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Abstract

Bioinformatics encompasses many tools and
techniques that today are essential for all areas of
research in the biological sciences. New databases
with a wealth of information about genomes, pro-
teins, metabolites, and metabolic pathways appear
almost daily. Particularly for scientists who carry
out research in plant biology, the amount of infor-
mation has multiplied exponentially due to the large
number of databases available for many individual
plant species. In this sense, bioinformatics together
with next-generation sequencing and ‘omics’
approaches, can provide tools for plant breeding
and the genetic engineering of plants. In addition,
these technologies enable a better understanding
of the processes and mechanisms that can lead to
plants with increased tolerance to different abiotic
stress conditions and resistance to pathogen attack,
as well as the development of crop varieties with
improved nutritional quality of seeds and fruits.

Introduction

In recent years, bioinformatics has emerged as a
new, interdisciplinary field of science that can be
described as the structuring of biological informa-
tion to enable the understanding of biological
phenomena (Edwards and Batley, 2004; Rhee et
al., 2006). Bioinformatics is essential in many areas
of biology such as molecular biology, genetics and

physiology, and plant biotechnology. Bioinfor-
matics also includes the collection of biological
information, storage and management of data, and
the development of software for analysis of large
data sets.

In order to deal with this deluge of available
information, scientists need the ability to collect
accurate biological data, store it in databases, and
organize it in a systematic way. In addition, com-
puter programs and mathematical tools such as
algorithms and statistics are necessary for the analy-
sis of the data.

Recent advances in genomic technologies have
led to the accumulation of large amounts of data,
resulting in a significant increase in the amount of
biological information available for plant research
and many other areas of biology, particularly the
biomedical sciences. The applications of bioin-
formatics in plant biotechnology have expanded
with the emergence of next-generation sequencing
(NGS) techniques and the various omics technolo-
gies, providing data integration across the various
omics platforms to reveal information about the
genome, transcriptome, proteome, metabolome,
and metabolic pathways of different plant species
(Edwards and Batley, 2004; Rhee et al., 2006).

In this review we cover some aspects of the
applications of bioinformatics to problems in plant
biotechnology, such as the improvement of fruit
quality, the use of bioinformatics tools for plant
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breeding, and the improvement of crop species in
their responses to various types of stress and patho-
gen attack. We also describe the databases available
for the study of gene expression and metabolites,
especially those containing information on differ-
ent plant species.

Gene expression and other

omics resource databases

Transcriptomic analysis comprises the study of
changes in gene expression profiles due to changes
in the normal condition of a cell or tissue. In addi-
tion, transcriptomic studies can be used to assess
how these changes in gene expression affect the
development, growth, or phenotype of a particular
biological system.

Microarrays are currently the most widely used
technology formonitoring gene expressionin plants.
This technique allows the simultaneous determina-
tion of transcript abundance for many thousands
of genes (Rhee et al., 2006). Microarray data may
be directly integrated into functional genomic
approaches aimed at both assigning function to
identified genes and studying the organization and
control of genetic pathways that act concurrently to
create a functional organism. The rationale behind
this approach is that genes with similar expression
patterns may be functionally related and subject to
the same or similar genetic control mechanisms.
Therefore, a common strategy undertaken in early
microarray studies was to analyse data by cluster-
ing genes into groups based on their expression
profiles scored over multiple experiments (Aharoni
et al., 2001; Brown and Botstein, 1999). Recently,
RNA sequencing (RNA-seq) has been developed
to directly measure mRNA profiles in a biological
system using NGS technology (Morin et al., 2008;
Weber, 2015). This technique has the advantage in
that it can generate relative measures of mRNA and
also individual exon abundance while simultane-
ously profiling the prevalence of both annotated
and novel exons and exon-splicing events. In
addition, it is possible to identify known single
nucleotide polymorphisms (SNPs) as well as novel
single-base variants (Morin ef al., 2008). Microar-
ray and RNA-seq techniques have enabled not
only the identification of genes and the networks
involved in different developmental processes, but
have also helped to identify the downstream genes

involved in such metabolic processes (Agarwal
et al., 2014). Fortunately, all gene expression data
collected under different metabolic and environ-
mental conditions is deposited in databases that are
publicly accessible (Table 6.1). These data provide
valuable information that could potentially be used
to produce improved plant varieties.

On the other hand, bioinformatics is also being
applied to the study and analysis of the metabo-
lome. The omics approach known as metabolomics
involves the comprehensive, high-throughput
analysis of complex metabolite mixtures that, ide-
ally, allows the identification and quantification of
every individual metabolite that are the end prod-
ucts of cellular regulatory processes (Gomez-Casati
et al., 2013). Metabolomic studies, in conjunction
with genomics or proteomics, can reflect changes in
the phenotype and function of a particular tissue or
organism. As with gene expression data, there are
several databases for plant species (some of which
also include useful information for biomedical
researchers). Some of these databases also provide
users with a powerful tool that allows them to gen-
erate an unambiguous means to identify structures.
This ‘tag’ is known as the International Chemical
Identifier (InChI) developed by the International
Union of Pure and Applied Chemistry (IUPAC)
and the National Institute of Standards and Tech-
nology (NIST). The InChl identifier is based on
the chemical structure, and it makes it easier to
perform searches on databases since the user can
translate from the InChl to the structure, or back-
translate. CheBI (www.ebi.ac.uk/chebi/) is one of
the databases that allow users to generate InChl
identifiers, and PubChem (http://pubchem.ncbi.
nlm.nih.gov/) has a structure drawing tool to gen-
erate the InChl identifier. In addition, Fiehn Lab
Chemical Translation Service (http: //cts.fiehnlab.
ucdavis.edu/) is an online tool that has the capabil-
ity to generate InChl identifiers.

Some of the most well-known of the available
metabolomics databases are the Golm Metabolome
Database (http: //gmd.mpimp-golm.mpg.de/ ),
which contains information about the mass spec-
tra from biologically active metabolites, and the
Human Metabolome Database www.hmdb.ca/),
which contains information on metabolites found
in humans, including biochemical, clinical, and
chemical data linking known metabolites to several
genes and proteins. The Madison Metabolomics
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Table 6.1 Plant-specific gene expression databases [23]
Plant species Database name URL
Arabidopsis NASC Arrays http://affymetrix.arabidopsis.info/Arabidopsis
Arabidopsis Genevestigator www.genevestigator.ethz.ch/
Arabidopsis AREX LITE www.arexdb.org/
Arabidopsis AraNet www.inetbio.org/aranet/
Barley Barleybase www.barleybase.org
Citrus CitrusPLEX www.plexdb.org/plex.php?database=Citrus
Cotton CottonPLEX www.plexdb.org/plex.php?database=Cotton
Generic GEO (Gene Expression www.ncbi.nlm.nih.gov/projects/geo
Omnibus)
Generic ArrayExpress www.ebi.ac.uk/arrayexpress
Generic Plant Co-expression http://planex.plantbioinformatics.org/
database
Generic Expression Atlas EMBL- www.ebi.ac.uk/gxa’/home
EBI
Generic BAR http://bar.utoronto.ca/
Generic PLANET http://aranet.mpimp-golm.mpg.de/
Generic PathoPlant www.pathoplant.de/
Generic Plant Promoter Database  http://linux1.softberry.com/berry.phtml?topic=plantprom&group=
data&subgroup=plantprom
Generic PLEXdb www.barleybase.org/plexdb/html/index.php
Grape GrapePLEX www.plexdb.org/plex.php?database=Grape
Maize Maize genomics and www.maizegdb.org/
genetics database
Maize Zeamage WwWw.maizearray.org
Maize MaizePLEX www.plexdb.org/plex.php?database=Corn
Medicago MedicagoPLEX www.plexdb.org/plex.php?database=Medicago
Poplar PoplarPLEX www.plexdb.org/plex.php?database=Poplar
Rice Rice Expression Database http://tenor.dna.affrc.go.jp/
Rice NSF Rice Oligo Array www.ricearray.org
Project Database
Rice Rice expression Profile http://ricexpro.dna.affrc.go.jp/
Database
Rice RicePLEX www.plexdb.org/plex.php?database=Rice
Solanaceae Solanaceae Gene www.tigr.org/tdb/potato
Expression Database
Solanaceae SolGenomics Network https://solgenomics.net/gem/experimental_design.pl?id=2
Soybean Soybean Genome and https://omictools.com/soybean-genome-and-microarray-
Microarray Database database-tool
Soybean SoyPLEX www.plexdb.org/plex.php?database=Soybean
Sugarcane SugarPLEX www.plexdb.org/plex.php?database=Sugarcane
Tobacco TOBFAC http://infogizmo.com/tobfac_tobacco_transcription_factors.html
Tomato Tomato Functional http://ted.bti.cornell.edu
Genomics Database
Tomato TomPLEX www.plexdb.org/plex.php?database=Tomato
Vitis vinifera (grape) VvGDB www.plantgdb.org/VvGDB/
Wheat WheatPLEX www.plexdb.org/plex.php?database=Wheat
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Database (http://mmcd.nmrfam.wisc.edu/)
contains information about metabolites deter-
mined using NMR and MS. Another integrative
cross-species and cross-technique database is
Metabolights (www.ebi.ac.uk/ metabolights/ ),
which contains information about metabolite
structures, spectra, and their biological roles.
Metabolomics at Rothamsted (MeT-RO) is a
project that contains several resources that can
be applied to plant and microbial metabolomics
(www.metabolomics.bbsrc.ac.uk/MeT-RO.
htm). The Metlin Metabolite Database contains
information on about 240,000 metabolites and
nearly 72,000 high-resolution MS/MS spectra and
tandem MS experiments (http://metlin.scripps.
edu/). PRIMe, a platform for RIKEN metabo-
lomics, is a database that integrates genomic and
metabolomics data. PRIMe contains information
on metabolites obtained from GC-MS, LC-MS,
CE-MS and NMR spectroscopy (http://prime.psc.
rikenjp/). ReSpect for Phytochemicals (http://
spectra.psc.riken.jp/menta.cgi/index) is a collec-
tion of more than 9000 literature and in-house
MSn spectra records for research on plant metabo-
lomics. MassBank (www.massbank.jp) is a shared
public repository of mass spectral data that, as of
this writing (September 2016), contained 41,092
spectra records. These data are useful for chemical
identification of compounds detected by mass spec-
trometry. The MS-MS Fragment Viewer (http://
webs2.kazusa.or.jp/msmsfragmentviewer/)
is a metabolomics database that contains FT-,
IT-MS/MS and FT-MS spectral data with predicted
structures of ion fragments observed in LC-FT/
ICR-MS analysis. Metabolome Express (www.
metabolome-express.org) is a public place where
GC/MS metabolomics datasets can be processed,
interpreted, and shared. It houses both uncurated
repositories as well as quality-controlled databases.
Databases specific for individual plant species
have also been developed; an example is the Metab-
olome Tomato Database (MoTo DB) (www.ab.wur.
nl/moto/), which is based on metabolites from
Solanum lycopersicum obtained by LC-MS. Plant
Metabolomics  (http://plantmetabolomics.vrac.
iastate.edu/ver2/) is a metabolomic and functional
genomics tool for determining the roles of Arabi-
dopsis thaliana genes. Terpmed (www.terpmed.eu/
databases.html) is another plant related database

that contains information about plant terpenoids,
particularly sesquiterpene lactones and phenolic
diterpenes important for use as therapeutic drugs.

There are also several resources that integrate
metabolic pathways with metabolite data such as
MetaCyc (http: //metacyc.org/ ) that contains
information on =2450 pathways from more than
2780 organisms, and BioCyc (http:/ /biocyc.org)
a collection of about 7600 pathway and genome
databases. PlantCyc (http: // plantcyc.org) is a
comprehensive multispecies database that collects
biochemical information from many plant path-
ways. Other related databases are RiceCyc (http://
pathway.gramene.org/gramene/ricecyc.shtml), the
Sol Genomics Network (http://solgenomics.net/
tools/solcyc/index.pl), AraCyc (www.arabidopsis.
org/biocyc/), HumanCyc (http://humancyc.
org/), Mapman (http://mapman.gabipd.org/web/
guest/mapman), ChemSpider (www.chemspider.
com/), (www.reactome.org), the
KEGG Pathway database (www.genome.jp/kegg/
pathwayhtml), KappaView (http://kpv.kazusa.
orjp/kpv4/ ), and KNApSAcK (http:/ /kanaya.
naistjp/KNApSAcK/ ). These databases are sum-
marized in Table 6.2.

Reactome

Applications of bioinformatics to
enhance fruit development and

ripening

The increasing number of NGS technologies and
new bioinformatics algorithms developed since
the publication of the Arabidopsis thaliana genome
sequence in 2000 (The Arabidopsis Genome Initia-
tive, 2000), have enabled a deeper understanding
of plant biology in both model species and crops
(Gapper et al., 2014).

Current NGS technologies enable whole-
genome shotgun DNA sequencing, and have
become established as the preferred genome
sequencing technology, due to longer read lengths,
drastically reduced costs, and improved assembly
algorithms. These advantages are reflected in the
fact that the genomes sequenced in the last 10 years
are mostly from crops or non-model plant species,
allowing an increase in the number of applied
studies in crops and fruits of interest (Feuillet et
al., 2011; Gapper et al., 2014; Hamilton and Buell,
2012).
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Table 6.2 Metabolomics resources databases

Name URL Information/species

ChEBI www.ebi.ac.uk/chebi/ Dictionary of small chemical molecules
PubChem http://pubchem.ncbi.nim.nih.gov/ General dictionary of chemicals

Fiehn Lab Chemical http://cts.fiehnlab.ucdavis.edu/ Chemical structures, names, synonyms and

Translation service
Golm metabolome database http://gmd.mpimp-golm.mpg.de/

Human metabolome database www.hmdb.ca/

Madison metabolomics http://mmcd.nmrfam.wisc.edu/
Database
Metabolights www.ebi.ac.uk/metabolights/

Metabolomics at Rothamsted =~ www.metabolomics.bbsrc.ac.uk/

MeT-RO.htm
MeT-RO
Metlin metabolite database http://metlin.scripps.edu/
PRIMe http://prime.psc.riken.jp/

ReSpect for Phytochemicals  http://spectra.psc.riken.jp/menta.

cgi/index
MassBank www.massbank.jp
MS-MS Fragment Viewer http://webs2.kazusa.or.jp/
msmsfragmentviewer/
MetabolomeExpress http://metabolome-express.org

Metabolome Tomato Database www.ab.wur.nl/moto/

MoTo DB

Plantmetabolomics http://plantmetabolomics.vrac.
iastate.edu/ver2/

Terpmed www.terpmed.eu/databases.html

MetaCyc http://metacyc.org/

BioCyc http://biocyc.org

PlantCyc http://plantcyc.org

RiceCyc http://pathway.gramene.org/
gramene/ricecyc.shtml

Sol Genomics Network http://solgenomics.net/tools/solcyc/
index.pl

AraCyc www.arabidopsis.org/biocyc/

HumanCyc http://humancyc.org/

Mapman http://mapman.gabipd.org/web/
guest/mapman

ChemSpider www.chemspider.com/

Reactome www.reactome.org

database identifiers

GS-MS

Chemical and biological data of human
metabolites

NMR and MS

Metabolite structures, spectra, function/
Cross-species

Plant and microbial metabolites

High-resolution MS/MS spectra and tandem
MS experiments

Genomic and metabolomics data, NMR
spectroscopy, GC-MS, LC-MS and CE-MS

MSn spectra data for research on plant
metabolomics

Database of mass spectral data
FT-MS, IT- and FT-MS/MS spectral data

GC/MS datasets
Metabolites identified by LC-MS

Arabidopsis and other plant species

Plant terpenoids, natural products,
secondary metabolites, therapeutic drugs

Integration of metabolite data with
metabolic pathways/2000 organisms

Collection of pathway/genome database
Multispecies plant database

Metabolic pathways, enzymes, metabolites

Pathway genome databases/Solanaceae
species

Metabolic pathways, compounds,
Arabidopsis

Metabolic pathways, genome/human

Datasets (e.g. gene expression data,
metabolic pathways)

Chemical structure database

Free curated and peer reviewed pathway
database
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[22]

Table 6.2 Continued

Name URL

Information/species

KEGG Pathway database
KappaView

KNApSAcK

www.genome.jp/kegg/pathway.html
http://kpv.kazusa.or.jp/kpv4/

http://kanaya.naist.jp/KNApSAcK/

Pathways, metabolism, genetic information,
cellular processes, human diseases

Metabolic pathway database aimed at
metabolic regulation

Species—metabolite relationship database

The genome sequences of 27 fruit and nut crops
have been published to date; these include grape
(Jaillon et al., 2007), papaya (Ming et al., 2008),
cucumber (Huang et al., 2009), apple (Velasco et
al.,2010), strawberry (Shulaev et al., 2011), tomato
(Tomato Genome Consortium, 2012), melon
(Garcia-Mas et al., 2012), banana (D’Hont et al,,
2012), Chinese plum (Zhang et al., 2012), pear
(Wu et al., 2013), watermelon (Guo et al,, 2013),
peach (Verde et al., 2013), kiwifruit (Huang et al.,
2013), orange (Xu ef al., 2013a), mandarin (Wang
etal.,2015), jujube (Liu et al., 2014), mulberry (He
et al., 2013), pineapple (Zhang et al., 2014), blue-
berry (Gupta et al., 2015), raspberry (VanBuren et
al., 2016), mango (Azim et al., 2014), macadamia
nut (Nock et al., 2014), cocoa (Motamayor et al.,
2013), coffee (Denoeud et al, 2014), hazelnut
(Hampson et al., 1996), aubergine (Hirakawa et al.,
2014) and pepper (Qin et al., 2014).

Nevertheless, the additional development of
physical and functional annotation and improved
genome assembly is required. For instance, the
assembly of the tomato genome is the most com-
plete of all fruit species sequenced, but functional
annotation of its genes is still incomplete (Gapper
etal,2014).

The new genomics approaches enable the identi-
fication of genes responsible for mutant phenotypes
in a way that is much faster than ever before. One
example is the cloning of a GOLDEN-LIKE2 Myb
superfamily transcription factor responsible for the
uniform ripening mutant in tomato. This mutation
has been bred into many commercial cultivars
resulting in more uniform ripening (Nguyen et al.,
2014; Powell et al., 2012).

The availability of a collection of mutants with
ripening inhibition phenotypes has been essential
to clarifying the transcriptional control of fruit
ripening (Gapper et al., 2014). Tomato has one of

the best characterized mutant collections available
(http://tgrc.ucdavis.edu/) (Gapper et al, 2014;
Seymour et al., 2013). Similar collections are the
European Prunus Database (www.bordeaux.inra.
fr/eupeachdb/ ) and the Citrus Genome Database
(www.citrusgenomedb.org/).

Gene expression during fruit ripening is also
regulated by epigenetic modifications, which can
consist of genome structure, packaging, and non-
sequence-based changes such as DNA methylation,
acetylation, and histone modifications (Gallusci
et al., 2016; Gapper et al., 2014). The entire set of
epigenetic modifications, known as the epigenome,
can be elucidated using NGS approaches. Recently,
using bisulfite sequencing of the tomato genome,
Liu and colleagues demonstrated for the first time
that active DNA demethylation is an absolute
requirement for fruit ripening to occur, and show a
direct cause and effect relationship between hyper-
methylation at specific promoters and repression of
gene expression (Liu ef al., 2015). However, even
in tomato, the extent and role of the epigenetic
regulation of fruit ripening is still relatively poorly
understood (Gallusci et al., 2016).

Several transcriptomic studies have identified
new regulators of fruit development and ripening.
Zhu and colleagues, using RNA sequencing and
functional analysis, demonstrated the regulatory
role of long non-coding RNAs in tomato fruit rip-
ening (Zhu et al,, 2015). In another example, Asif
and collaborators examined the global changes that
occurred during fruit ripening in banana, sequenc-
ing cDNA libraries from unripe and ripe banana
fruit pulp using the 454-GS platform (Asif et al.,
2014).

Frequently used proteomics techniques are now
being adapted to high throughput screening meth-
ods that allow for the increased use of annotated
genome sequences and robust bioinformatics tools.
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Mass spectrometry-based methods have gained
importance compared with antibody-based tech-
niques owing to their higher specificity, precision
and reproducibility, and the capability to quickly
analyse numerous peptide transitions in a single
test (Findeisen and Neumaier, 2009; Gapper et al.,
2014).

Using high-throughput iTRAQ_ (isobaric tag
for relative and absolute quantization of tryptic
peptides) and high-resolution mass spectrometry,
Li and colleagues performed comparative analyses
of the proteome and transcriptome during pear
fruit development and identified 35 differentially
expressed proteins related to fruit quality, includ-
ing proteins related to sugar formation, aroma
synthesis, and to the formation of lignin (Li et al.,
2015). Studies of this type can provide resources
for improvement of fruit quality in pear.

Fruits are an extremely rich source of primary
and secondary metabolites. Metabolomics studies
on the fruit ripening process have been undertaken
in several species including peach (Lombardo et al.,
2011), melon (Moing et al., 2011), tomato (Oms-
Oliu ef al., 2011), apple (Rudell ef al., 2009), pear
(Pedreschi et al., 2009), avocado (Pedreschi et al.,
2014) and pepper (Osorio et al., 2012). These stud-
ies have provided new insights into conserved and
unique metabolic pathways associated with fruit
maturation (Gapper et al., 2014).

One interesting recent study was a comparative
investigation to identify common and/or species-
specific modes of regulation in sugar accumulation.
For that purpose, Dai and collaborators designed a
process-based mathematical framework to compare
soluble sugar accumulation in three fruits: grape,
tomato, and peach (Dai et al., 2016). These authors
demonstrated that at maturity, grape presented the
highest soluble sugar concentrations, followed by
peach and tomato. They also showed that the higher
soluble sugar concentration in grape compared to
tomato is a result of higher sugar importation,
although the higher soluble sugar concentration
in grape compared to peach is due to lower water
dilution. On the other hand, they observed that
carbon utilization for synthesis of non-soluble
sugar compounds was conserved among the three
fruit species. These results increase our understand-
ing of the origins of differences in soluble sugar
concentration between fleshy fruits.
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Biotechnology and

bioinformatics for plant

breeding

At present, there exists a continuous challenge
in plant breeding to improve crops that produce
fodder, fuel, food, or other products through the
application of crop genetics (Ray and Satya, 2014).
These challenges are also related to the fact that
some crop genomes are not yet fully sequenced and
annotated, either because these crops have been
under-researched, or due to the structural complex-
ity of some very large genomes (Sikhakhane et al.,
2016).

The accessibility of whole genome sequences
allows for the identification of sequence-based
single nucleotide polymorphisms (SNPs) as DNA
markers instead of DNA fragment-based poly-
morphism identification, which has substantially
increased the number of informative markers that
can be developed (Stapley et al., 2010). In this
way, although there are various strategies for plant
breeding, the use of genomics-assisted breeding is
an effective and economic strategy that is becoming
widely used (Sikhakhane et al., 2016). Moreover,
the genetics of particular traits in species with large
and complex genomes may now be studied in
related plants with smaller genomes that share con-
served regions through comparative genomics.
This will potentially identify genes or quantitative
trait loci (QTL) and putative SNP markers to be
annotated for genome-wide association mapping.
The application of NGS techniques in several crops
is revolutionizing and accelerating the pace of plant
breeding (Sikhakhane et al., 2016). Fig. 6.1 shows a
scheme for plant breeding that incorporates NGS.

Since the introduction of the Sanger sequencing
technique nearly 40 years ago (Sanger et al., 1977),
several significant advances have been made that
address the limitations of this early technology.
These advances complement the development
of more sophisticated DNA sequencing meth-
odologies that allow de novo genome sequencing
by rapidly producing huge amounts of sequence
information at very low cost. Table 6.3 shows a
summary of the advances made in DNA sequenc-
ing technology, from dideoxy chain termination
sequencing to modern NGS technologies including
454 sequencing (Roche), Illumina sequencing-by-
synthesis, SOLiD sequencing by oligonucleotide
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Figure 6.1 Plant breeding assisted by NGS.

Table 6.3 NGS evolution timeline

Year introduced Method/Platform

Read length Performance (data yield)

1977 Sanger sequencing
2004 Roche/454
2006 lllumina
2006 ABI SOLID
2009 Helicos
2010 lon Torrent
PacBio

Up to 1000 bp
Up to 1000bp

Up to 84 kb per 3hours
700Mb per day

Up to 300bp 130Gb per 30h

Up to 50bp 20Gb per 72 hours

35bp (average) 35Gb per 8 days

35 to 400bp 2Gb per 5hours (average)

ligation and detection, single molecule sequencing
(Helicos Biosciences and Pacific Biosciences), and
Ion Torrent sequencing. There are available several
modifications for each of these technologies and
protocols are continuously being developed to
overcome some of the current limitations.

Despite the beneficial prospects of the various
NGS platforms, many limitations must be addressed
to maximize their potential. These limitations are
related to bioinformatics data analysis and the
storage and integration of the large number of data
generated by these technologies. This constant chal-
lenge is also related to the advent of new techniques
and protocols in order to make data treatment and
analysis easier. Therefore, high-throughput bioin-
formatics equipment, computational investments,
and human resources combined with several NGS
technologies will permit the data generated from
different sources to be used universally.

Genotyping-by-sequencing (GBS), a widely
used SNP discovery method, is feasible for spe-
cies with large genomes and species with high
levels of nucleotide diversity due to advances in

genomic technologies that have decreased the
cost of high throughput DNA sequencing. GBS
is based on NGS technology and takes advan-
tage of reducing genomic complexity to enable
high-throughput genotyping of large numbers of
samples at a large number of SNP marker loci
(Glaubitz et al., 2014). Repetitive regions of the
genome may be avoided and lower copy regions
targeted with high efficiency by using restriction
enzymes (REs). This approach widely simplifies
bioinformatic sequence alignment issues in spe-
cies that possess a high level of genetic diversity
(Elshire et al., 2011). This robust, cost-effective,
and straightforward method is widely used for
genotyping and linkage mapping in many diverse
plant species. Although the methods used to ana-
lyse raw GBS sequence data are constantly being
improved, there are two main commonly used
methods at present: genome-wide association
studies (GWAS) (Cantor et al., 2010; Visscher
et al, 2012) and TASSEL-GBS (Glaubitz et
al, 2014). These methods are designed for the
efficient processing of raw GBS sequence data
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for SNP genotyping. GWAS and TASSEL-GBS
procedures largely satisfy the following design cri-
teria: (1) the ability to run on modest computing
resources, including desktop or laptop machines
without a lot of RAM, (2) scalability from small
to large studies (large breeding programs), and
(3) applicability in an accelerated breeding con-
text. Wide adoption of these approaches across
different methods will speed up the production
of useful databases and datasets for effective plant

breeding (Sikhakhane et al., 2016).

Bioinformatics for studying

stress resistance in plants

The molecular regulatory networks involved in
stress resistance and adaptation in plants can be
decoded using a combination of omics studies
(Unamba et al, 2015). NGS technologies and
potent computational pipelines have reduced the
cost of whole genome and transcriptomic sequenc-
ing, allowing their application to model and
non-model plants. This generates a large number
of functional genomics resources, which allows
us to increase our understanding of the molecular
mechanisms underlying plant responses to stress
conditions (Xu et al., 2013b).

Plants constantly adjust their transcriptome
profile in response to different stresses (Debnath
et al., 2011); thus, techniques such as microarrays
or RNA-seq can provide a vast amount of infor-
mation about differential gene expression. One
example is the transcriptomic analysis of salt and
extreme drought tolerance in Ipomoea imperati, a
sweet potato relative, that was performed using 454
pyrosequencing by Solis and collaborators. This
study identified several genes related to salt toler-
ance in this species. The information generated in
this study could be useful in marker-assisted breed-
ing to improve salt tolerance in sweet potato (Solis
etal,2016).

In another report, Bhardwaj and colleagues
performed the first comprehensive transcriptome
study of B. juncea (the oilseed crop Indian mustard)
under conditions of high temperature and drought
stress (Bhardwaj et al., 2015). They constructed
three transcriptome libraries, sequenced them on
the Illumina GA IIx platform, and assembled the
high quality reads obtained using the SOAP de
novo assembler. Bhardwaj et al. identified a subset
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of about 19,000 transcripts that are differentially
regulated by either high temperature and/or
drought stress. Most of the up-regulated transcrip-
tion factor genes belonged to heat shock factors
and dehydration-responsive element-binding gene
families. This information will enhance the under-
standing of the molecular mechanisms behind the
plant responses to abiotic stresses, and will enable
efficient strategies to improve tolerance to high
temperature and drought stress.

Considerable progress has been made towards
engineering transgenic plants that express abiotic
stress tolerance. Analyses of the large quantity of
abiotic stress-related transcriptomic data generated
in several plant species has revealed the importance
of osmoprotectants in stress resistance. These
osmoprotectants help protect plants against the
damaging effects of osmotic and ionic stress. For
example, several drought- and salt-resistant trans-
genic potato plants developed using this strategy
have been reported. The tubers were successfully
engineered to express an osmotin-like protein
(Evers et al., 1999), glyceraldehyde-3-phosphate
dehydrogenase (Jeong et al., 2001), and nucleoside
diphosphate kinase 2 (Tang et al., 2008).

The many efforts to improve abiotic stress
tolerance in plants have resulted in important
achievements (Khan et al., 2015). However, due
to the complexity of stress tolerance, the success
of these strategies has been limited because most
of the resulting transgenic plants have been tested
only under controlled laboratory conditions. In
such conditions, transgenic plants are evaluated at
the early growth stage and are exposed to the stress
condition for a short period of time. Short exposure
experiments at early growth stages performed in
laboratories may not predict the response of the
plant under true field conditions. In addition, trans-
genic plants may be exposed to multiple stresses in
the field, which may suppress the protective effects
of the introduced transgene.

Future investigations into improving plant stress
tolerance should put more emphasis on combining
different approaches, such as multigenic strate-
gies to simultaneously incorporate more than one
gene in transgenic plants. For example, the genes
involved in osmoprotectant synthesis could be co-
expressed with other stress resistance-related genes
such as ion transporters and transcription factors
(Khan et al., 2015).
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Bioinformatics approaches

to study resistance to plant

pathogens

Plants have evolved a diverse range of strategies to
counteract pathogen attacks that involve the modi-
fication of gene expression, activation of several
metabolic pathways, and posttranslational modifi-
cation of proteins (Gomez-Casati et al., 2016).

The new DNA sequencing technologies, com-
bined with sophisticated bioinformatics, are having
a major influence on research in the field of plant
pathology. These technologies are gaining impor-
tance in studies of the genomics, metagenomics,
proteomics, metabolomics, and transcriptomics of
both the host plant and the pathogen, and are also
extremely useful in epidemiology and diagnostics,
especially with respect to viruses (Studholme et al.,
2011).

Whole genome sequences are available for
numerous plants and a diverse group of microbial
phytopathogens that includes bacteria, viruses,
fungi, and oomycetes. Many of these microbial
genome sequences were obtained using the tra-
ditional Sanger sequencing method. The first
plant pathogen genome sequenced using second-
generation sequencing technologies was P. syringae
pathovar oryzae, a bacterium that causes halo blight
on rice (Reinhardt et al., 2009; Studholme et al.,
2011). Reinhardt and colleagues sequenced the P.
syringae pv. oryzae genome by combining data gen-
erated from the Roche 454 and Illumina sequencing
platforms and using a new bioinformatics pipeline
based on their VCAKEv1.5 assembly algorithm
(Jeck et al., 2007). Since that time, several other
phytopathogen genomes have been sequenced
(Harrison et al., 2016; Studholme et al., 2011; Was-
ukira et al., 2014). These draft genome sequences
are expected to contain errors and be incomplete.
However, they can provide valuable information
about the molecular basis for infection of plant
hosts, including he sequences of potential novel
virulence factors, like T3SS effectors (Studholme
et al., 2009).

For disease diagnostics, NGS allows the direct
identification of bacteria or viruses in an unbiased
way without requiring previous knowledge of the
pathogen DNA/RNA sequence or antibodies
(Quan et al., 2008). Finding a pathogen nucleic acid
sequence within host tissue does not necessarily
prove that the pathogen is causing the plant disease

symptoms (Studholme et al., 2011). However, sev-
eral published cases present concrete evidence for
a relationship between the presence of disease and
the pathogen found. For example, Adams and col-
leagues found that the presence of Carrot yellow leaf
virus (CYLV) is strongly related to the occurrence
of internal necrosis of carrots by using a metagen-
omic approach, which consisted of constructing an
RNA-seq library and sequencing it on the Illumina
Miseq instrument (Adams et al., 2014).

At present, most of plant RNA viruses identified
by NGS were obtained from either total nucleic
acid or total double-stranded RNA extracted from
infected plant tissue (Barba et al., 2014). In another
strategy, host nucleic acid was eliminated by
hybridization to nucleic acid isolated from healthy
plants in order to enrich for virus sequences prior
to sequencing. Plant viruses can also be identified
indirectly by detecting specific RNA molecules,
called short interfering RNAs (siRNA), that the
host plant generates in response to infection by
RNA viruses (Mlotshwa et al., 2008). NGS of
siRNAs is a good approach to identify viruses
infecting plants, even when they are present at very
low titres and in symptomless infections.

Microbial metagenomic studies can be per-
formed on environmental samples or individual
plants (Dutta et al., 2014; Roossinck et al., 2015).
In general, most viruses identified in wild plants
cannot be associated with pathologies, although
some of them can be pathogenic when infecting
domesticated plants. Thus, the use of metagenom-
ics data provides advance knowledge of viruses that
could cause threats if they jump from wild species
into domestic hosts.

Using high-throughput transcriptomic tech-
nologies, such as microarrays or RNA-Seq, makes it
possible to obtain gene expression profiles from the
host plants and to detect gene expression changes
in the host-associated pathogen. On the other hand,
the use of different proteomics approaches allows
for the identification of many resistance proteins
that plants express in the presence of specific patho-
gen effectors that trigger its defence mechanisms.
Using this methodology, several antimicrobial
proteins expressed during phytopathogenic inter-
actions have been identified, mainly by high
resolution of two-dimensional polyacrylamide gel
electrophoresis coupled with mass spectrometry
(Gomez-Casati et al., 2016; Mehta et al., 2008).
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All of the omics technologies discussed here
can provide a wealth of information about the
pathogen life cycle, and enable the discovery of
novel virulence factors in pathogens as well as their
host targets (Gomez-Casati et al., 2016). Both
approaches are important for developing strategies
to improve disease resistance in plants.

Traditionally, the control of pathogen invasion
and spread has been achieved through breeding
programmes that focus on increasing host resist-
ance to particular pathogens, or by the application
of chemical pesticides and fungicides. A relatively
straightforward approach to generate pathogen
resistant plants is through introduction of genes
from other organisms to develop new cellular meta-
bolic pathways.

Several genes involved in specific immune
responses to different phytopathogens were iden-
tified using RNA-seq technology; these include
genes that encode a tyrosine protein kinase (Epk1)
(Pombo et al., 2014), a cell wall-associated kinase
(SIWAK1) (Rosli et al., 2013), and a nucleotide
binding leucine-rich repeat receptor (NB-LRR)
(Bernoux et al., 2011).

Whereas some attempts to engineer disease
resistance in economically important crop plants
have failed, several have been successful. Cao and
colleagues reported transgenic maize lines that
constitutively express a mutant E. coli dsRNA-
specific endoribonuclease gene and show increased
resistance to the dsRNA virus that causes Maize
rough dwarf disease (Cao et al, 2013). Mysore
and collaborators showed that the overexpression
of a serine/threonine kinase gene (Pto) in tomato
confers protection against P. syringae (Mysore et al.,
2003). In addition, the overexpression of NPR1,
a gene involved in systemic acquired resistance in
plants, resulted in increased disease resistance in
apple, Malus domestica, to two important fungal
pathogens, Venturia inaequalis and Gymnosporan-
gium juniperi-virginianae (Gomez-Casati et al.,
2016; Malnoy et al., 2007).

On the other side, the most usual way of obtain-
ing virus resistant plants is by expressing in them a
viral gene encoding the coat protein. So, the plant
produces this viral protein before the virus attacks,
and when the virus tries to infect the plant, the
host gene silencing pathway is already activated
and degrades the virus RNA early in the infection
process. All genetically modified virus resistant
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plants existing on the market (e.g. squash and papa-
yas) have this resistance mechanism (Ratcliff ef al.,
1999; Voinnet, 2001).

Conclusions

The application of bioinformatics to the study and
characterization of biological phenomena repre-
sents a fundamental shift in the way that scientists
study living organisms. As mentioned above, the
many genomic, transcriptomic, proteomic, and
metabolite databases available have the potential to
accelerate the rate of functional discoveries in plant
biology. Although these databases provide access to
gene information, gene expression data, and metab-
olite profiles, as well as the experimental conditions
used to generate them, additional measures are
needed to complement genome annotation efforts
effectively and to increase discovery of gene func-
tion and regulation. One possible course of action
would be the generation of reference expression
datasets for plant cells and/or tissues from specific
stages of plant development. In addition, it would
be highly desirable to develop databases which
could contain increasingly integrated information
about genomic, transcriptomic, metabolomic, as
well as proteomic and phenomic data for each plant
species.
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