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ABSTRACT: All disciplines which are DNA sequence data dependent, have shown rapid advancement in the last few 
years because of the development of development and emergence of next-generation sequencing (NGS) technologies. 
Earlier to NGS technology, for almost two decades, the automated Sanger method had conquered the industry and led 
to a number of enormous achievement, including the completion of the human genome sequence. The arrival of NGS 
technologies in the marketplace brought change in the way we dwell on scientific approaches in basic, applied and 
clinical research. This review article explain how different next generation sequencing works, what are the different 
types of Next-Generation Sequencing Systems and application of Next-Generation Sequencing in plant science.  
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I. INTRODUCTION  
 

All disciplines which are DNA sequence data dependent have shown rapid advancement in the last few years because 
of the development and emergence of next-generation sequencing (NGS) technologies. Earlier to NGS technology, for 
almost two decades, the automated Sanger method had conquered the industry and led to a number of enormous 
achievement, including the completion of the human genome sequence[1]–[3]. The automated Sanger method, which is 
believed as a "first-generation" technology, and present methods are referred to as next-generation sequencing (NGS). 
These newer technologies are constituted of various strategies that rely on a combination of template preparation, 
followed by sequencing and imaging and genome alignment and assembly methods. The arrival of NGS technologies 
in the marketplace brought change in the way we dwell on scientific approaches in basic, applied and clinical research 
[3]–[6]. In some respects, the potential of NGS is similar to the first phase of PCR, with one's thoughts being the 
primary limitation to its use. The major advantages offered by NGS is the ability to generate a massive volume of data 
cheaply in some cases in excess of one billion short reads per instrument run. This feature increases the monarchy of 
experimentation beyond just shaping the order of bases. For example, microarrays studies for gene-expression are now 
being replaced by seq-based methods, which are capable of identifying and quantifying rare transcripts without prior 
knowledge of a particular gene and can also provide information about alternative splicing and sequence variation in 
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identified genes. The ability to sequence the whole genome of many related organisms, by NGS technologies, has led 
to the large-scale comparative and evolutionary studies to be executed that were unthinkable just a few years ago [1], 
[7]–[9]. The broadest use of NGS may be the re-sequencing of human genomes to boost our understanding of how 
genetic differences affect health and disease. In agriculture, during the initial stages of NGS development, NGS 
technology was mainly used by researchers like plant breeders who works with model organisms of economic 
importance. A comparative study using four commonly used short read alignment tools like Maq, BowTie, Novoalign 
and SOAP2 with their latest approach called coverage-based consensus calling (CbCC) for SNP discovery as a case 
study in chickpea, Cicer arietienum L. , a crop lacking a reference genome was done in 2012 [6]. Maq was found to be 
most accurate and sensitive, even at low read depth. Greater accuracy was demonstrated by all four tools at higher read 
depth, and SNPs predicted by three or four tools were more likely to be correct. SNP prediction accuracy normally 
increased with the increase in read depth. The results acquired in that study are applicable for NGS-based SNP 
discovery in a few other plant species that does not have a reference genome. In addition, 4543 putative SNPs have 
been identified in chickpea that will be useful for advancing chickpea genetics research and breeding applications [6]. 
22 EST libraries were generated by Lai et al. , from a variety of tissues for 11 weeds in the sunflower family using 
Illumina sequencing and Sanger 454. They also compared the coverage and quality of sequence assemblies. They too 
have developed NimbleGen microarrays for expression analyses in five of them [10]. In the present review paper, we 
will discuss different existing NGS technologies and their use in plant biology.  
 

II. RELATED WORK 
 
 Various paper have reported about different existing NGS technologies and their application in various field of 
medical science as well as agriculture. Metzker (2010) had reported review of  preparation of template, sequencing, and 
imaging, followed by genome alignment and assembly approaches. That review article also outlines the problems and 
applications for NGS technologies[3]. Liu et al. (2012) have reviewed about the different NGS technologies and 
discussed the advantages and specifics associated with each sequencing system [11]. Egan et al. (2012) presented a 
brief outline of different existing NGS technologies and their application in plant science[6]. Morozova et al (2008) 
have reviewed about different NGS technologies and their application to functional genomics research, predominantly 
focusing on transcriptomics and epigenomics. This review article have reported that 454 sequencing correlated well 
with the already established gene expression profiling technologies such as microarray results and moderately with 
SAGE[12]. Radford et al (2012) have reported about various NGS technologies methods and discussed different 
increasing application in virology, especially in virus discovery, genome sequencing and transcriptomics [13]. Shen et 
al (2015) have summarized the account of massively parallel next-generation sequencing (NGS) in the context of 
cancer genomics. They have also highlighted the importance and possibility of complete or 100% genome sequencing, 
i.e., the ability to sequence highly repetitive non-coding sequences which are beyond the reach of existing NGS 
technologies [14]. Berglund et al (2011) have reviewed about technical aspects of next generation sequencing 
technology ,.i.e.,  the preparation of DNA templates, methods for imaging and base calling, quality control, and 
bioinformatics approaches for sequence alignment, variant calling, and assembly[15]. 
 

III. NEXT-GENERATION SEQUENCING TECHNOLOGIES 
 

Sequencing technologies are composed of a number of methods which are grouped broadly as template preparation, 
sequencing and imaging, and data analysis. The exclusive combination of explicit protocols distinguishes one 
technology from another and determines the kind of data produced from each platform. These differences in data output 
present challenges while comparing those platforms based on data quality and cost. Although each manufacturer 
provides quality scores and accuracy estimates, there is no accord that a "quality base" from one platform is equivalent 
to that from another platform.  
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1. Template preparation 
The need for dynamic methods that generate a representative, non-biased source of nucleic acid material from the 
genome under analysis cannot be overemphasized. Existing methods generally comprise of randomly breaking genomic 
DNA into minor sizes from which either fragment templates or mate-pair templates are formed. A common design 
among NGS technologies involves attachment or immobilization of the template to a solid surface or support. The 
immobilization of spatially separated template sites permits thousands to billions of sequencing reactions to be 
executed concurrently [2], [3], [9], [16], [17].  
 
(A) Clonally amplified templates.  
Most imaging systems are unable to detect single fluorescent events, thus amplified templates are required. The two 
most general methods for amplifying templates are emulsion PCR (emPCR) and solid-phase amplification. In emPCR, 
sequencing templates are prepared in a cell-free system, which avoids the random loss of genomic sequences, a 
problem that is intrinsic in bacterial cloning methods. A library of fragment or mate-pair targets is formed, and adaptors 
containing universal priming sites gets ligated to the target ends, allowing amplification of complex genomes with 
common PCR primers. After ligation, the DNA separate into single strands and captured onto beads under conditions 
which favor one DNA molecule per bead. Subsequently successful amplification and fortification of emPCR beads, 
millions can be immobilized in a poly-acrylamide gel on a standard microscope slide (Polonator), which gets 
chemically cross-linked to an amino-coated glass surface (Life/APG; Polonator) or else deposited into respective 
PicoTiterPlate (PTP) wells (Roche/454) where the NGS chemistry can be performed [2], [3], [6], [8], [18], [19].  
 
(B) Single-molecule templates.  
Although clonally amplified methods are advantageous than bacterial cloning, some of the protocols are burdensome 
for implementing and need a huge amount of genomic DNA material (3-20 µg). The preparation of single-molecule 
templates is more simple and requires less starting material (<1 µg). Apart from this, these methods do not require PCR, 
which may cause mutations in clonally amplified templates that pretend to be as sequence variants. Amplification bias 
in product yield is seen in AT-rich and GC-rich target sequences, which results in their under-representation in genome 
alignments and assemblies. Quantitative applications, such as RNA-seq, perform more efficiently with non-amplified 
template sources, which do not modify the representational abundance of mRNA molecules. Prior to the NGS reaction 
is carried out, single molecule templates are generally immobilized on solid supports by means of, either of three 
different methods. In the first method, spatially distributed individual primer molecules gets covalently attached to the 
solid support. The template is generated by randomly breaking the starting material into small sizes (for example, ~200-
250 bp) and the addition of common adaptors to the fragment ends, which is hybridized to the immobilized primer. In 
the second method, spatially distributed single- molecule templates are made covalently attached to the solid support 
via priming and extending single-stranded, single-molecule templates from immobilized primers. After that, a common 
primer is hybridized to the template. In either approach, DNA polymerase gets bind to the immobilized primed 
template which initiates the NGS reaction. Both of the above methods are used by Helicos BioSciences. In a third 
method, spatially dispersed single polymerase molecules becomes attached to the solid support, to which a primed 
template molecule is bound. This approach is utilized by Pacific Biosciences. this technique use larger DNA molecules 
(up to tens of thousands of base pairs). Contrast to the first two approaches, the third approach can be used with real-
time methods, which results in potentially longer read lengths [3], [20]–[24] 
 Template immobilization strategies are depicted in Figure 1.In emulsion PCR (emPCR) (a), a reaction mixture 
consisting of an oil-aqueous emulsion is created to encapsulate bead-DNA complexes into single aqueous droplets. 
PCR amplification is performed within these droplets to create beads containing several thousand copies of the same 
template sequence. EmPCR beads can be chemically attached to a glass slide or deposited into PicoTiterPlate wells. 
Solid-phase amplification (b) is composed of two basic steps: initial priming and extending of the single-stranded, 
single-molecule template, and bridge amplification of the immobilized template with immediately adjacent primers to 
form clusters. Three approaches are shown for immobilizing single-molecule templates to a solid support: 
immobilization by a primer (c); immobilization by a template (d); and immobilization of a polymerase (e). dNTP, 2'-
deoxyribonucleoside triphosphate. 
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Figure 1 : Template immobilization strategies. This picture is adapted from (Metzker 2010) 

 
2. Sequencing and imaging 
There are basic differences in the product of sequencing clonally amplified and single-molecule templates. Clonal 
amplification generates a population of identical templates, each member of which has undergone the sequencing 
reaction. On imaging, the observed signal represents the consensus of the nucleotides or probes which are added to the 
similar templates for a given cycle. This may lead to the decrease in the efficiency of the addition process, and 
incomplete extension of the template assembly may result in lagging-strand dephasing. Leading-strand dephasing can 
also occur due to the addition of multiple nucleotides or probes in a given cycle, resulting in. Signal dephasing causes 
an increase in fluorescence noise, which further cause base-calling errors and shorter reads. Because dephasing is not 
generated with single-molecule templates, the requirement for cycle efficiency is undisturbed. Single molecules, on the 
other hand, are predisposed to multiple nucleotide or probe additions in any given cycle. Here, deletion errors will 
occur due to quenching effects between adjacent dye molecules or no signal will be detected owing to the integration of 
dark nucleotides or probes [3], [16], [25].  
 
3. Genome alignment and assembly 
Subsequently, after generation of NGS reads, they are aligned to a known reference sequence or assembled de novo. 
The choice to use either approach is based on the planned biological application as well as cost, effort and time 
considerations, e. g. in identifying and classifying genetic variation in multiple strains of highly related genomes, like 
those found in specific species of bacteria, C. elegans and Arabidopsis thaliana, which can be achieved by aligning 
NGS reads to their reference genomes. This approach is significantly cheaper and quicker than Sanger sequencing. De 
novo assemblies have been reported for the studies of bacterial genomes and mammalian bacterial artificial 
chromosomes only [1], [3].  
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IV. COMPARISON OF NEXT-GENERATION SEQUENCING SYSTEMS 
 

Following the human genome project, 454  launched 454 GS/FLX  in 2005, and followed by the release of Genome 
Analyzer  by Solexa, followed by (Sequencing by Oligo Ligation Detection) SOLiD which is provided by Agencourt, 
which are three important massively parallel sequencing systems in the NGS that shared good performance on 
throughput, accuracy, and cost compared with Sanger sequencing (shown in Table 1). The reagent cost of 454 GS FLX 
Titanium is calculated based on the sequencing of 400 bp; the reagent cost of HiSeq 2000 is calculated based on the 
sequencing of 200 bp; the reagent cost of SOLiDv4 is calculated based on the sequencing of 85 bp.HiSeq 2000 is more 
flexible in sequencing types like 50SE, 50PE, or 101PE. SOLiD has high accuracy especially when coverage is more 
than 30x, so it is widely used in detecting variations in resequencing, targeted resequencing, and transcriptome 
sequencing. Lanes can be independently run to reduce cost.Advantages and specifics associated with each sequencing 
system are summarized in Table 1, 2 and 3,which have been adapted from Liu et al. 2012 [11].  
 

TABLE-1 : ADVANTAGE AND MECHANISM OF SEQUENCERS 
SEQUENCERS 454 GS/FLX HiSeq 2000 SOLiDv4 SANGER 3730xl 
Sequencing 
mechanism Pyrosequencing 

Sequencing by 
synthesis 

Ligation and two base 
coding 

Dideoxy-chain 
termination 

Read length 700bp 50SE, 50PE, 101PE 50+35bp or 50+50bp 400~900bp 
Accuracy 99. 9%* 98%, (100PE) 99. 94% *raw data 100. 00% 
Reads 1M 3G 1200~1400  - 
Output data/run 0. 7Gb 600GB 120GB 1. 9~84 KB 

Time/run 24 Hours 3~10 days 
7 days for SE, 14 days for 

20 mins~3 Hours 

Advantage Read length, fast High throughput Accuracy 
High quality, long 
read length 

 
 
 

TABLE-2 : COMPONENTS AND COST OF SEQUENCERS 
Sequencers 454 GS/FLX HiSeq 2000 SOLiDv4 SANGER 3730xl 

Instrument price 
Instrument $500000, 
$7000 per turn 

Instrument $690000, 
$6000/(30x) human 
genome 

Instrument 
$495000, 
$15000/100Gb 

Instrument $95000, 
about$4/800bp reaction 

CPU 2*Intel Xeon X5675 2*Intel Xeon X5560 
8*processor 2. 0 
GHz Pentium IV 3. 0 GHz 

Memory 48 GB 48 GB 16 GB 1GB 
Hard disk 1. 1 TB 3 TB 10 TB 280 TB 
Automation in 
library 
preparation Yes Yes Yes No 
Other required 
device REM e System cBot System EZ beads system No 
Cost/million base $10  $0. 07  $0. 13  $2400 
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TABLE-3 : COMPONENTS AND COST OF SEQUENCERS ( adapted from (Liu et al. 2012) ) 

Sequencers 454 GS/FLX HiSeq 2000 SOLiDv4 
SANGER 
3730xl 

Resequencing  No Yes Yes  No 

De novo Yes Yes  No  Yes 

Cancer Yes Yes Yes  No 

Array Yes Yes Yes  Yes 

High GC sample Yes Yes Yes  No 

Bacterial Yes Yes Yes  No 

Large genome Yes Yes  No  No 
 

V. APPLICATION OF NEXT-GENERATION SEQUENCING SYSTEMS IN PLANT BIOLOGY 
 
Next-generation sequencing technologies are revolutionizing scientific discovery at a rapid pace. Since genome 
sequencing is easily available, genomics is becoming an integral part of every branch of the life sciences including 
plant biology [6]. Below are some of the examples of the use of NGS technology in plant biology.  
 
A. Molecular marker development : 
 
Single nucleotide polymorphisms (SNPs) denote changes in a single base in DNA relative to that expected at that 
position. They can be used for determining genetic variation, associate SNPs to phenotypic variants, for example, 
disease associations in humans and traits for breeding in crop plants or construct genetic linkage maps. four commonly 
used short read alignment tools (SOAP2, Novoalign, BowTie, and Maq) was compared by Azam et al. with their new 
approach called coverage-based consensus calling (CbCC) for the discovery of SNP as a case study in chickpea, Cicer 
arietienum L. There is no reference genome for chickpea. Maq was found to be most accurate and sensitive. All four 
tools confirmed better accuracy at higher read depth, and SNPs predicted by three or four tools. With increasing read 
depth, the accuracy of SNP prediction generally increased. The results obtained in this study are appropriate for NGS-
based SNP discovery in any other plant species, which do not have a reference genome [26].  
 
B. Hybridization and introgression : 
 
Weeds are economically significant, yet have been acknowledged little attention in the development of their genome 
resources. 22 EST libraries from a variety of tissues for 11 was generated by Lai et al. in the sunflower family by 
means of Sanger, 454, and Illumina sequencing, compared the coverage and quality of sequence assemblies and 
developed NimbleGen microarrays for expression analyses in five of them [10].  
 
C. Transcriptome investigations:  
 
NGS method that sequences the transcriptome (all RNA transcripts) is called RNA-seq. It is practical in non-model 
plant species mainly because a reference genome is not required. Common reed ( Phragmites australis L. ) is one of the 
most common angiosperms, which like many vascular plants, including important hay, forage, pasture crops, and wild 
grain species, which uses rhizomes as propagation organ and the primary energy storage. Comparative transcriptomic 
and proteomic study of developing rhizomes in common reed is done by He et al. for identification of candidate genes 
and proteins which are involved in rhizome growth, development, metabolism, and invasiveness. A Large number of 
phytohormone-related transcripts/genes which are important for the growth and development of rhizome are expressed 
in the developing tips of reed rhizomes. In addition, a number of putative transcription factors and regulators were also 
identified that may play important roles in development and function of the rhizome [27].  
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D. Phylogenetic and ecological studies: 
 
Steele et al. had examined the use of NGS for the study of phylogeny of two lineages of monocots, the Asparagales, 
and the grasses, using Illumina data (80 - 120-bp reads). They confirm that even low-coverage data provide genomic 
sequences of high-copy sufficiently well to provide high-quality assemblies. Adequate quantity of phylogenetically 
informative characters are provided by these data, to produce robust phylogenies, even of closely related and recently 
diverged taxa that were unmanageable to phylogenetic analysis before. Their results were not dependent on genome 
size or amount of plastid present in the total genomic DNA template or relatedness of available reference sequences for 
assembly. Costs are cheaper for generating the data, and much laboratory time is even saved [28].  
 

VI. CONCLUSION 
 
With the continuous improvement in NGS technologies, their scope and application will equally expand within and 
across scientific disciplines. Plant biology is getting benefited from increasing our technological capability in genomics, 
with applications reaching from plant breeding to evolutionary studies. With respect to comparative genomics, the 
increasing number of fully sequenced plant genomes will facilitate greater understanding of genetic, genomic, 
developmental, and evolutionary processes which create the diversity of plant life on earth. The improvement and 
application of NGS technologies will paint a bright future for plant biology along with other areas of life science 
research, as illustrated above.  
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