assisted breeding
in numbers of plant and animal species, in particular for those having a complex genome. The
utility of GBS has been demonstrated very well for discovery and genotyping of large number
of SNPs, genetic mapping, diversity analysis, and population structure [172]. Among Solana‐
ceae family, in potato, a high-quality sequence data of 12.4 Gb was obtained from which 129,156
sequence variants have been identified and mapped to 2.1 Mb of the potato reference genome
with average read depth of 636 per cultivar [173].
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6. Genome-Wide Association Study (GWAS)

The advent of NGS technologies provides a large number of sequence variants (mainly SNPs)
within a shorter period. These sequence variants can be utilized for QTL mapping, GWAS,
and germplasm characterization. The establishment of an association between genotype and
phenotype is a very challenging task. For crop improvement, it is necessary to determine the
genetic basis of the agronomic trait. GWAS is a powerful technique for detecting natural
variation and fine mapping of QTL underlying complex traits [174]. It requires a collection of
individuals or a population of diverse genotypes and highly polymorphic markers that
showed genome-wide distribution. This is a very robust method, in comparison to biparental
cross-mapping, to map multiple traits simultaneously. In tomato, Shirasawa et al. [77] reported
the whole genome resequencing of six tomato cultivars and detected 1.5 million SNPs by
mapping the reads onto the reference genome (SL2.40). They utilized Illumina GoldenGate
assay for genotyping of 1536 SNPs in 663 tomato accessions. There was no population structure
observed when analyzing the genetic relationship using the STRUCTURE software. Further,
they identified a total of nine SNP loci that were found to be associated with eight morpho‐
logical traits. To overcome the low polymorphism in cultivated tomato (S. lycopersicum), they
used genome admixture of the cultivated and its wild ancestor (S. pimpinellifolium) for
association mapping in tomato [175].

7. Next-generation sequencing toward translational research

7.1. Fruit traits (size, shape, ripening, and development)

The transcriptome studies in Solanaceae crops such as potato revealed the identification of
transcription factors associated with fruit development. A total of 632 lineage-specific genes
were identified, of which 289 genes were asterid specific and 343 were potato specific [23].
They identified 290 genes, including pectin esterase, lipoxygenase, and malate synthase. Leafy
Cotyledon 1 (LEC 1) and transcriptional factor B3 were found to be co-expressed in fruit tissues.
These TFs are consistently found to be involved in plant embryo development.

In tomato, using NGS technologies, several SNPs successfully differentiating between cherry
type and round/beef type tomatoes were identified [80]. The SNP data revealed that cherry
tomatoes share more SNPs with S. pimpinellifolium, a wild relative of the tomato. This revealed
a close phylogenetic relationship of cherry tomato with the wild type. Several SNPs belonged
to the chromosomal region that harbors genes/QTLs related to fruit weight, size, shape, and
color, indicating that the SNPs may be used to explore the other fruit traits. In a miRNA study,
it was observed that the transgenic tomato plants harboring AtMIR156b precursor resulted in
abnormal flower and fruit morphology [130], indicating that mir156b plays crucial role in
ovary and normal fleshy fruit development.

7.2. Tuber

The transcriptome of tuber tissue showed the presence of several transcripts that are specific
for tuber. Around 90 genes were co-expressed in tuber, including the genes involved in starch
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biosynthesis pathway such as glucose 6-phosphate/phosphate translocator and storage proteins
such as patatin [23]. The APETALA and WRKY transcription factors were specifically found to
be expressed in tubers. Further, using DGE profiling, the photoperiodic tuberization-specific
genes were identified and suggested that the potato tuberization may be controlled by the
genes associated with flowering time in other plant species [25]. These data contribute toward
the development of powerful resources that could be used in candidate gene mining for
important agricultural traits.

7.3. Pungency

Pungency is a special and economically important quality trait only found in pepper fruits,
and it has been studied extensively [7, 43]. NGS technology has a wide scope to explore this
trait and provides insights into the capsaicinoid pathway revealing the genes/loci associated
with pungency. The transcriptome profiling of C. frutescens revealed the identification of three
structural genes, namely, dihydroxyacid dehydratase (DHAD), Thr deaminase (TD), and
prephenate aminotransferase (PAT) involved in the capsaicinoid biosynthesis pathway [43].
They claimed the identification of several new candidate genes involved in the capsaicinoid
pathway. The comparative transcriptomic study of pepper with potato and tomato showed
that the different capsaicinoid pathway genes were expressed during placenta development
at 16 DPA, 25DPA, and mature green stages of pepper fruits, but their orthologous genes
hardly showed any expression in tomato and potato fruit [7]. The study confirmed the
specificity of capsaicinoid pathway in the development of pungency in pepper fruit.

7.4. Disease resistance

Using NGS technology, single-nucleotide variants (SNVs) were identified in resistant and
susceptible pepper population for potato virus Y and pepper mottle virus. The comparative
genomic tools were used to align the SNVs with syntenic region/loci of tomato. Later, the SNVs
were converted into PCR-based CAPS (cleaved amplified polymorphic site) marker to map
potyvirus resistance 4 (pvr4) locus. These molecular markers could be used in large-scale marker
assisted selection (MAS) programs [74].

7.5. Hormone and stress

Global transcriptome profiling of exogenously applied ABA tomato seedling revealed the
identification of a large number of genes related to various stress responses [31]. These
included several transcription factors, heat shock proteins, and pathogen resistance. Apart
from this, salicylic acid, jasmonic acid, and ethylene signaling pathways were upregulated by
exogenous ABA. The study suggested the role of ABA in improving pathogen resistance and
abiotic stress tolerance. Moreover, the tomato transgenic lines were developed with the
overexpression of Sly-miR169c, a miR169 family member. The transgenic plants displayed
reduced stomatal opening, decreased transpiration rate, reduced water loss, and enhanced
drought tolerance [159].
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8. Conclusion and future direction

As the sequencing technologies are advancing at a rapid rate, enormous genomic information
is being generated for Solanaceae crop plants. The question at present is how to utilize this
enormous NGS-generated information for Solanaceae translational research. The large-scale
phenotyping and transcriptome and whole genome resequencing of diverse genotypes from
each species and their correlation will help in the identification of genetic region and eventually
of candidate genes in the genomes. The integration of classical genetics, QTL mapping, and
whole genome and transcriptome sequencing would be helpful in accelerating the Solanaceae
translational research. Consideration of noncoding RNAs and epigenetics mechanism while
designing breeding strategies would expedite the manipulation of mechanisms underlying
various developmental aspects of plant biology in Solanaceae. Furthermore, the use of NGS
technology provides an opportunity to investigate and understand the structure and evolution
of complex Solanaceae genomes.
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