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Abstract

Review Article

As genome sequencing of the main plant species was performed in the last decades, agriculture started undergoing
some deep changes as well. Genomics provided new tools to investigate plants genotypes and their relationship with
the phenotype. Traditional methods for genetic improvement of plant species are now supported by innovative
technologies, based on NGS, allowing to simply sequence genomes with times and costs significantly lower than
before. Through the use of these technologies, a very large number of molecular markers, such as SSRs and SNPs,
became available, generating new polymorphisms databases that made it possible to improve the genetic selection of
plant species. This work, after showing a brief state of the art about genome sequencing of the main cultivated plants,
discusses how their genetic improvement has changed after the introduction of the new NGS technologies. In fact, they
couple very relevant molecular techniques to the traditional phenotypic selection, both in terms of markers for assisted
or genomic selection and of information about genes functions influencing plants features. Undoubtedly, genomics
will have a more and more relevant role in plant genetic improvement, by changing the traditional breeding to a Next

Generation Breeding.
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INTRODUCTION

Traditional methods for the genetic
improvement of plant species are now being supported
by innovative technologies potentially improving their
efficiency and creating new characters that weren’t
originally present in the germplasm. Having a brief look
of the biotechnologies history applied to genetic
improvement of plants, it is possible to observe that
since the ‘60s mutagenesis was widely used to generate
new genetic diversity by culture in vitro, representing a
starting point for the genetic transformation that took
place in more recent times [1] The availability of
molecular markers allowed to identify the relationship
between some of them and the most relevant characters
(MAS — Marked Assisted Selection) [2]. Before the
introductions of molecular techniques, markers which
are already evident in the early stages of the organism
development and relatively simple to detect were used
(e.g. the colour of the seeds was associated with their
size). Different markers are currently utilized,
identifiable by various techniques, including those that
allow recognizing specific proteins expressed in plants,
phenotypic traits and above all genetic sequences. The
latter are the most used, so much that the term MAS is
mainly used to indicate this type of selection.

However, MAS is only suitable for traits
controlled by a small number of genes in spite of the
fact that it allowed to obtain excellent results in many
cases, such as highlighting the mechanisms behind
disease resistance. In other cases, such as those related
to drought tolerance, this method showed some limits.
Therefore, it was necessary to have genome-wide
markers. Genomic selection (GS) [3] is an upgraded
form of MAS, a marker-assisted selection in which
genetic markers cover the whole genome. If applied to
plant genetic improvement the technique seems to
outweigh the MAS limitations [4]. It is based on the
simultaneous estimation of effects on phenotypes
resulting from all loci, haploid genotypes and genetic
markers. By using genome-wide markers, the method
computes a genomic estimated breeding value (GEBV),
to obtain a more comprehensive and reliable selection
[5]. However, this strategy requires the availability of
phenotypic and genotypic data sets related to the
reference population, and it works by estimating some
parameters for the created model to explain the
differences at phenotype level.
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In the light of the above, it is clear how
important it is to have the genome sequences of plants
and how genomics has changed the nature of agriculture
technologies and in particular the plants genetic
improvement methods.

Sequencing of cultivated species genomes

The knowledge of plants genomes is strictly
linked to the advances of DNA sequencing
technologies. The high throughput of modern
sequencers, based on Next Generation Sequencing
(NGS) methods, allowed to simply obtaining a lot of
plant genomes data more cheaply than before.
Genomics provided new tools and techniques making it
possible to investigate the whole genome and
facilitating the study of the genotype and its relationship
with the phenotype [6]. A brief summary of the
sequencing of some of the most important crops is
shown below (Fig. 1).

Arabidopsis thaliana

The Arabidopsis thaliana genome was
sequenced in 2000 [7]. The genome is relatively short,
being organized in just five chromosomes and showing
a total size of approximately 135-megabases. Therefore,
obtaining good quality sequences made it possible to
improve methods for more comprehensive analyses in
all eukaryotes, detecting large sets of plant-specific
gene functions and providing insights for crop
improvement.

Rice

Rice was involved in the first whole genome
sequencing project of a cereal crop. Within the Rice
Genome Research Program (Japan) the rice genome
was well mapped and characterized, being the smallest
of the major cereal crop genomes (400 to 430 Mb), but
still about 3.5 times the size of the Arabidopsis genome.
Genomic libraries were constructed in bacterial
artificial chromosomes (BACs) or P1-derived artificial
chromosomes (PACs) and a shotgun approach to
sequence these clones was adopted [8].

Maize

Maize (or corn) is an important experimental
model plant. The observed repetitive elements
prevalence in its genome (66%) was slightly higher than
shown in previous genome studies (58%-63%), such as
rice and Arabidopsis. The results showed that the
increase in size of the genome maize depends on the
number of both repetitive elements and genes [9].
Analyses based on fully sequenced BACs allowed
studying full-length repeats.

Populus

The Populus genome is one of the major plant
model systems. Populus trichocarpa was the first tree
with a whole-genome assembly. The analysis of this
genome revealed that about 8000 pairs of duplicated
genes survived in the Populus genome [10].

Vitis vinifera

A high-quality draft of the genome sequence
of grapevine (Vitis vinifera) was obtained from a highly
homozygous genotype [11]. It was revealed that over 40
percent of the genome is composed of
repetitive/transposable elements, a slightly higher
proportion than that individuated in rice. The grapevine
genome was sequenced through a whole-genome
shotgun (WGS) strategy, by using Sanger technology
on ABI 3730xI sequencers.

Apple tree

The apple tree genome sequencing project
started in 2007 and a WGS strategy was adopted. 13
billion sequenced nucleotides were generated, through
the Sanger Method and the Roche/454 Genome
Sequencers [12]. These studies significantly increased
the knowledge and understanding of apple tree as a fruit
crop. ldentification of species specific genes provided
relevant clues in order to improve fruit quality and
resistance to diseases [13].

Soybean

Soybean (Glycine max) is one of the most
important crop plants, due to its unique nutritional
profile. Its genome was sequenced through a whole-
genome shotgun approach. This made it possible to
predict 46,430 protein-coding genes, 70% more than
Arabidopsis. The genome sequence facilitated further
studies involving the identification of species specific
gene traits and consequently the creation of improved
soybean varieties [14].

Tomato

The genome of tomato (Solanum lycopersicum
L.) [15] was sequenced and assembled by the
International Tomato Genome Sequencing Consortium
[16]. The Tomato Genome Sequencing Project relied on
an ordered BAC approach to generate high-quality
sequences, being a reference for the Solanaceae family.
Whole genome shotgun sequences (Roche 454) with
Sanger sequence data from BAC-ends, additional data
from Solexa and SOL.ID technologies were involved.

A high-quality genome sequencing of the
domesticated tomato variety (Solanum
pimpinellifolium) was carried out at 2012 [17]. It was de
novo assembled using Illumina short reads, and a
739 Mb draft genome was obtained. Divergence
between the wild and domesticated tomato genomes is
about 0.6%, corresponding to 5.4 million single
nucleotide polymorphisms (SNPs) distributed along the
chromosomes.

Potato

The genome of another species belonging to
the same family was analysed, the potato (Solanum
tuberosum L.), and was published in 2011 [18]. It was
sequenced by using a WGS approach and relying on
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two NGS platforms, Illumina Genome Analyser and
Roche Pyrosequencing, as well as Sanger technologies.

Strawberry

The wild strawberry genome was first
sequenced [19] and the cultivated strawberry one was
only obtained in more recent times [20]. The genome
was sequenced through a combination of short- and
long-read methods, including Illumina, 10X Genomics,
and PacBio technologies. Genes involved in metabolic
pathways of aromatic compounds and other secondary
metabolites that characterize this species were proved to
be particularly interesting. They are subject to genetic
improvement in fruit plants belonging to the same
family, just like apple and peach.

Peach

Peach, a diploid Prunus species, is one of the
best genetically characterized cultivated plants. A
complete genome assembly using Sanger WGS
methods was obtained [21]. The gene density in peach
genome (1.22 genes per 10 kb on average) resulted
higher than that in apple (0.78 genes) but was lower
than in Arabidopsis (2.29 genes). The study about peach
genome, as well as other researches about Rosaceae
clade, which compared peach DNA sequence and
genomes of apple [12] and strawberry [19] provided the
basis for a further understanding the peach complete
genome sequence organization and the genetic changes
of this fruit and its family.

Sunflower
The domesticated sunflower, Helianthus
annuus L., is an oil crop which is well adapted to

climate change. A high-quality reference for the
sunflower genome is reported in a study [22]. The
genome, analysed through the PacBio platform,
represents an important point of reference for research
activities aimed to exploit genetic diversity for
improving biotic and abiotic stress resistance as well as
the quality of the produced oil.

Olive tree

Despite  the economic and ecological
importance of olive tree, its genome has been little
characterized compared to other fruit trees. In fact, the
mechanisms behind the transmission of most genes
associated its growth and quality traits are still poorly
understood. One of the biggest technical challenges in
sequencing eukaryotic genomes is undoubtedly DNA
repetitiveness [23]. The olive genome (cultivar
Leccino) was sequenced applying a combination of
different NGS technologies [24]. Particularly a WGS
approach was adopted by using the Illumina and 454
platforms. Due to the relatively low genome coverage
of the sequencing, most of the obtained contigs do not
represent specific genomic loci. However, the work is
still helpful to localize genes involved in agronomic
traits and for MAS.

An overall list of the genomes and
transcriptomes that have been sequenced is available by

accessing the Gene Index Project
(http://compbio.dfci.harvard.edu/tgi/plant.html) or in
the NCBI Unigene database

(http://www.ncbi.nlm.nih.gov/unigene).
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Fig-1: The temporal order of some cultivated plants genomes sequencing
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Changes in genetic improvement resulting from the
use of the new NGS technologies

Accurate plant genome knowledge allows to
completely describing plant genetic diversity, to detail
the phylogenetic relationships between species and to
understand their evolutionary dynamics.

Sequencing allows defining plants genomes
size, the organization and redundancy of the expressed
sequences, clarifying in many cases the role of repeated
elements, mainly transposons and retrotransposons that
are very frequent in cultivated plants. At the same time,
it makes it possible to understand the genetic basis of
plants domestication, to fully describe the alleles of a
given locus and to identify insertions/deletions and
mutations [25].

Completely sequenced collections of plants
genomes allow studying the biodiversity not just by
analysing the phenotype. In fact, when genes related to
given characters are known, it is possible to find their
allelic variants and to estimate the impact of the most
significant ones on the phenotype, as well as to
individuate specific markers to be used in assisted
selection. For instance, genes associated with resistance
to pathogens were detected in many plant species,
allowing their genetic improvement [26].

Studies based on the comparison among
genomes also allow to analyse in depth cases of
polyploidy in plants and to establish that the size of
genomes of cultivated plants depends on the number of
repeated elements and on ploidy level [27].

By using NGS technologies several thousands
of molecular markers, such as SSRs (Simple Sequence
Repeats) and SNPs (Single Nucleotide Polymorphisms),
may be identified in a short time and at a little cost [28].
These high-throughput methods, not requiring a
previous knowledge of polymorphisms, are also used to
analyse species for which no reference genome is
available. The availability of a very large number of
molecular markers and the ability to search for
associations between these markers and the loci
responsible for plants characters generated a great
amount of genetic data that, if properly used, allows
improving the genetic selection of these species.

Resequencing techniques can also be applied
to plants deriving from mutagenesis in order to identify
mutations occurring within specific genes, and plants
showing the desired mutations are made available to
interested researchers for further selection [29].

By adopting the MAS approach it is possible
to individuate a relatively small number of genes
showing a relevant effect on a given phenotype and
associated to a limited set of loci. GS also allows
evaluating the total effect on this phenotype, caused by
many more loci, each of them having a smaller impact

on it. This is a crucial, because the success of many new
varieties does not depend only on a few loci with a high
phenotypic effect, but on the role of a well selected,
specific loci combination. Markers distributed on the
whole genome are currently used to calculate genomic
indices and estimate the effect of each marker and of
their combinations on a given phenotype. GS was
adopted to analyse several characters of different plant
species, such as barley and rice, and it was also proved
valid in cases of complex genomes, such as maize [30].

Just one year ago, the genetic map of durum
wheat was completed [31]. This result was the key to
further investigate the drought-resistant wheat varieties,
with higher yields and richer in nutrients.

Very recently, it has been demonstrated that it
is not always true that among the varieties of the same
plant species genetic differences are minimal. In fact,
the analysis of available sequencing data among
different cultivars of the same species revealed the
existence of genomes characterized by a changing
number of genes that differ from each other even for
long DNA stretches [32]. This study demonstrated the
incredible plasticity of the genome of cultivated plants
in general and barley in particular, the species used as a
model for the study of more complicated cereals such as
wheat. It highlights how genetic diversity within the
same plant species is not just the result of mutations in
individual genes, but also of frequent deletion or
duplication events. These results will provide new
insights on genetic diversity and, consequently, on
genetic improvement.

CONCLUSIONS

Today, breeding plants still combine
traditional methods with knowledge based on molecular
markers to obtain quality improvement of the crop [33].
But the development of NGS technologies and the
relatively low costs allowed DNA sequencing methods
to become available for all researchers working on
plants genetic improvement. Re-sequencing of genomes
is very useful to discover markers resulting from high-
throughput genotyping platforms, like SSRs and SNPs,
and to generate high-density genetic maps.

Genome knowledge facilitates plant genetic
improvement, adding to the traditional phenotypic
selection very relevant molecular techniques, both in
terms of markers for assisted selection or genomic
selection and of information about genes functions
influencing plants characteristics. NGS data and
bioinformatics analyses allow to discover new genes,
regulatory DNA sequences, and makes large collections
of molecular markers available. Online resources also
allow to access to data about allelic variability for genes
affecting characters of agronomic interest.
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The extensive use of molecular markers is now
moving the selection from a phenotypic to a new
genotype-based approach. Furthermore, the knowledge
resulting from genome sequencing together with
genome editing techniques will allow broadening the
genetic diversity for selection purposes.

The analysis of plants genomes allows
individuating DNA polymorphisms that can be used for
authentication and for traceability at different levels of
agriculture productions [34]. Genomics is changing
agriculture also about a renewed sustainability at the
service of farmers as well as of consumers. The
environment monitoring based on DNA analysis is
revolutionizing this field, with the possibility to
describe agricultural biodiversity in a new innovative
way [35].

In conclusion, the GS approach has great
potential for genetic improvement in the plant field,
even though it requires high bioinformatics skills in
order to correctly interpret data coming from genome
sequencing [36]. Genetic improvement is and will be an
activity characterized by a highly technological content
and genomic will have an increasingly relevant role in
this area, by changing the traditional breeding to a new
Next Generation Breeding [37].
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