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ABSTRACT 
The modern biology has undergone a drastic change with the increasingly available genetic information of many 
organisms from prokaryotes to human beings. This was possible due to the invention of novel DNA sequencing 
technologies called high through-put sequencing techniques (HTS technologies), which are capable of sequencing 
the genetic information with increased speed, accuracy and efficiency at a lower cost. Development of these 
technologies has revolutionalized the traditional Sanger sequencing method and has almost made the sequencing a 
bench-top instrument. HTS technologies are also used in solving the genome complications, for studying the 
diversity and genetic variations. These technologies are believed to be useful in novel medical diagnostics and 
treatment. This review will focus on using different HTS technologies for solving the complexities in the genomes 
of fossil, prokaryotic and eukaryotic organisms. 
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INTRODUCTION:- 

Genome comprises the entire genetic 
information of an organism encoded either in 
DNA or RNA consisting of both coding and 
non-coding regions [1]. Genome constitutes 
double helical DNA in higher organisms, single 
circular chains of DNA in bacteria, viruses and 
in organelle like chloroplast, mitochondria, 
linear chains of RNA in some viruses and 
transposable elements. In eukaryotes the entire 
genome is packed in copies of chromosomes and 
the copy number varies from two in diploids to 
four in tetraploids [2]. Study of genome will not 
only yield the information regarding the total 
number of genes in an organism, but also about 
the mechanisms that could have led to the 
production of great variety of genomes that 
exists to day by comparing different genomes 
for their size, codon usage bias, GC content, 
repeats (STR), duplication of genes etc. The 
variation in the genetic information especially to 
the traits of diseases requires comparisons 

between individuals which makes the genome 
more complex in the context of biology [3]. 

The term sequencing refers to determine the 
order of the nucleotides in the DNA sequencing 
and amino acids in protein sequencing.  Genome 
sequencing is a technique that determines the 
complete DNA sequence of an organism’s 
genome at a time which includes the 
chromosomal DNA, mitochondrial DNA and in 
the case of plants, chloroplast DNA also [4]. 
Genome sequencing has created a revolution in 
the biology research by further opening the 
doors for studying the molecular processes 
involved in the complete cellular systems, 
leading to the concept of systems biology. 
Genome sequencing has also laid the foundation 
to the ‘omics’ technologies such as proteomics 
and transcriptomics [5]. All this was possible 
because of the availability of advanced nucleic 
acid sequencing techniques. The present review 
focus on the role of different sequencing 
techniques involved in the genome sequence of 
different organisms.  Much emphasis was given 
to the contribution of high-throughput 
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sequencers in decoding the genomes. Attempt 
was also made to study the role of high-
throughput sequencers in understanding the 
genetic variation and their relationship to 
biological function. 

DNA Sequencing Technologies:- 
The first DNA sequences were obtained in early 
1970s using laborious methods based on 2-
dimensional chromatography. Following the 
development of dye-based sequencing methods 
with automated analysis [6], DNA sequencing 
has become easier and faster. One of the earliest 
ways of nucleotide sequencing is RNA 
sequencing. The major landmark of RNA 
sequencing is the sequence of bacteriophage 
MS2 complete genome [7]. The development of 
rapid methods by Sanger, Gilbert and Maxam 
became the method of choice for the DNA 
sequencing.  
One common challenge faced in all sequences is 
the poor quality during first 15-40 bases of 
sequencing and rapid decline in quality after 700 
bases, and limitation in size (300-1000 bases) 
has hampered the quality of sequencing as well 
as time. Automated DNA sequencers, which can 
sequence up to 384 DNA samples in a single 
batch supported by number of software 
programs, can reduce the low-quality DNA 
sequencing. These programs score the quality of 
each peak and remove low-quality base peaks 
[5]. Invention of large scale sequencers enabled 
the sequencing of large fragments including 
whole chromosome, but the assembly of 
sequence information is complex and difficult, 
particularly with sequence repeats often causing 
gaps in genome assembly. 
High-throughput sequencing:- 
The demand for the invention of high quality 
sequencers which can sequence the large 
fragments of the genomes efficiently  with low 
cost has led to the development of high-
throughput sequencing technologies that 
parallelize the sequencing process, producing 

thousands or millions of sequences at one hit 
with lower cost beyond what is possible with 
standard methods [8]. 

In vitro clonal amplification 

 This technique uses In vitro cloning step for 
amplification of individual DNA molecules, 
which can be isolated by Emulsion PCR. 
Emulsion PCR isolates individual DNA 
molecules along with primer-coated beads in 
aqueous droplets within an oil phase. PCR then 
coats each bead with clonal copies of the DNA 
molecule followed by immobilization for 
sequencing. Emulsion PCR is an important part 
of  Polony sequencing, which provides clonal 
amplifications of a single DNA molecule, grown 
in a gel matrix [9] and  SOLiD (Sequencing by 
Oligonucleotide Ligation and Detection) capable 
of  generating hundreds of millions to billions of 
50 base reads at one time. In bridge PCR, 
fragments are amplified upon primers attached 
to a solid surface, used in the Illumina Genome 
Analyzer.  Pyrosequencing uses DNA 
polymerization, adding one nucleotide species at 
a time, detecting and quantifying the number of 
nucleotides added to a given location through 
the light emitted by the release of attached 
pyrophosphates is capable of generating millions 
of 200-400 bases reads [10].  Solexa sequencing 
system can generate hundreds of millions of 50-
100 base reads [11]. These methods have 
reduced the cost from $0.01/base in 2004 to 
nearly $0.0001/base in 2006 and increased the 
sequencing capacity from 1,000,000 
bases/machine/day in 2004 to more than 
5,000,000,000 bases/machine/day in 2009 [12].  

Parallelized sequencing 

 In this process, DNA molecules are bound to a 
solid surface, used as a template and sequenced 
parallely by synthesis using DNA polymerase, 
which determines the base. Reversible 
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terminator methods uses reversible versions of 
dye-terminators, by adding one nucleotide at a 
time, detect fluorescence emission at each 
position of the base in real time, by repeated 
removal of the blocking group to allow 
polymerization of another nucleotide [13]. 
Sequencing by hybridization uses a single pool 
of DNA whose sequence is to be determined is 
fluorescently labeled and hybridized to an array 
of known sequences. Strong hybridization 
signals received from a given spot on the array 
identifies its sequence in the DNA being 
sequenced [14]).  Mass differences between the 
DNA fragments can also be used to determine 
the sequence of the fragments using Mass 
spectrometry [15]). Other sequencing 
approaches are in the process to label the DNA 
polymerase and Electron microscopy to identify 
the position of nucleotides in the chain by 
labeling them with heavy metals or halogens 

 Role of HTS technologies in sequencing the 
microbial genomes :- 
Ever since the first microbial genome of 
Haemophilus influenza has been decoded [16] 
comprising full genetic complement with 
1830137·bp of DNA and 1743 predicted genes, 
numerous microbial genomes were sequenced 
including Mycobacterium tuberculosis [17], one 
of the most important human bacterial 
pathogens, E.coli [18], malarial parasite 
Plasmodium falciparum [19, 20] and yeast [21].  
So far, approximately 300 complete bacterial 
genomes have been sequenced. In the case of 
pathogenic microbes, multiple species have been 
sequenced whose genetic information of each 
new strain revealed the discovery of new genes. 
Sequencing of B Streptococcus strains eight 
genomes led to the discovery of 33 new genes 
from each genome [22], giving rise to a concept 
of Pan-genome, which focuses on the 
importance of sequencing the genomes of 
different strains or species belonging to the same 
genus whose complete knowledge of genetic 

complementation will increase the scope of drug 
design [23].  
The major step in sequencing is to amplify the 
DNA, which was done traditionally by cloning 
and transformation into E.coli, might not give 
good results in the case of microorganisms that 
yield toxic compounds.  Margulis et.al., method 
also known as 454 sequencing method is capable 
of sequencing 25 million bases in 4hours, in 
which the DNA is amplified using a clonal 
approach and sequenced using a microfabricated 
massively parallel platform. Adapters are ligated 
to the sheared DNA fragments of approximately 
300 bases and these tiny DNA fragments are 
captured on beads of 30 mm in diameter. The 
reactions are adjusted in such a way that only 
one DNA fragment will be captured by a bead. 
Subsequently DNA captured in these beads will 
be amplified at a rate of 10 million copies of the 
initial fragment. The beads are then dispensed 
into open wells of fiber optic slide and 
pyrosequenced, which detects the luciferase 
emission of the pyrophosphate release using a 
realtime monitor. This generates a sequence of 
100 bp in length. Sequencing of Mycoplasma 
genitalium genome using this system yielded 
96% of the genome coverage with an accuracy 
of 99.96% was obtained in just 4h. 
Another technique for the High throughput 
sequencing was reported by Shendure et.al., 
[24]. This approach differs from the Margulie’s 
method with respect to sequencing chemistry 
and signal detection, which employs an 
epifluorescence microscope and an array 
platform. Here, the single DNA molecule is 
grown on a solid phase to dive rise to polonies 
by using clonal amplifications. DNA library 
containing approximately 1.6 million fragments 
each approximately 135 bases in length are 
sequenced using 17-18 bp sequence tags derived 
from the genome. Each fragment was captured 
on a bead and amplified using emulsion PCR 
and immobilized on an acrylamide gel. Parallel 
sequencing is carried out using a four dye 
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ligation protocol for the identification of each 
base. For each fragment 26 bp sequence was 
determined. An E. coli strain MG1655 
engineered for tryptophan biosynthesis was re-
sequenced using this approach with an error rate 
of one per million bases. 
Another approach called single molecule DNA 
sequencing was used to resequence the M-13 
phage genome [25]. The library construction 
process is simple and fast and does not require 
PCR, resulting a single stranded, poly (dA)-
tailed templates. Poly (dT) oligonucleotides are 
covalently anchored to glass cover slips at 
random positions. These oligomers are first used 
to capture the template strands, and then either 
as a primer for the template-directed primer 
extension that forms the basis of the sequence 
reading or, optionally, for a template replication 
step before sequencing. Up to 224 sequencing 
cycles were performed; each cycle consisting of 
adding the polymerase and labeled nucleotide 
mixture containing one of the four bases, 
rinsing, imaging multiple positions, and cleaving 
the dye labels. This sequencing process was 
performed simultaneously on more than 280,000 
primer-template duplexes. Single-molecule 
method also enabled to re-sequence each 
individual template in situ, which greatly 
reduced the ensemble error rate. 
 Screening for larger mutations and SNPs is one 
of the best applications of the high throughput 
sequencing of microbial genomes.  Currently, 
SNPs screening is being done by microarrays.  
In an approach, polony sequencing was used to 
screen an auxotroph of E. coli. The sequencing 
result has identified a number of deletions and 
inversions as well as SNPs [24]. Even though 
the data obtained per clone was around 26 bases, 
identification of rearrangements and SNPs in the 
genome was possible. In a similar study on 
bacterium Myxococcus xanthus, a laboratory-
evolved strain that had been selected for a 
cheating phenotype and re-selected for a 
cooperative phenotype was shotgun sequenced 

using 454 sequencing technology. The 454 
sequence was able to identify point mutations in 
the evolved strain compared with the reference 
strain, which could then be associated with the 
changes in phenotype as well as identifying 
errors in the reference [26]. 
 
Plant genomes:- 
 The complexity and size of the plant genomes 
have limited the ability to obtain their 
comprehensive genetic information.  After the 
sequence of Arabidopsis thaliana genome, 
(Arabidopsis Genome Initiative, 2000), the 
complete rice genome (Oryza sativa; 
International Rice Genome Sequencing Project, 
2005), poplar genome (Populus trichocarpa) 
have also been completed and, a draft sequence 
of the 2,300-Mb maize genome was released 
[27]).  In addition, the National Center for 
Biotechnology Information Entrez Genome 
Projects website reports that sequencing of 
several more plant genomes is in progress. The 
first wave of plant genome sequencing has 
passed, in which all these genomes were 
sequenced using the traditional approaches, 
constructing the sequence libraries from 
individual segments of the genome and are 
sequenced by Sanger’s method. A whole-
genome shotgun (WGS) strategy, with improved 
assembly algorithms, has been used for several 
recent plant genomes, in which the sequencing 
libraries are made directly from genomic DNA 
[28-30]. 
We are now entering a new era in plant 
genomics research. Large and complex plant 
genomes such as sugarcane, wheat and barley 
are difficult to decode because of historic 
duplication events, the amplification of families 
of transposable elements, and polyploidisation 
conditions. The development of next-generation 
DNA sequencing technologies has 
revolutionized plant genome research and 
stimulated the analysis and sequencing of large 
plant genomes. These novel DNA sequencing 
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technologies provide ultra-high throughput at a 
substantially lower cost with huge increases in 
sequencing throughput and, perhaps more 
importantly, the ability to avoid the handling of 
individual clones from shotgun libraries. There 
are currently four commercially available high 
throughput technologies, which are used in 
sequencing the plant genomes. 454 Life 
Sciences (acquired by Roche), Solexa (acquired 
by Illumina), ABI SOLID (acquired from 
Agencourt Biosciences), and Helicos 
Biosciences. These technologies can be grouped 
in to two classes based on the lengths of the 
sequence reads produced. Solexa, ABI SOLID, 
and Helicos all produce very short reads in very 
large quantities, while the 454 platform can 
produce a more moderate amount of sequence, 
but with much longer read lengths [31].  
The data produced through Solexa, ABI SOLID, 
and Helicos have very short read-length 
sequences, making de novo assembly extremely 
challenging.  Development of novel methods for 
sequencing assemblies of large genomes from 
short-read sequences have solved this problem 
and successfully assembled the cucumber 
genome of size 367Mb [32] and the genome 
sequences of Chinese cabbage (500Mb) potato 
(830Mb) are under way. The development of 
these assembly methods creates new 
opportunities for building reference sequences 
and carrying out accurate analyses of unexplored 
genomes in a cost effective way. Approaches are 
being made for the identification of genes and 
promoters by genome analysis of key species 
and wild crops, which reduces the complexity of 
genome assembly to establish reference 
genomes for the major crops. Genes and markers 
with important agricultural implications can be 
discovered and further applied in breeding 
programs for crop improvement. The list of 
plant genomes sequenced was displayed in 
Table 1. 
High throughput DNA sequencing technology is 
capable of identifying new micro RNAs 

(miRNAs) in plant species. Several miRNA 
genes in the plant kingdom are ancient, with 
conservation extending between angiosperms 
and the mosses, whereas many others are more 
recently evolved. Solexa sequencing approach 
was used to identify eight new micro RNAs in 
one of the model legume species, Medicago 
truncatula [33]. Using deep sequencing and 
computational methods, 48 non-conserved 
miRNA families, nearly all of which were 
represented by single genes, were identified in 
Arabidopsis thaliana [34].  
With increasing information on plant genomes, 
comparative analyses of genomes have become 
an important aspect in identification of genes 
and their function. Genome comparisons are 
more useful in the understanding of plant 
biology and evolution specifically at the intra 
kingdom levels, but the plant species for which 
genome sequences are available span only 200 
million years of land plant evolution.  
Sequencing of the pteridophytes genome like 
Selaginella moellendorffii and moss genome 
Physcometriella patens which is in the wedge of 
completion [35], will add another 200 million 
years of evolutionary history to comparative 
plant genomics.  
Fungal genomes:- 
Blumeria graminis is one of the most significant 
pathogens of cereal crops, which causes the 
powdery mildew and can reduce crop yields by 
as much as 40%.  In order to support the 
developments regarding the crop protection and 
disease resistance, the genome of this pathogen 
has been fully sequenced and is annotated [36]. 
One of the basic experimental challenges posed 
by Blumeria graminis is that it can only be 
grown on its host; thus, the supply of biological 
material is very limited and may be 
contaminated by host tissues. The advent of 
high-throughput DNA sequencing platforms has 
revolutionized the depth at which transcriptomes 
can be analyzed, and the development of robust 
and efficient protocols for generating cDNA that 
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can be introduced directly in the sequencing 
pipeline is of huge importance [37].

 
One of the 

requirements of genome annotation is a 
collection of full-length cDNA sequences from 
as many diverse stages of the organism as 
possible to use in ab initio gene discovery by 
programs such as EuGene and FGENESH.   
Full length cDNA was synthesized  and was 
sequenced using 454 pyrosequencing (one run 
on GS-FLX), which yielded 247,306 reads, 
comprising a total of 50.8 M bases 
corresponding to an average read length of 205 
bases. The data were assembled (using 
MIRA;www.chevreux.org/projects_mira.html), 
clustered, and combined with ESTs available in 
public repositories. The number of unique B. 
graminis genes identified by cDNA sequencing 
was increased from 4,584 to 7,727. When the 
cDNA sequences were compared to genomic 
DNA, it became evident that there was a marked 
heterogeneity in the RNA populations of B. 
graminis. Some bases were added in the 
transcript at a considerable distance from the 
beginning of the mature transcript. The majority 
of the additions include adenosines, but thymine, 
cytosine, and guanosine were also found. 
Similar observations were reported in the 
sequencing of other related fungi Magnaporthe 
oryzae (syn. grisea) and other eukaryotic 
organisms [38]. 
Several high-throughput techniques are available 
for sequencing of genes in a genome, but their 
function can be inferred only on the basis of 
sequence motifs or sequence similarity. The 
immediate challenge after the collection of 
genome sequences is to investigate how a 
genome and interactome (interactions of protein-
protein or protein-DNA) determines the 
phenome of an organism [39]. To study these 
interactions, technologies for genome-wide 
analysis of gene expression such as microarray 
hybridization are used. However, the complexity 
of higher eukaryotic genomes makes 
interactome analysis more complicated and 

difficult.  One approach to counteract these 
difficulties is synthetic genetic array (SGA) 
analysis [40]. Out of the 6,000 genes of yeast 
genome, 5,000 genes have shown to be non-
essential in a genome-wide single-gene-
knockout project, but the double mutants of 
these non-essential genes produced lethal 
phenotypes. SGA analysis allows the 
identification of genetic interactions, because if 
a double mutant has a synthetic lethal phenotype 
the two corresponding wild-type genes often 
have a functional relationship.  Among the 5,000 
non-essential genes, the function of 132 genes 
were tested by making double mutants with each 
other, it was determined that each gene has an 
average of 30 synthetic genetic interactions and  
was hypothesized that there can be 100,000 such 
interactions in the yeast genetic network [41]. 
Using cluster analysis of SGA results, the 
function of an unknown gene can also be 
predicted on the basis of the genes with which it 
is connected in the SGA network. SGA analysis 
gives a much more complex network of the 
yeast interactome than previously reported.  
 
Structural variations in Drosophila genome:- 
The complete genome sequences of 10 species 
of Drosophila have been published in 2007, to 
compliment with already published Drosophila 
melanogaster [43] and D. pseudoobscura [43]. 
One common thing in comparative genomes of 
these 12 drosophila species is structural 
variation. Copy number variation (CNV), is a 
type of structural variation includes deletions, 
duplications, insertions, and genomic 
rearrangements which will affect the number of 
occurrences of a specific DNA sequence present 
in the genome [44]. CNV is known to occur 
extensively in the Drosophila genome with 
functionally significant consequences [45]. Until 
recently, comparative genomic hybridization 
with whole-genome tiling arrays (array-CGH) 
was the primary method for characterizing 
CNVs [46]. However, several limitations for this 
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platform reduce its efficacy and efficiency and 
make this a costly affair. High throughput 
sequencing provides an ideal and cost-effective 
platform for CNV characterization by 
overcoming the inherent limitations of cross-
hybridization and provides a digital count of 
sequence representation without prior 
knowledge or design work. Using HTS, 
deletions in three deficiency fly stocks were 
successfully characterized and the associated 
breakpoints were accurately determined using 
the Illumina genome analyzer [47]. Sequence 
reads obtained were mapped to the Drosophila 
reference genome release 5.1 using the vendor 
provided Eland pipeline. 
 
Human Genome:- 
High-throughput sequencing (HTS) technologies 
such as Illumina/Solexa and AB SOLiD, have 
enabled the sequence a full human genome 
considerably at a lower   cost of at least 200-fold 
less than the regular methods [48]. Several other 
sequencing technologies are currently under 
development and are in the early stages of 
commercialization [49].  
Selective genome sequencing 
 Re-sequencing of genomes is one of the 
regularly used approaches for obtaining the 
contrasting results during biomedical research 
and clinical practice, for which the underlying 
cost remains prohibitive [50]. To reduce the 
cost, in most of the genome experiments specific 
portions of the genome will be sequenced. 
Multiplex PCR is one of the regularly used 
approach for sequencing the specific portions 
[51]. However, the specificity of multiplex PCR 
is relatively poor when >10-20 amplicons are 
simultaneously amplified. Another approach is 
long range PCR with which a continuous 
genomic region up to ~40kb can be specifically 
amplified [52]). However, broad application of 
this technology is restricted largely due to its 
low amplification efficiency and inability to 
multiplex [53].  

Several innovative technologies like Selector 
[54], Gene-Collector [55] MegaPlex PCR [56], 
Multiplex Exon Capture technique [57] and 
Sequence-capture Array [58] have recently been 
developed for selective genomic sequencing. 
The first three (Selector, Gene-Collector and 
MegaPlex PCR) are suitable for selecting 
genomic loci on the order of a few hundreds. In 
contrast, the Multiplex Exon Capture technology 
and Sequence-capture Array strategy are more 
suitable for applications at the genome scale 
because tens of thousands of target regions can 
be simultaneously captured.  As far as the 
performance is concerned, Sequence-Capture 
Array (65-77%) tend to be less specific than 
medium-throughput strategies (in general >90%) 
because of increase in the assay complexity with 
an exception of Gene-Collector strategy which 
has a specificity of only 58%.  Strikingly, the 
Sequence-capture Array strategy showed the 
best, enrichment distribution up to 90% bases 
within a 5-fold range due to the simplicity of the 
overall procedure with minimum amplification 
steps involved. On the other hand, low 
uniformity was observed for the Multiplex Exon 
Capture approach, which is reflected in its high 
dropout rate of 72% ([59].   
 
Sequencing of degraded and ancient fossil DNA 
The ancient DNA isolated from the fossils is 
always less and is heavily fragmented, 
chemically modified and contaminated with 
environmental DNA making the sequencing 
difficult [60]. Development of HTS technologies 
have bought  solutions to some of these 
problems, making a significant contribution to  
the emerging  field of  paleogenomics [61], 
enabling the sequencing of the genomes from 
extinct organisms [62]. Recently, high-
throughput sequencing techniques have been 
applied to sequence the fossil mitochondrial 
DNA (mtDNA) genome [63]. Using 454 
sequencing, mtDNA genome has been recovered 
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from bone of Neandertal man excavated from 
Vindija Cave, Croatia [64]. 
 
Conclusions:- 
 
In this review, we have described the 
tremendous progress made in sequencing the 
genomes of different organisms using HTS 
technology. Still, a long way to go in the 
genome sequencing to identify the genetic 
variations in the genomes of closely related 
species.  A number of new technologies are 
under development that can reinvigorate the 
genomics field by increasing the efficiency of 
the sequence and massively decreasing the cost, 
which takes the genome sequencing to the next 
level of mutation screening, evolutionary studies 
and environmental profiling. 
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Table 1:- List of plant genomes sequenced 
 
Organism Genome 

size 
Year of 
completion 

Arabidopsis thaliana 125 Mb 2000 
Oryza sativa ssp indica 420 Mb 2002 
Oryza sativa ssp 
japonica  

466 Mb 2002 

Populus trichocarpa 550 Mb 2006 
Vitis vinifera 490 Mb 2007 
Elaeis guineensis 1800 Mb 2007 
Physcomitrella patens 500 Mb 2008 
Carica Papaya 372 Mb  2008 
Cucumis sativus 367 Mb 2009 
Zea mays 2800 Mb 2009 
Brassica napus 1100 Mb 2009 
Glycine max 1100 Mb 2010 
Brachypodium 
distachyon 

272 Mb  2010 

 


