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In the past decade, next-generation sequencing (NGS) platforms have changed the impact of sequencing on 
our knowledge of crop genomes and gene regulation. These techniques are today acquiring a great potential in 
metagenomic and agrigenomic research while showing prospects for their utilization in plant breeding. We can 
now obtain new and beneficial information about gene regulation on the cellular as well as whole-plant level 
through RNA-sequencing and subsequent expression analyses of genes participating in plant defence reactions 
to pathogens and in abiotic stress tolerance. NGS has facilitated the development of methods to genotype very 
large numbers of single-nucleotide polymorphisms. Genotyping- by-sequencing and whole-genome resequenc-
ing can lead to the development of molecular markers suited to studies of genetic relationships among breeding 
materials, creation of detailed genetic mapping of targeted genes and genome-wide association studies. Plant 
genotyping can benefit plant breeding through selection of individuals resistant to climatic stress and to patho-
gens causing substantial losses in agriculture. 
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Next-generation sequencing techniques began 
to develop in response to a need for capability to 
sequence larger numbers of samples at lower cost. 
The followed Sanger-based methods have not been 
suitable for processing huge numbers of samples, 
and massive parallel signature sequencing (MPSS; 
Brenner et al. 2000) also has limitations. At the 
beginning of the 21st century, the Roche Company 
introduced its Genome Sequencer. This was the first 
commercially available next-generation instrument, 
performing what was known as 454 sequencing. 
The following year, the Solexa Company developed 
its Genome Analyzer. A short time later Solexa was 
acquired by Illumina. The third next-generation 
device was created by Applied Biosystems and was 
called SOLiD (for Sequencing by Oligo Ligation and 
Detection). Since 2007, the market has been enriched 
by devices known as “third-generation” sequencing. 
Unlike next-generation sequencing, these devices 
do not require the amplification of a sample and 

enable sequencing of a single DNA molecule. While 
next-generation sequencing generates short reads a 
few hundred base pairs long, the third-generation 
technologies produce over 10 000 bp reads, allowing 
production of highly accurate de novo assemblies 
and generation of more contiguous reconstruction 
of the genomes with a high content of repetitive 
elements. The first third-generation sequencer was 
HeliScope by Helicos Biosciences. Then followed a 
PacBio RS sequencer from Pacific Biosciences. Today, 
the most advanced sequencing technologies include 
semiconductor sequencing by Ion Torrent and nano-
pore sequencing by Oxford Nanopore Technologies 
and Nabsys. The history of sequencing technologies 
was reviewed by Kumar et al. (2012). These tech-
nologies have been directed to clinical diagnosis of 
genes conferring human diseases, forensic genomics, 
metagenomics, epigenetics, and expression analyses. 
In the plant research area, next-generation sequenc-
ing (NGS) technologies have become important tools 
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for assembly of crop reference genomes, transcrip-
tome sequencing for the study of gene expression, 
whole-genome molecular marker development, and 
identification of markers in known-function genes. 
Some of these have become useful in the breeding 
of various crops. 

Reference genomes

Recent sequencing projects have expended a tre-
mendous amount of effort to sequence more complex 
genomes. The plant genomes consist of high content 
of repetitive elements due to the high copy number 
and amplifying nature of transposable elements with 
frequent segmental or tandem duplication. Ploidy 
is another challenge for sequencing projects, and 
results are dependent on many aspects, such as au-
topolyploid or allopolyploid character of the genome 
or the age of ploidization event. This complexity of 
the genomes had been a problem for a long time 
and it needed to be reduced involving sequencing 
library with partial representation of the genome 
using restriction enzymes or capturing sequences 
without enzyme digestion (Ray & Satya 2014). 
Many projects aimed to generate reference genome 
sequences for the species of interest. A reference 
genome sequence is an important tool for exploring 
genome structure and function, as well as to guide the 
genome assembly of closely related species. Moreo-
ver, the availability of reference genome sequences 
enables the mining of large amounts of molecular 
markers and candidate genes. Resequencing projects 
are more suited to pre-breeding activities and are 
directed to identifying genomic variations while 
inferring information about useful polymorphisms. 
To date, approximately 100 plant species have been 
sequenced into draft genome sequences.

Transcriptome research

RNA-sequencing (RNA-seq) is a relatively new 
method for both quantifying and mapping tran-
scriptomes, which uses recently developed deep-
sequencing technologies. This approach consists 
of converting RNA molecules to a library of cDNA 
fragments with adaptors, these fragments are se-
quenced, and the resulting reads are either aligned 
to a reference genome, or assembled de novo (Wang 
et al. 2009b). RNA-seq is used to obtain expressed 
sequence data in a specific tissue within a defined 
time. Moreover, this is possible for species even 

without a reference genome (Novaes et al. 2008). 
De novo transcriptome assembly using NGS data is 
an attractive option for the study of large and com-
plex genomes. Roche technology was successfully 
used in sequencing a series of non-model plants, for 
instance in comparative sequencing of transcripts 
from two olive trees during fruit development (Olea 
europaea L.; Alagna et al. 2008) and in transcrip-
tome analysis of the bread wheat cultivar Yunong 201 
(Triticum aestivum L.; Zhang et al. 2016). In ad-
dition to Sanger sequencing technique associated 
with the identification of expressed sequence tags 
(EST; Swarbreck et al. 2011), Illumina technology 
is generally useful for its better coverage of plant 
transcriptomes.

Data acquired by RNA-seq are universal. Further-
more, they can be used in gene characterization 
(Dassanayake et al. 2009) and molecular marker 
development (Trick et al. 2009).

There are tools that provide user-friendly interfaces 
for gene discovery in de novo transcriptomes, such as 
Trapid (Van Bel et al. 2013) and TrinotateWeb (http://
trinotate.github.io). Kamei et al. (2016) developed 
a tool that enables molecular breeders even without 
extensive bioinformatics knowledge to efficiently 
study de novo transcriptome data from any crop (Or-
phan Crop Browser; http://www.bioinformatics.nl) 
with a large and complex genome. They used that 
tool to identify the putative orthologues of 17 known 
lignin biosynthetic genes from maize and sugarcane 
in the orphan crop Miscanthus sinensis Andersson.

Identification of expressed genes

NGS technologies and RNA-seq enable the study 
of gene expression, which is becoming an important 
tool for plant breeding and identification of genes 
of interest conferring defence mechanisms against 
biotic and abiotic stresses. A study focused upon 
the pathogen Puccinia striiformis f.sp. tritici Erikss., 
which causes extensive damage in wheat, used RNA-
seq to find genes encoding effector proteins and which 
may be useful in breeding wheat varieties resistant 
to this pathogen (Garnica et al. 2013). A number 
of genes associated with phases of development were 
identified in the transcriptome analyses of cucumber 
(Cucumis sativus L.) using 454 sequencing (Ando 
et al. 2012). Nigam et al. (2014) used a combina-
tion of microarray and Roche technology to identify 
genes and their products associated with the quality 
of cotton fibre.
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To identify genes responsible for drought tolerance, 
Tang et al. (2013) used Roche’s 454-GS FLX System 
in an RNA-seq analysis of Populus euphratica Oliv., 
which grows in arid or semiarid regions. Similarly, a 
transcriptome of red clover (Trifolium pratense L.) 
was sequenced using Illumina technology and genes 
responsible for drought tolerance were discovered. 
Thus, three metabolites (pinitol, proline, and malate) 
whose concentrations increased in leaves as an impact 
of drought stress were identified (Yates et al. 2014). 
Soil salinity is becoming a major problem in many 
regions and, therefore, several studies have been di-
rected to discovering a molecular mechanism of salt 
tolerance in plants. Such a mechanism was ascertained 
for example in soybean (Glycine max /L./ Merr.; Fan 
et al. 2012), cotton (Gossypium aridum Rose & Standl; 
Xu et al. 2013a), and the halophyte turf grass Sporobo-
lus virginicus (L.) Kunth (Yamamoto et al. 2015). In 
addition, Illumina technology was used to identify 
genes responsible for copper tolerance (Wang et al. 
2015) and for metabolism-based herbicide resistance 
in Lolium rigidum Gaudin (Gaines et al. 2014). In 
the context of studying plant development, Illumina 
technology was used in a whole-genome study explor-
ing the function of plant-specific NAC transcription 
factor family during development and dehydration 
stress in soybean (Le et al. 2011).

In addition to Roche and Illumina technology, 
Ion Torrent was used in transcriptome analysis of 
finger millet (Eleusine coracana L.), which is a hardy 
cereal known for its tolerance to salinity, drought, 
and diseases (Rahman et al. 2014). This technol-
ogy was further utilized in transcriptome profiling 
of Jatropha roots (Jatropha curcas L.) to elucidate 
molecular responses to waterlogging ( Juntawong 
et al. 2014). Finally, SMRT technology by Pacific Bio-
sciences was used in studying the interaction of the 
bacterial pathogen Xanthomonas oryzae pv. oryzicola 
and its host, Oryza sativa L., using whole-genome 
sequencing of the pathogen and RNA-sequencing of 
the attacked host (Wilkins et al. 2015).

Study of epigenetic regulation

Epigenetic changes are responsible for alternations 
in gene regulation. Epigenetics includes some stable 
changes in the structure of proteins (prions), expres-
sion of small RNAs, and modification of chromatins 
(i.e. DNA methylation and adjustment of histone 
tails like in the cases of acetylation, methylation, 
ubiquitination, and phosphorylation). 

Traditional methods for studying epigenetics com-
prise methylation-sensitive restriction enzymes, 
antibodies specific to 5-methylcytosine, and bisul-
phite conversion. These have been coupled with 
microarray-based methods enabling the genome-wide 
analysis of DNA methylation (ChIP-chip method; 
Buck & Lieb 2004). The emergence of NGS brought 
a breakthrough for studying epigenetics, and these 
technologies have become important tools for ChIP-
seq when high coverage of sequence reads is required. 
Illumina technology was used in an extensive study 
of organ-specific epigenetic modifications and their 
impacts on mRNA and sRNA in maize (Wang et 
al. 2009a). An analysis of methylated regions in the 
tomato genome was performed by the combined 
technique of bisulphite conversion and Illumina 
sequencing, whereby it was demonstrated that epi-
genetic regulation along with hormonal treatment 
controls the ripening of tomato fruits (Zhong et 
al. 2013).

Small (~25 nt) endogenous RNAs known as micro 
RNAs (miRNAs) have emerged as key post-transcrip-
tional regulators in eukaryotic gene expression. They 
appear to be the principal regulators of development 
and various stress responses. The majority of miRNAs 
are highly conserved and complementary with the 
target mRNAs. In plants, these sites are mostly in 
coding regions and less frequently in the 5' untrans-
lated region. Several approaches can be used for the 
identification and verification of miRNAs. In silico 
prediction based on conserved sequences and sec-
ondary structures is commonly used, and these fast 
and low-cost methods have been successfully applied 
in rice (Bonnet et al. 2004). Another possibility is 
to create miRNA libraries and to follow this with 
cloning and sequencing, but this approach is limited 
by the low expression of these molecules, which is 
moreover time- and tissue-specific. 

Using Illumina technology, the identification of 
potential cadmium-responsive miRNAs and their 
target genes in radish (Raphanus sativus L.) roots 
has been performed (Xu et al. 2013b). SMRT tech-
nology by Pacific Biosciences was used with the aim 
of identifying circular RNAs using transcriptome 
analysis. These molecules play an important role in 
the function of miRNA and transcriptional control 
because they act as competitive endogenous RNA 
and as positive and negative regulators also of their 
parent genes (Lu et al. 2015).

Recent studies have revealed another important 
regulatory mechanism represented by long non-
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coding RNAs (lncRNAs). These RNA molecules are 
longer than 200 bp and do not encode any protein 
product. The recent studies have linked them to 
such processes as gene silencing, flowering time 
regulation, and abiotic stress responses (Wang et al. 
2014; Zhang et al. 2014). Identification of lncRNAs 
is performed using tiling array, EST analyses, and 
RNA sequencing. Recently, these molecules were 
identified in some crops, including wheat (Xin et al. 
2011), rape mustard (Yu et al. 2013), apple (Celton 
et al. 2014), and poplar (Shuai et al. 2014).

Mining of molecular markers 

There are many types of molecular markers, but 
single-nucleotide polymorphisms (SNP) and simple 
sequence repeats (SSR) are the most widely used. Min-
ing of molecular markers through NGS was originally 
limited to model species of Arabidopsis and rice. Mo-
lecular markers have been gradually discovered even 
in species without reference genomes, for example in 
durum wheat (Triticum durum Desf.; Trebbi et al. 
2011), common bean (Phaseolus vulgaris L.; Cortés 
et al. 2011), and red clover (Trifolium pratense L.; 
Ištvánek et al. 2014, 2017). Nevertheless, mining 
of molecular markers in many other economically 
important species remains limited by the error rate 
of sequencing techniques due to the incomplete 
reference genome, content of repetitive elements, 
or mistakes in sequencing. Therefore, Azam et al. 
(2012) developed a new approach to searching SNPs 
in chickpea (Cicer arietinum L.) known as coverage-
based consensus calling (CbCC). It consists of four 
freely available tools for local alignment: Maq, Bow-
Tie, Novoalign, and SOAP2. 

NGS offers several approaches that are capable 
of simultaneously performing genome-wide SNP 
discovery and genotyping in a single step. The most 
frequently used methods of genotyping utilize restric-
tion enzymes to capture the reduced representation 
of a genome (Miller et al. 2007). A new approach 
known as genotyping-by-sequencing (GBS; Poland & 
Rife 2012) has been developed as a rapid and robust 
approach to sequencing of multiplexed samples. It 
combines genome-wide molecular marker discovery 
and genotyping (Davey et al. 2011; Elshire et al. 
2011). The GBS approach includes the digestion of 
genomic DNA with restriction enzymes followed by 
ligation of barcode adapter, PCR amplification, and 
sequencing of the amplified DNA pool on a single 
lane of flow cells (He et al. 2014). 

Its cost-effective nature makes GBS an excellent 
tool for many applications in breeding inasmuch 
as it can genotype thousands and even hundreds of 
thousands of SNPs in crop genomes and populations 
and then identify SNPs correlated with traits of in-
terest. Thus, marker-assisted selection (MAS) could 
be widely applied to enhance crop yield, quality, and 
tolerance to biotic or abiotic stresses.

Current demands of plant breeding

Genome sequencing of important crops is becoming 
an initial step for ascertainment of the genome and 
evolution while ensuing resequencing steps allow 
elucidating genetic variability among individuals. 
Determination of the sequence further enables the 
targeted modification of specific genes using genome 
editing or identification of appropriate mutations in 
order to obtain a new allelic form. 

Typical plant breeding programmes are mostly based 
on phenotyping, but, due to the growing knowledge 
of the genetic background of important agronomic 
traits, there has recently been an urgent demand 
for genotype-based selection (Myles et al. 2010). A 
key factor in breeding which uses high-throughput 
sequencing is to associate a large amount of genomic 
data with systematic characterization of phenotypes 
for a wide range of traits and conditions. For this pur-
pose, high-throughput phenotyping platforms allow 
building a non-destructive record for a wide range of 
phenotypic traits over time using remote sensing and 
imaging techniques and specific software applications 
(Tisné et al. 2013; Petrozza et al. 2014). 

There are two main strategies for identifying marker 
trait associations (MTA). The one exploits the genotyp-
ing of an entire segregating population with markers 
densely covering the whole genome, and following 
scrutinizing the associations between phenotypic 
differences and marker genotypes. This approach is 
time-consuming and extensive, and therefore the ac-
quisition of precise phenotypic data at this scale may be 
logistically difficult. The other strategy is based on the 
genotyping of only that part of the population which 
manifests extreme phenotypes for target traits. MTA is 
then derived from allelic frequency differences between 
the groups of plants with contrasting phenotypes. In 
the last decade, the emerging high-resolution and 
cost-effective genotyping platforms have offered the 
opportunity for performing genome-wide association 
studies (GWAS). In different plant species, GWAS has 
been widely adopted to overcome some of the limitation 
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inherent in bi-parental linkage mapping (Lehmensiek 
et al. 2009), and it enables the direct utilization of plenty 
of MTA in crop design, since they are applicable to a 
wider germplasm base. In spite of many studies done in 
crops, the expected effect of a candidate gene has been 
verified only in a few cases (Chen et al. 2014) because 
several independent studies and pieces of evidence are 
needed for definitively assigning an SNP association 
signal to a candidate gene.

The next step, after sequencing and MTA detection, 
is molecular marker-based selection. There exist two 
main strategies for molecular selection. The one uses 
molecular markers which are located inside or nearby 
a locus with the known phenotypic effect, and this 
process is known as marker-assisted selection (MAS). 
This approach started to appear in plant breeding 
as a result of the fact that some traits are difficult to 
control through the standard phenotypic selection, 
and the expression of some traits is dependent on 
environmental conditions or developmental stages 
(Xu et al. 2003). Another complication is difficult 
maintenance of recessive alleles during backcrossing 
or pyramiding multiple monogenic traits. This pro-
cess is utilized in selecting relatively small numbers 
of genes with the major phenotypic effect. MAS was 
usually connected with genetic mapping, and this 
process comprises multiple consecutive steps from 
development of mapping populations, genetic map-
ping, and marker validation to MAS application. The 
following integration of genetic mapping and MAS 
relied on combining multiple approaches such as link-
age disequilibrium analysis of diverse genotypes or 
advanced backcross mapping (Xu & Crouch 2008). 
Two major advantages of the integration consist in 
the ability to carry out MTA using a breeding popula-
tion and combining MTA development and validation 
within a single breeding program. In the last decade, 
MAS was used in several important crops, such as 
wheat (Kumar et al. 2010), apple (Flachowsky et 
al. 2011) or peanut (Chu et al. 2011). The other ap-
proach exploits all available markers as predictors of 
the genomic estimated breeding value (GEBV), and 
it is known as genomic selection (GS). To calculate 
GEBV, it is necessary to estimate all locus, haplo-
type and marker effects through the entire genome 
(Barabaschi et al. 2016). The key point is testing of 
different statistical models using the genotypic and 
phenotypic data from control populations to find the 
one which is able to predict GEBV most accurately, 
and where the correlation between GEBV and true 
breeding value reaches the highest levels (Heffner et 

al. 2009). This process has been applied successfully 
even to crops with large and complex genomes, such 
as maize (Windhausen et al. 2012), wheat (Lado et 
al. 2013), and sugar beet (Würschum et al. 2013). 

Future perspectives in plant breeding

Another possibility for obtaining new allelic forms is 
genome editing, which is targeted gene modification 
to obtain a generation of new allelic variants in the ge-
nomes of cultivated individuals. It is supposed that the 
availability of genome sequences for many important 
crops, because of using NGS technologies, will facilitate 
genome editing approaches, because this technology 
depends on accurate sequence information for precise 
determination of the target position. Genome editing 
is based on the induction of double-strand breaks in 
a targeted locus using sequence-specific nucleases, 
such as zinc finger nucleases (ZFN) and transcription 
activator-like effector nucleases (TALEN; Ainley et 
al. 2013). Nuclease-induced breaks result in arrays 
of mutations (e.g. small insertions or deletions) at 
specific DNA sites. DNA breaks at multiple sites are 
also utilized in homologous recombination between 
chromosomal DNA and foreign donor DNA through 
the homologous recombination pathway. ZNF-induced 
mutagenesis for acetolactate synthase genes resulted 
in herbicide resistance in transformed tobacco plants 
(Townsend et al. 2009), and TALEN-mediated mu-
tagenesis was employed to engineer tomato at genes 
related to gibberellin signalling (Lor et al. 2014). 

An alternative genome editing strategy is executed 
using the CRISPR/Cas9 system. This technology, based 
on archaeal and bacterial clustered regularly inter-
spaced short palindromic repeats (CRISPR) within the 
adaptive immune system, utilizes CRISPR-associated 
(Cas) proteins with endonuclease activity and CRISPR 
RNAs (crRNAs) with sequence specificity. The key 
point is to thoroughly select the guide RNA in order 
to eliminate off-target activity and to ensure sequence 
specificity. To avoid an increased rate of non-target 
mutations, it is crucial to regulate Cas9 and gRNA 
expression. This technology is today in broad use 
because of its relative simplicity, versatility, and ef-
ficiency. In plants, the CRISPR/Cas9 system has been 
used for example in rice to direct the mutagenesis 
of genes associated with morphological and quality 
traits (Shan et al. 2013) and in cucumber to develop 
resistance to Cucumber vein yellowing virus, Zucchini 
yellow mosaic virus, and Papaya ringspot mosaic 
virus-W (Chandrasekaran et al. 2016). 
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