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ABSTRACT Plant breeding programs are often used to improve varieties through creating diverse agronomic traits. During a
breeding program, a lot of genetic diversities are created in the genome after different generations through homologous recombination.
Genome sequencing technology has revolutionized the discovery of genes and molecular markers associated with diverse agronomic
traits in crop improvement programs. Genomic research is now in the peak of success, thus creating new opportunities for crop
improvement modern sequencing technology is now capable of sequencing thousands to millions of bases per run. Modern sequencing
technologies enable the sequencing of different cultivars with small to complex genomes at a reasonable time and cost. These massive
data can be used to identify important agronomic traits of crops such as fruit color, size, ripening, flowering time adaptation, grain yield,
and quality maintenance. In addition, they can be used to develop crop varieties. This mini-review is focused on the role of genome
sequencing in genomic research and plant breeding for crop improvements.
Keywords Plant breeding, Genetic diversity, Homologous recombination, DNA sequencing, Molecular markers, Agronomic traits

INTRODUCTION
Plant breeding is a natural way to create genetic variation
among individuals of species in order to obtain desired
characteristics. It is important to ensure that the world food
demand is met by developing new varieties with improved
crop qualities, including high yield, tolerance to various
environmental stresses (drought, cold, salinity, flood, etc.),
and resistance to various insects, fungi, bacteria, and
viruses. Breeding programs can develop crop varieties with
these qualities. One major technique in plant breeding is
by crossing between two closely related individuals to
produce new crop varieties or lines with desirable
properties. A successful breeding program largely depends
on homologous recombination to exchange genetic
information between chromosomes during meiosis, thus
creating genetic diversity and hybrid plants with desired

characteristics. These genomic changes in individuals
could be associated with phenotype changes, including
different colors of plants or fruits, size, grain yields,
tolerance to various stresses, male sterility in plants, and
different disease resistance. Phenotypic variations through
domestication from one region to other regions are also
associated with different agricultural species. Analysis of
DNA sequence variations in candidate genes based on
morphological phenotypes is a good way to identify
causal genes for these traits. Many studies have reported
genome-wide evaluations for different breeding varieties
or lines of plants with strong genetic diversity across
different chromosomal regions in association with different
phenotypic changes (Lam et al. 2010; Riedelsheimer et al.
2012; Causse et al. 2013; Chen et al. 2014; Xu et al. 2014).
Modern sequencing technology is a great tool for
identifying the genetic diversity in hybrid plants, especially
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for discovering genes and developing molecular markers
associated with diverse agronomic traits of crops. Recent
advances in genome sequencing technology have made it
possible to sequence thousands to millions of bases per run
within a short time at a low cost so that millions of
molecular markers can be developed for different crop
species. In addition, they can be used to identify agronomically important genes. Complete reference genome
sequences are now available for several agronomic
important crop species, making it relatively easy to rapidly
identify candidate genes or detect genetic variation during
breeding events (Goff et al. 2002; Yu et al. 2002; Velasco
et al. 2007; Velasco et al. 2010; Potato Genome
Sequencing Consortium et al. 2011; Mayer et al. 2012;
Tomato Genome Consortium 2012; Hirakawa et al. 2014).
Discovery of millions of novel molecular markers for
important crop plants has revolutionized plant genomic

research. These markers can be regularly used in plant
breeding programs for quick development of crops, analysis
of genetic variations, and identification of different
varieties or cultivars or genes with important agronomic
traits.

MODERN SEQUENCING TECHNOLOGY
The sequencing technology was invented at the early
1970s. The first complete genome of Bacteriophage phi
X174 (genome size: 5,386 bases) was sequenced in 1977
through Sanger method (Wu and Kaiser 1968; Gilbert and
Maxam 1973; Sanger and Coulson 1975; Sanger et al.
1977a, 1977b). Sanger method is a sequencing-by-synthesis
method. It depends on a combination of deoxy- and
dideoxy-labeled chain terminator nucleotides (Sanger et al.

Fig. 1. Overview of three high-throughput next generation sequencing systems.
PCR: polymerase chain reaction.
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1977a). Since then, the sequencing technology has
developed day by day for sequencing whole or partial
genomes. Current Sanger method can read about 6 Mb per
day with read length of approximately 800 nucleotides.
However, the cost is very high (around 500$ per Mb).
Sanger-based method is only applicable for small size
genomes or samples. Over the last decade, new sequencing
technologies have become available (Margulies et al.
2005; Shendure et al. 2005; Bentley et al. 2008; Harris et
al. 2008; Korlach et al. 2008; Clarke et al. 2009). They
have outperformed Sanger-based sequencing in throughput
and the overall cost, with approximately 100 to 1,000 times
faster in daily throughput at price 25 to 1,000 times cheaper
than Sanger-based method. In addition, these methods are
applicable for any type of genomes, including complex
genomes and many samples. Because of these positive
changes in sequencing techniques, different companies and
researchers have use the term of ‘next-generation
sequencing’ for these newly developed high-throughput
sequencing technologies in the last decade. Three main
next-generation sequencing techniques with their
throughput and relative cost will be focused in this review.
A schematic representation of the three DNA sequencing
methods is shown in Fig. 1.

ROCHE (454) SEQUENCING
Roche (454) sequencing was launched to the market in
2005 as the first high-throughput next-generation DNA
sequencing technology. It is based on pyrosequencing also
known as sequencing by-synthesis. In this method, single
fragments of DNA are hybridized to an array of capture
bead that contains all necessary reagents for polymerase
chain reaction (PCR) amplification of individually bound
template. The bead also contains enzymes so that
fluorescence can be generated through consumption of
inorganic phosphate. During sequencing, one pyrophosphate is released from each nucleotide. The released
pyrophosphate is detected by an enzymatic luminometric
inorganic pyrophosphate detection assay through creating
a light signal during the transformation of PPi into adenosine triphosphate (ATP) by ATP sulfurylase (Ronaghi et al.

1996). The current Roche (454) pyrosequencing method
can generate up to 700 Mb in a 23-hour run with an average
read length of around 750 nucleotides. The cost is
approximately 9$ per Mb. The overall error rate is
approximately 1% (Glenn 2011).

ILLUMINA SEQUENCING
After the launch of Roche (454) sequencing, another
high-throughput reversible terminator sequencing technology that was released to the market was Illumina (Solexa)
sequencing using the sequencing-by-synthesis concept
(Bentley et al. 2008; Turcatti et al. 2008). Like Roche
(454), Illumina sequencing technology also needs to
prepare DNA library through genomic DNA digestion and
adapters ligation so that DNAs can be amplified and
immobilized for sequencing (Fedurco et al. 2006; Bentley
et al. 2008). Two different adapters are added to the 5’ and
3’ ends of all digested DNA fragments. After adapter
ligation, primers are used to amplify the sequences through
bridge amplification system. DNA molecules are then
sequenced by flooding the flow cell with a new type of
cleavable fluorescent nucleotides that can emit light with
reagents necessary for DNA polymerization (Turcatti et al.
2008). During synthesis of the complementary strand, the
fluorescent molecule is excited by a laser to emit light that
is different in color for each of the four bases. Illumina
sequencing is a paired-end sequencing system that can
generate sequence reads from both end of DNA fragments.
Illumina sequencing is more advanced than Roche (454)
pyrosequencing with high-throughput and less cost.
HiSeq2500 sequencing instrument from Illumina can read
around 600 Gb per run with an error rate of 0.1% and
average read length of about 100 nucleotides at cost of
approximately 23,500$ per run (Glenn 2011).

APPLIED BIOSYSTEMS (SOLiD)
SEQUENCING
SOLiD sequencing platform was invented as the third
high-throughput next generation sequencing system. It was
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jointly developed by Harvard Medical School and Howard
Hughes Medical Institute (Shendure et al. 2005). It was
commercially released to the market in 2007. SOLiD
system is very similar to Roche (454) in library preparation
where clonal bead populations are made in micro-reactors
that contain beads, DNA template, primers, and PCR
reagents. For amplification, they also use the same
emulsion PCR as in Roche (454). On beads, DNA
templates are modified by adapter binding. A primer is
annealed to an adapter of the DNA template. Amplification
is achieved by pumping a mixture of fluorescently tagged
oligonucleotides into flow cell. When oligonucleotide
matches the template sequence and binds with the primer,
a color will be shown and a camera will capture different
colors (four colors for four bases). After collecting images,
the fluorescent tag is removed and a new set of
oligonucleotides are injected into the flow cell to start the
next round of DNA ligation (Shendure et al. 2008). This
method is called sequencing-by-ligation method. The
SOLiD platform can yield up to 1,410 million paired-end
reads per run with 0.01% error rate. The average read
length is 75+35 nucleotides with an approximate cost of
10,500$ per run (Glenn 2011).

GENOME SEQUENCING PROJECTS FOR
CROP PLANTS
The first complete plant genome (the model plant
Arabidopsis thaliana) was successfully sequenced in 2000
using bacterial artificial chromosome (BAC)-based
approach. Its genome size was approximately 125 Mb (The
Arabidopsis Genome Initiative 2000). It was a great
achievement in plant genomic research. Sequencing of the
rice genome using the same technique was another
milestone for crop research because it was the first
sequenced crop genome with a size of 389 Mb, which was
about three times larger than model plant Arabidopsis
(Goff et al. 2002; Yu et al. 2002; International Rice
Genome Sequencing Project 2005). Recently, crop genome
sequencing projects are rapidly increasing with the
development of new high-throughput sequencing technology. In 2007, the grape genome of 504 Mbp was

sequenced using both Sanger and Roche (454) methods
(Velasco et al. 2007). The complete genome of Theobroma
cacao was sequenced in 2011 using Roche (454), Illumina
and Sanger sequencing technologies (Argout et al. 2011).
To obtain the genome of apple, a combination of Sanger
and Roche (454) sequencing was used (Velasco et al.
2010). In 2012, a combination of three technologies
(Sanger, Roche, and Illumina) was used to survey the
genome of banana (D’Hont et al. 2012). In 2013, the
genome of oil palm at 1.8 Gb was sequenced using a
combination of Roche (454) and Sanger BAC-end
sequencing techniques (Singh et al. 2013). The genome of
Brassica rapa was sequenced and analyzed in 2011 using
Illumina GAII sequencer (Brassica rapa Genome
Sequencing Project; Wang et al. 2011). The genome of
cucumber was assembled through a hybrid strategy
consisting of Sanger, Illumina (Solexa), end sequenced
fosmid, and BAC libraries (Huang et al. 2009a). The whole
genome of maize at 2.3 Gb was first sequenced in 2009
using a minimum tiling path of BACs and fosmid clones
(Schnable et al. 2009). The genome of soybean at 1.1 Gb
was first sequenced in 2010 using whole-genome shotgun
approach with Sanger sequencing protocols (Schmutz et al.
2010). The genome of potato at 850 Mb was revealed by the
Potato Genome Sequencing Consortium et al. in 2011
using a combined approach of two next-generation
sequencing (NGS) platforms of Roche pyrosequencing and
Illumina genome analyzer as well as the conventional
Sanger sequencing technologies. Tomato Genome Consortium has sequenced and assembled the complete
genome of tomato in 2012 using Roche (454) and Sanger
paired-end reads (Tomato Genome Consortium 2012). The
genome of barley at around 5.1 Gb was first sequenced in
2012 using Sanger sequencing, Roche (454), and Illumina
HiSeq 2000 (Mayer et al. 2012). More than 50 plant
genomes have been published in 2013, most of them are
crop plants (Michael and Jackson 2013). Since then, the
number of plant genomes being sequenced is increasing
day by day due to technological development. In 2014, the
whole genome of eggplant was sequenced and assembled
using Illumina HiSeq 2000 and Roche (454) GS FLX
(Hirakawa et al. 2014). The genome of cultivated cotton
Gossypium arboreum was sequenced in 2014 using
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Table 1. Some important crop plants with their genome sequencing databases.
Genome
size

Year of
completion

Rice

389 Mbz)

2002

BAC end sequencing

Grape
Maize
Cucumber
Apple
Soybean
Potato

504 Mb
2.3 Gb
350 Mb
742 Mb
1.1 Gb
850 Mb

2007
2009
2009
2010
2010
2011

Sanger and Roche (454)
Sanger
Sanger and Illumina
Sanger and Roche (454)
Sanger
Roche (454), Illumina and Sanger

Banana
Tomato
Barley
Oil palm
Eggplant

523 Mb
950 Mb
5.1 Gb
1.8 Gb
1.1 Gb

2012
2012
2012
2013
2014

Sanger, Roche (454) and Illumina
Roche (454) and Sanger
Sanger, Roche (454) and Illumina
Roche (454) and Sanger
Illumina and Roche (454)

Crop

z)

Technology used

Reference
Yu et al. 2002
Goff et al. 2002
Velasco et al. 2007
Schnable et al. 2009
Huang et al. 2009a
Velasco et al. 2010
Schmutz et al. 2010
Potato Genome Sequencing
Consortium et al. 2011
D’Hont et al. 2012
Tomato Genome Consortium 2012
Mayer et al. 2012
Singh et al. 2013
Hirakawa et al. 2014

Mb: megabase, Gb: gigabase, BAC: bacterial artificial chromosome.

Illumina sequencing platform (Li et al. 2014). The size and
hexaploid nature of bread wheat genome generated some
problems in obtaining its genome sequences. However,
The International Wheat Genome Sequencing Consortium
revealed a chromosome-based draft genome sequence of
hexaploid bread wheat in July 2014 (International Wheat
Genome Sequencing Consortium [IWGSC] 2014). Their
vision is to generate high quality annotated and physical
map-based integrated genome sequence of wheat within a
short time. Some important crop plants with their genome
sequencing databases are listed in Table 1.

GENOME SEQUENCE INFORMATION
DIRECTLY AFFECTS CROP RESEARCH
AND IMPROVEMENTS
Sequenced genome of crops can be used to improve crop
varieties in different ways, including the discovery of
molecular markers, identification of agronomical important
traits, and the transfer of these traits into elite varieties.
Modern sequencing technology and sequenced genomes
provide great opportunities to plant breeders for efficient
marker assisted breeding, selection of quantitative trait
locus (QTL), and management of genomic resources
within a short time frame.

MOLECULAR MARKER DISCOVERY
The main advantage of genome sequence is the
development of molecular markers that can be used to
distinguish different species or varieties or cultivars to find
possible elite variety. Molecular markers are developed
based on genomic variations between individuals. The
discovery of millions of novel genetic markers through
genome sequencing is revolutionizing plant genomic
research and crop improvements. Different types of
molecular markers are now being widely used for
analyzing genomic diversity in plants and for their
development (Henry 2001; Phillips and Vasil 2001).
Among these markers, single nucleotide polymorphisms
(SNPs) are the most abundant ones due to their availability
in the genomes of different populations. SNP markers are
now widely used for the analysis of population structure,
association mapping, selection of QTL, and/or evolutionary
studies. Due to technological advances, thousands to
millions of SNP markers are now available for each plant
species. Whole genome sequencing is the best way to find
genetic diversity and molecular markers in a population
and gain a better understanding about the relationship
between genotypic and phenotypic changes. Chen et al.
(2014) have identified more than 10,000,000 SNP loci
from 801 re-sequenced rice varieties. Xu et al. (2014) have
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found a total of 6,385,011 SNPs through re-sequencing 15
maize inbreds and compared them to maize B73 reference
genome. Another study yielded a total of 4,290,679 unique
SNPs from eight tomato lines when each genome was
separately compared to the reference genome (Causse et al.
2013).

QTL MAPPING
A QTL is a region of DNA or locus associated with a
particular phenotype. QTLs typically contain genes that
control the phenotype. Generally, a single phenotypic trait
is determined by many genes. Therefore, many QTLs are
associated with a single trait. By using complete genome
sequencing data, it is possible to make QTL map so that it
is easy to identify reasons behind phenotypic variations
among individuals. High density molecular markers
developed from sequenced genome can be used to rapidly
map agronomical important traits and identify candidate
genes within a region of interest. Lam et al. (2010) have
discovered a set of 205,614 tag SNPs by re-sequencing 31
wild and cultivated soybean genomes. They might be
useful for QTL mapping and associated studies. The
availability of rice genome sequence has made it easy to
find different QTLs such as rice grain production
containing cytokinin oxidase (Ashikari et al. 2005).
Likewise, it is possible to identify maize QTLs for biomass
and bioenergy because of the availability of maize genome
sequence (Riedelsheimer et al. 2012).

ABIOTIC AND BIOTIC STRESS
TOLERANCE VARIETY DEVELOPMENT
Abiotic stress is a stress to plants caused by non-living
factors such as environmental and non-biological factors,
including drought, flood, temperature, salt, radiation, and
chemicals. On the other hand, biotic stress is caused by
living organisms such as fungi, bacteria, viruses, insects,
parasites, and weeds. Due to technological advances,
researchers can now focus more on the development of
crop varieties tolerant to different stresses. It is relatively

easier to develop different stress tolerance varieties if the
reference genome of important crop is available. Once the
rice genome becomes available, researchers have identified
a gene called DST that is responsible for drought and salt
tolerance in rice. Loss of this gene (DST) function will
enhance stomatal closure and decrease stomatal density,
resulting in improved drought and salt tolerance in rice
(Huang et al. 2009b). Similarly, after the genome sequence
of maize became available, candidate genes were identified
for drought tolerance so that they could be used for the
development of drought tolerance varieties (Xu et al.
2014). In one study, more than 6,000 SNPs were found in
drought stress related genes from two contrasting cultivars
of Soybean: sensitive (BR 16) and tolerant (Embrapa 48).
Among these SNPs, 165 were related to tolerance to abiotic
stress (Vidal et al. 2012).
Several genes involved in stress responses related to
drought, heat, flooding, salinity, and pathogen defense
were identified by transcriptome analysis for two
switchgrass ecotypes: lowland variety AP13 and upland
variety VS16 (Fiedler et al. 2016). RNA binding proteins,
Mei2-like, pumilio, and RRM domain containing proteins
implicated in posttranscriptional gene regulation were also
found (Fiedler et al. 2016). Drought and heat are major
concerns for wheat production as they can dramatically
reduce grain yield. A QTL qDHY.3BL was detected on
chromosome 3BL of a double-haploid population after a
cross between two wheat cultivars (RAC875 and Kukri),
showing valuable source of abiotic stress tolerance
(Thomelin et al. 2016). Sukumaran et al. (2016) developed
and tested several physiological traits related to heat and
drought stress in wheat. Genome-wide association
mapping was done on a wheat association mapping initiative
(WAMI) panel for these traits. Some QTLs associated with
drought and heat tolerance in spring wheat were detected.
Li et al. (2016) performed genome-wide association
studies (GWAS) of disease and drought-relative traits
using whole genome re-sequencing data of Chickpea and
found more than 800,000 SNPs from 64 Australian
chickpea varieties, 4 Indian landraces, and 1 wild chickpea
species. GWAS identified a 100 kb region on the
chromosome 4 of chickpea that was significantly
associated with ascochyta blight resistance, a fungus
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disease that could severely impact chickpea production in
Australia and other regions of the world.
The wild grass species Thinopyrum elongatum has been
identified as a source of strong fusarium head blight (FHB)
resistance. After being inserted into wheat by recombination FHB resistance wheat was developed (Ouellet et
al. 2016). Allen et al. (2016) developed an enhanced
fusarium crown rot resistance wheat cultivar by stimulating
the ethylene-signaling pathway with ethylene biosynthetic
precursor 1-aminocyclopropene-1carboxylic acid (ACC)
and found associated genetic changes by RNA-Seq data
analysis. Mukhtar et al. (2009) found 230 SNPs in Allene
Oxide Synthase 2 gene of 184 tetraploid potato individuals
associated with field resistance to late blight in populations
of tetraploid potato cultivars. In another study, Shi et al.
(2015) identified three functional SNP in soybeans (two for
Rhg1 locus and one for Rhg4 locus) responsible for
soybean cyst nematode resistance.

FLOWERING TIME AND MATURATION
TIME
Flowering time and maturation time are important
agronomical traits involved in the adaptation to various
geographical locations and crop yields. In a positive way,
delayed flowering time prolongs the period of vegetative
growth, thus increasing yields. But in a negative way,
delayed flowering time might increase the susceptibility of
plants to winter mortality, thus decreasing production.
Therefore, controlling flowering time and maturation time
of crops can help improve their production. Recent
advances in genomic research have provided great
opportunities to understand and regulate the flowering time
of crops. Soybean genome was used to discover a maturity
locus E1 that could regulate the flowering time and
maturity of soybean (Xia et al. 2012). Likewise, potato
genome sequence was used to identify a transcription
factor that could regulate tuberization and plant life cycle
length (Kloosterman et al. 2013). Grabowski et al. (2016)
identified genic regions in the switchgrass genome that
might play a role in controlling flowering time through
GWAS. In another study, a pseudo-F2 population was

generated by crossing two F1 siblings to genetically map
flowering time genes in switchgrass (Tornqvist et al.
2016). Taylor et al. (2016) also discovered the genetic
variation of flowering time and biomass in switchgrass
mapping population and identified quantitative trait loci
that could control the flowering time and biomass. Through
GWAS in rice, a total of 32 new loci associated with the
control of flowering time were isolated (Huang et al. 2012).
Shaw et al. (2016) characterized the flowering locus T2
(FT2) in wheat and Brachypodium. Two major external
stimuli (temperature and light) were used by temperate
cereals to coordinate flowering time with seasonal changes
through vernalization and photoperiod pathways. These
pathways converge on flowering locus T1 (FT1), a key
gene in the induction of flowering whose deletion will
delay flowering for less than one month. In that study, FT2
homologs in temperate grasses Brachypodium distachyon,
wheat, and barley were characterized using transgenic and
mutant approaches. It was found that FT2 gene expression
profiles were different from FT1, suggesting that these two
genes may have independent roles in the control of
flowering in temperate cereals (Shaw et al. 2016).

GRAIN QUALITY AND YIELDS
High yields and improved grain quality are the most
desired traits in crop breeding programs. Once the rice
genome sequence became available, it was immediately
used to find major QTLs for rice grain production. Ashikari
et al. (2005) identified a QTL that could increase grain
productivity of rice. Gene Gn1a encodes cytokinin
oxidase/dehydrogenase (OsCKX2), an enzyme that can
degrade phytohormone cytokinin. Reduced expression of
OsCKX2 can cause cytokinin accumulation in inflorescence
meristems and enhance the number of reproductive organs,
resulting in increased grain yield. Huang et al. (2012)
recognized 10 grain-related loci through GWAS in rice. In
one study, QTL for grain yield was analyzed in 243 F2 rice
plants derived from a cross between IL28 and Ilpumbyeo.
It was found that qSPP6 and qTGW6 alleles were involved
in improving rice yields (Ahn et al. 2016). Through GWAS
in bread wheat (Triticum aestivum), several putative loci on
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chromosomes 2A, 4A, and 2D were found to be associated
with grain protein concentration (Dao et al. 2016). In
addition, several putative loci on chromosomes 1B, 2B, 3B,
and 4B were found to be associated with for test weight
(Dao et al. 2016). Guo et al. (2016) analyzed 54
yield-related traits in 200 wheat genotypes to genetically
dissect assimilate partitioning between competing plant
parts of wheat by GWAS and suggested that VRN, Ppd, FT,
Rht, and Q genes might be involved in the regulation of
assimilate distribution between competing plant parts, an
important strategy to improve wheat grain yield.

CONCLUSION
Recent advances in genome sequencing technology are
radically changing genomic researches for plants, thus
having a major impact on crop improvement. The success
stories indicate that it is not so far to sequence complex and
large crop genome and identify all genes including QTLs
within a short time. New valuable whole-genome
information will aid rapid genome wide association studies
to make a link between genetic variation and agronomic
traits for all crop species. The identification of QTL and
molecular markers underlying these agronomic traits will
speed up the breeding process and lead to improved
varieties, including enhanced yield and quality, increased
tolerance to adverse environmental conditions (such as
severe drought, flood, cold, and extreme temperatures),
and higher resistance to pathogens (such as bacteria, fungi,
viruses, and insects).
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