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Chapter

Single Nucleotide Polymorphisms
(SNPs) in Plant Genetics and
Breeding

Hande Morgil, Yusuf Can Gercek and Isil Tulum

Abstract

Recent advances in genome technology revealed various single nucleotide poly-
morphisms (SNPs), the most common form of DNA sequence variation between
alleles, in several plant species. The discovery and application of SNPs increased
our knowledge about genetic diversity and a better understanding on crop improve-
ment. Natural breeding process which takes an agelong time during collecting,
cultivating, and domestication has been accelerated by detecting dozens of SNPs on
various species using advanced biotechnological techniques such as next-generation
sequencing. This will result in the improvement of economically important traits.
Therefore, we would like to focus on the discovery, current technologies, and
applications of SNPs in breeding. The chapter covers the following topics: (1) intro-
duction, (2) application of SNPs, (3) techniques to detect SNPs, (4) importance of
SNPs for crop improvement, and (5) conclusion.
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1. Introduction

Understanding the distribution and diversity of plant species is increasingly
important to meet the demands of the growing population. Loss and deteriora-
tion have been observed in agricultural lands due to reasons such as salinization,
environmental pollution, urban growth, temperature, and global climate change
[1]. Prehistoric people were able to transform crops into crops that serve food for
humanity by using traditional treatment techniques. These cultivated plants, when
compared to their wild relatives, differed due to such characteristics that affected
the plant breeders directly such as flowering time, sizes of the reproductive organs,
and seed loss.

Significant improvements occurred in the productivity of agricultural products
in the last century [2]. However, there are still areas in need of improvement.
Today, there is still a great need for new genotypes in agricultural lands due to
various social and cultural changes. Plant producers have to comply with the market
needs, consumer demands, and growing agricultural problems. While much of the
progress made so far has been achieved through classical improvement techniques,
future prospects are under the control of biotechnology as a basic condition for
achieving greater probability of success in product development [3]. In biotechnol-
ogy, the study and use of DNA markers for plant breeding are encouraging for the
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future [4]. The use of DNA markers associated with crop yield is common in the
development of various crops such as rice (Oryza sativa) [5], corn (Zea mays) [6],
wheat (Triticum aestivum) [7], and tomatoes (Lycopersicon esculentum) [8].

If a single nucleotide change is detected by comparing the DNA of different
living species, it is evaluated as there is a single nucleotide polymorphism. These
changes in a single position are used as an effective genetic marker practically in
both animal [9] and the plant [10, 11] species. Single nucleotide polymorphism
(SNP) genotyping [12, 13] studies and the rapid progress in the development of
genomic tools have led to the development of new powerful approaches in mapping
complex features and identifying the causes.

In parallel with the increase in multidisciplinary studies and the development
of technology, it is essential to use both traditional breeding techniques and new
tools emerging in the field of molecular genetics [14]. In these tools, the two most
used methods in terms of the low costs and high performance in obtaining data are
microarrays and next-generation sequencing.

Since the end of the twentieth century, microarrays have been used in the first
place to know the transcriptional activity of a biological sample [15]. Although
other techniques have been previously used in gene expression studies such as
northern blot or quantitative PCR, the ability to determine the level of less repre-
sented genes of a mixture facilitated the analysis of thousands of genes in the same
reaction and increased sensitivity [16]. In the next-generation sequencing, the main
goal is to parallelize DNA sequencing so that the molecules of thousands or millions
of genetic materials could be read simultaneously. Regardless of the technique used,
it identifies a large number of markers, allowing the development of high-density
genetic maps [17]. This technology has been successfully used to detect SNPs of
different genetically well-known species such as pine or corn [18, 19].

The wealth of data required to reveal evolutionary processes is based on highly
efficient DNA sequencing. This technology enables nucleotide diversity studies
related to a wide variety of species. The determination of the functionality of the
genes of the wild species that have increased and continued in recent years and the
presence of beneficial alleles for indirect plant breeding and yield improvement
studies still make up an important topic for the future that is open for further
improvement.

2. Applications of SNPs

Determining the DNA sequence variation in the genome is very important for
plant genetics and breeding. Genetic variation can be analyzed using various molec-
ular markers. The discovery of single nucleotide polymorphisms (SNPs), which
underpin the difference between alleles, has been simplified and accelerated by
recent advances in next- and third-generation sequencing technology and MALDI-
TOF mass spectrophotometry compared to traditional methods [20]. Even creating
machine learning models to select true SNPs directly from sequence data appears to
be groundbreaking in this area [21].

The selection of SNPs enables the selection of desired lines in large-scale
populations. The marker can be used to modulate the cultivation program for the
determination of the relevant feature and improvement of the crop more economi-
cally using new-generation technologies than using traditional methods [22]. Today,
plant breeding is dependent on SNPs and similar differences for fast and cost-
effective analysis of germplasm and feature mapping. These differences improve the
understanding of genetics that can change the strategy of developing new varieties.
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Because the desired trait is under genetic control, phenotypic experiments can be
attempted faster, and the breeder not only does the early trait selection but also can
transmit the desired allele to a large number of populations [23].

As genomes of many species are fully sequenced, including human, Arabidopsis,
and rice, the discovery of interest-specific sequence differences becomes easier [24].
These sequences enable screening of more than 1 million SNPs for each species.
These polymorphisms can be used as simple genetic markers that can be identified
around almost any gene. The usage of SNPs in detecting relationships between
allelic forms of a gene and phenotypes, especially common diseases with multifac-
tor genetics, high-resolution genetic map construction, linkage disequlibrium-
based association mapping, genetic diagnostics, genetic diversity analysis, cultivar
identification, and phylogenetic analysis, creates great potential for characteriza-
tion of genetic resources [25]. SNPs are frequently found in the genome with at least
one common (>20% allele frequency) SNP density per kilobase pair. It is mostly
biallelic and therefore easy to analyze. More importantly, SNPs allow the combina-
tion of candidate gene approach and fusion-based fine mapping to identify the
genes of interest [26].

The application of SNPs on genetic diversity is very important in terms of
illuminating the relationships between varieties. This allows plant growers to
improve crop plants and protect germplasm. Genetic diversity information can
then be evaluated to identify new alleles in breeding programs. SNPs have been
applied for several years to assess diversity in specific genes or genomic regions,
and the results are estimated to extract phylogenetic relationships between
species. However, the emergence of new and third-generation technologies
allows the genome to assess SNP-based genetic diversity at scale and can be
useful in conserving diversity in domesticated populations. Plant phylogenetic
and evolutionary researches is traditionally based on sequence genes and hence
the knowledge of SNPs [27]. Nuclear and chloroplast gene regions, which have
been preserved for generations, are a rich source of phylogenetic information for
evolutionary analysis in plants. The diversity and genotyping of the SNP sequence
in these protected regions is used to explain a wide variety of phylogenetic and
evolutionary relationships and inheritance extraction [28]. However, molecular
phylogenetic studies only provide information about the distribution of popula-
tions, and contribution to agricultural applications is negligible compared to SNPs
determined by transcriptome analyzes [29].

SNPs can also be used to discover new genes and their functions by affect-
ing gene expression and transcriptional and translational promoter activities.
Therefore, they may be responsible for phenotypic variations between individu-
als in improving agronomic features. It is also important to know the location of
SNP in the genome, because if SNP is present in the coding region, it can greatly
affect the activity and thermostability level of an enzyme or a similar product
[30]. Sometimes it also depends on the substituted amino acid positions because
some amino acid controls the activity of the expressed regions. Recent technologi-
cal advances make it easier to identify various SNPs that can be used for product
developments. It shows that SNPs in the functional parts of the gene can control the
level of biotic and abiotic stress and improve the variety of abiotic and biotic stress
tolerance crops by changing expressed region [31].

The integration of genomic technologies with traditional breeding can have
a big impact in dealing with current and future environmental challenges more
effectively [32]. In these conditions, germplasm in all plant species is imperative for
rapid genetic gains in the productivity of these species using supportive approaches
such as genetic and genomic sources.
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3. Techniques to detect SNPs

The choice of the methods for SNP detection is diverse. The SNP detection
technologies have been evolved with the discovery of new techniques on reporter
systems, fluorescent probes, development of enzymatic assays, use of highly sensi-
tive instruments, and mostly the accelerated high-throughput sequencing technol-
ogy and bioinformatic tools. In the post-genomic era, the accuracy and sensitivity
of the detection methods have increased with a cost-effective manner.

The basic idea behind SNP detection is whether identifying a novel polymor-
phism that is previously not defined or searching for an already-known poly-
morphism. The techniques for detection can be divided into two main groups:
(i) in vitro and (ii) in silico techniques (Figure 1). In vitro techniques comprise
of non-sequencing, sequencing, and re-sequencing methods.

3.1In vitro techniques
3.1.1 Non-sequencing techniques

The firstly developed non-sequencing techniques are restriction digestion-
based techniques such as restriction fragment length polymorphisms (RFLPs),
cleaved amplified polymorphic sequences (CAPs), and derived cleaved amplified
polymorphic sequences (dCAPs). These techniques mainly aim to create or disrupt
arestriction enzyme recognition site [33]. Another group of non-sequencing
technique is DNA conformation techniques which comprise denaturing gradient gel
electrophoresis (DGGE), temperature gradient gel electrophoresis (TGGE), and
single-strand conformation polymorphism (SSCP). The basis of these techniques is
the separation of DNA fragments of the same length with different base composi-
tion on their three-dimensional conformation [34]. The chip-based methods are
based on DNA hybridization like DNA microarrays and rely on the biochemical
principle of nucleotide complementation. Affymetrix and Illumina SNP Chips use

SNP Detection Techniques
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Techniques to detect SNPs. In vitvo techniques include non-sequencing, sequencing, and re-sequencing methods.
In silico techniques basically includes bioinformatic tools with several output-/input-oviented algorithms.
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the technology to hybridize fragmented single-stranded DNA to arrays contain-
ing thousands of nucleotide probe sequences that are designed to bind to a target
DNA sequence [35]. Target-induced local lesions in genome (TILLING) is a reverse
genetics approach that combines chemical mutagenesis with a sensitive mutation
detection instrument called denaturing HPLC (DHPLC) [36]. The need of several
optimization steps and “hundreds of bases”-long probes to detect only a small
fraction of the region of interest made the non-sequencing methods very labori-
ous and expensive. However, several newly developed approaches provide greater
efficiencies. From all of these methodologies, direct DNA sequencing technologies
are considered as the most used and benefited for SNP detection.

3.1.2 Sequencing techniques

One of the first designed sequencing-based techniques for SNP detection is
locus-specific PCR amplification. In this approach, a large number of loci are
targeted using locus-specific PCR primers and through conducting direct sequenc-
ing of genomic PCR products. Another sequencing-based technique is reduced
representation shotgun (RRS). This method is based on the migration pattern of
genomic segments of the same origin with the same size in gel electrophoresis [37].
Comparison in overlapped regions of bacterial artificial chromosome (BAC) or
P1-derived artificial chromosome (PAC) clone regions is another sequencing-based
approach for SNP discovery [38].

3.1.3 Re-sequencing techniques

Beside these techniques, there are re-sequencing approaches including matrix-
assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-
TOF/MS) and pyrosequencing. MALDI-TOF/MS is based on differentiating
genotypes by comparing the mass of DNA fragments after a single ddNTP primer
extension reaction. This technique does not require labeling, and the detection
depends on the mass of the ddNTP that is incorporated [39]. Pyrosequencing is a
rapid re-sequencing approach in which the sequencing is performed by detecting
the nucleotide incorporated by a DNA polymerase and monitored by a measure of
pyrophosphate (PPi) release [40].

3.2 Insilico techniques

As mentioned above, many experimental strategies are currently available
for SNP detection. In vitro SNP detection methods are often composed of several
laborious steps or require specialized instruments which makes the process high-
cost and compound.

The developments in the sequencing technologies have resulted in decreasing
cost along with rapid progress in next-generation sequencing (NGS) and related
bioinformatic computing resources. These developments accelerated the whole-
genome association studies (WGAS) and the identification of many new SNPs in
model and non-model plants. In the post-genomic era, SNPs became the commonly
used marker systems in many plants with several advantages such as stability, ease
of use, considerably low mutation rates, and high-throughput genotyping [41].
NGS platforms generate a considerable amount of data in which results in the urge
of alternative data storage methods and shorter processing time.

In silico methods are easy to apply to the SNPs that are occurring in known
genomes or sequences of a species of interest. Bioinformatic research is constantly
developing online and stand-alone tools, new software, and algorithms to analyze
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the SNPs. The recently developed open-source and freely available bioinformatic
software have speed up the SNP detection and reduced the costs. The impor-
tant point is the selection of the software, sequence platform, file requirement,
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A common workflow schema for in silico SNP mining. According to the input data type, the steps and the
algorithms change. If the data set is de novo assembly output, clustering step is needed. If the data set is based
on a reference mapped output, mapping step is requived. In order to mine possible SNPs, after clustering and
mapping steps, alignment, variant calling, annotation, and diversity analysis should be applied, respectively.
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algorithmic background, operating systems, and organism of interest affect the
choice of bioinformatic platform or pipeline to use. There are many databases and
resources available today to describe SNPs in many plants.

The methods used for SNP mining will be quite similar for both database-
derived and high-throughput sequencing-derived data. NGS technologies, Illumina
GA/Solexa, SOLiDTM, Oxford Nanopore high-throughput sequencing, generate
large amount of sequence data therefore many new SNPs. The method of choice
may vary with different source data and varying approach. There are different
analysis steps which apply to the two types of sequence data: reference sequence
data where sequence data is acquired from species for which a reference sequence
is accessible and de novo sequence data. In either case there are three main steps:

(i) group the sequence reads according to their sequence similarities, and confirm
identity of reads covering the same part of the genome or having the same tran-
script origin; (ii) align the reads; and (iii) scan for sequence variants (Figure 2).

If a reference sequence is available, the first step will be determining a homology
search tool to map the new sequence reads to the reference. There are several tools
for global or local mapping such as BLAST and SSAHA for whole-genome data. If
the short reads are derived from Illumina, specially developed tools such as SOAP
and MAQ are available. UniGene set is designed for mapping transcript data. The
next step is to select a multiple or pairwise alignment tool to align the mapped reads
to the reference sequence. Software tools like CAP3 and Phrap have been extensively
used for this purpose.

In the case of de novo sequence data, an additional step called as clustering is
needed to group the short sequence reads. TeraClu, TGICL, and d2cluster are the
mostly used tools to fragmentate the input data and assemble them into individual
contigs. After the clustering step, all nucleotides from individual reads at the identi-
cal position on the gene are aligned similarly using CAP3 and Phrap.

The final step is the SNP calling or validation. If the fragments are from a trace
file or a base quality score, PolyBayes, PolyPhred, novoSNP, and SNPdetector are
very well-known tools. If de novo SNP mining is performed, AutoSNP, QualitySNP,
and MAVIANT can be used. There are several SNP mining tools or databases
available specialized for plants such as dbSNP, ESTree DB, POLYMORPH, SNiPlay,
AutoSNPdb, IRIS, etc. Although these tools are the frequently used, reliable and
accurate tools, new tools, and platforms are being developed.

4. Importance of SNPs for crop improvement

Single nucleotide polymorphism (SNP) causes genetic diversity among individu-
als of the species and can occur at different frequencies in different species through-
out the entire genome. SNPs can cause phenotypic diversity among individuals such
as the color of different plants or fruits, fruit size, ripening, flowering time adapta-
tion, crop quality, grain yield, or tolerance to various abiotic and biotic factors [42].
While SNPs can cause changes in amino acids in the exon of a gene, it can also be
silent. In addition, it can occur in noncoding regions. SNPs can influence promoter
activity for gene expression and finally produce a functional protein by transcrip-
tion. Therefore, identifying functional SNPs in genes and determining their effects
on the phenotype can lead to a better understanding of the effects on gene function
for product development [43].

Conventional breeding and marker-assisted breeding are two approaches
used to perform plant breeding [42, 44]. However, in plant breeding, publica-
tions on the application of molecular markers compared to conventional breeding
have increased significantly over the past 15 years. Plant breeding forms and will
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continue to be the basis for increasing scientific efficiency in the field of food, feed,
and industry. The reason why conventional breeding is increasingly preferred is
that it requires hybridization between various parents and then selection over a long
time (5-15 years) generation based on phenotypic selection to obtain the advanced
product [45].

Rapid progress in sequence technologies, including SNP genotyping and genome
sequencing, has given new and powerful approaches to mapping complex features
and then identifying genes that cause this complexity. Although these methods
are first applied in human genetics, their applications in plant genetics and prod-
uct development are becoming popular [46]. With these new techniques, it is an
important advantage to create experimental populations of germplasm collections
and homozygous individuals in plants in a short time.

The most obvious advantages of SNP markers are that they are flexible and fast
and provide data management convenience. For example, biallelic SNP markers are
easy to combine data between groups and create large databases of this data because
there are only two alleles for each location. This will also ensure the same allele
detection on different genotyping platforms after appropriate quality assessment
of these data. Using bioinformatic tools to transform SNP markers from different
studies into the same DNA chain can contribute to improvement efforts [47]. With
the help of a high-quality reference genome, the fusion sequence and SNPs also
provide a stronger analysis of the entire SNP catalog for each species. As the most
common type of DNA polymorphism, SNPs can also be specific at the genome-wide
locus, which can reveal the selection of SNP variants at the target locus as well as
informative marker sets for specific germplasm pools.

Due to the availability of technologies that provide validation and detection of
SNPs, the development of SNP markers has become a routine process, especially
in products with a reference genome. Appearance of whole-genome sequencing
(GWAS) and de novo sequencing of unknown genomes has emerged. However,
since 2006, it has been observed that SNPs have been used in publications derived
from academic researches that have resulted in the development of crops such as
water-tolerant rice, rust-resistant wheat varieties “Patwin,” and low phytic acid
corn and, briefly, in order to correct the problems in agriculture. Although it does
not normally disclose the details of reproductive methodologies to the public, it is
known that SNP tokens have been applied in several articles published by compa-
nies such as Monsanto, Pioneer Hi Bred International, and Syngenta [48].

The effects on plant protein function and gene expression against a chang-
ing condition may result from SNPs occurring in coding regions and regulatory
sequences, respectively. Therefore, SNPs have a great potential in genetic, reproduc-
tive, and economic importance [49].

Thus, the targeted product can be developed using only the data of the data-
banks before the fieldwork to efficiently cultivate a crop on logical and evolution-
ary studies. For example, in plant genetics, SNPs are widely used to identify the
cis-regulatory variation within a species based on allele-specific analysis and to
discover genes linked to complex genetic features by revealing its distribution, and
it gives information about the adaptation of the species in that region. This situation
also allows the investigation of the effects of changing conditions, especially by
determining SNPs at the transcriptome level with RNA-seq technology. Using the
RNA-seq data against two different conditions of the phenotype, you can create a
SNP catalog and evaluate the effects on the protein sequence and which SNPs have
a significant change in allele frequency. In addition, de novo and reference-based
SNP discovery is carried out in many organisms, including many plants with little
or no genetic information [50]. The availability of NGS provides a convenient
approach to discover all SNPs and learn about genomic position and genotyping in
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one step. There are many advantages in performing SNP analysis using RNA-seq
data. First, thousands of SNPs can be discovered, and expression levels of millions
of functional genes with sequence variations can be observed simultaneously.
Second, the location of variations in coding regions associated with biological and
agronomic properties of plants can be identified, and phenotypes can be estimated
by genotypes [51]. It also provides information for relevant studies such as gene
characterization, gene expression measurement, and posttranslational process
analysis. In addition, emerging technologies have allowed de novo scanning of SNPs
computationally even in the absence of a reference genome sequence of any plant
variety. Thus, the targeted product can be developed using only the data from data
banks before the fieldwork to efficiently cultivate a crop [52]. The development and
advancement of SNP technology are extensive for both evolutionary and molecular
geneticists, plant breeders, and industry and will be valuable for us to understand
and develop crop species.

5. Conclusion

In order to understand evolutionary and genetic relationships between/within
species, elucidate traits of agronomic interest in crops, and clarify prone to diseases,
SNPs are the first approach. Especially in plant genetic research and breeding, iden-
tifying the genetic loci that are responsible for trait variation is fundamental. With
the advantages of stability, budget friendly improvements, and high-throughput
assays, SNP has become increasingly important in crop genetic studies. The develop-
ment of genotyping tools for model and non-model crops allows the detection of the
variations, and it has been successfully applied in plant science for many years. The
shift to the high-throughput genotyping assays and development of next-generation
sequencing technologies accelerated the discovery of polymorphisms. However, the
error-prone fashion of the NGS analysis tools is still a big concern which can lead
to false-positive SNPs. There is a need for the development of a tool for extracting
bulk of data, support for the data analyses, and intelligent decision on the accuracy.
To fulfill this need, instead of using binary composition of nucleotides, machine
learning approaches are being developed. Integrated SNP Mining and Utilization
(ISMU) Pipeline is one of the first trials to develop a machine learning approach to
SNP discovery. The integrated approach alongside the recent innovations will allow
an increased knowledge and application of SNPs in the future.
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