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ABSTRACT

The nucleotides are the building blocks of nucleic 
acids and determining their sequential arrangement 
had always been an integral part of biological research. 
Since the past seven decades, researchers from multi-
disciplinary fields has been working together to inno-
vate the best sequencing methods. Various methods had 
been proposed, from some oligonucleotides to the whole 
genome sequencing, and the growth had gone through 
adolescence to the mature phase where it is now capable 
of sequencing the whole genome at a low cost and within 
a short time frame. DNA sequencing has become a key 
technology in every discipline of biology and medicine. 
This review aims to highlight the evolution of DNA se-
quencing techniques and the machines used, including 
their principles and key achievements.
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INTRODUCTION 

We are witnessing the emergence of the cutting edge 
techniques in biological research that have gained a signifi-
cant place in reducing the time and cost to obtain biological 
knowledge. Decades ago, the sequencing technology was 
time-consuming, labour-intensive, and relied on analytical 
chemistry. In 1976, the first single-stranded genome of the 
bacteriophage ØX174 was sequenced using a plus-minus 
sequencing method. Since then, several genomes (includ-
ing the human genome) were drafted using the Sanger se-
quencing method which requires an enormous investment 
of time and cost [17, 19]. The most popular and highly 
used technique for DNA sequencing was established by 
Fred Sanger and it was referred to as the chain termination 
or dideoxy method. The Sanger method of sequencing has 
been characterized as the first-generation of sequencing. 
This phase of development can be considered as an adoles-
cence period, when the human genome project was com-
pleted in 2003, whereas from 2007 onwards, the maturing 
phase was beginning. 
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There were continuous improvements in the sequencing 
methods which further led to high throughput sequencing 
which was collectively called as the next generation of se-
quencing. During this developmental journey, commercial 
platforms (such as ABI, Solexa, Ion Torrent, Illumina, Ox-
ford Nanopore, etc.) with different sequencing strategies 
and concepts were developed, while the common sequenc-
ing steps remained conserved such as: the template prepa-
ration, clonal amplification and a cyclic round of massively 
parallel sequencing [17]. These sequencing platforms were 
capable of producing a huge amount of biological data in 
less time and money. These developments have opened 
new perspectives in the area of genomics, transcriptomics 
and metagenomics.

First-generation sequencing
The conceptual base for the replication and protein en-

coding by the nucleic acids was supported by the ground-
breaking discovery of the three-dimensional structure 
of DNA by  W a t s o n  and  C r i c k  [25] using photo-
graph 51, produced by the Rosalind Franklin and Maurice 
Wilkins [26]. Still, the order of four nucleotides was unap-

proachable as the DNA molecule is longer and composed 
of only four nucleotide bases that made it difficult to se-
quence [6]. An initial study in the field of rapid sequencing 
was carried out in 1970 by Ray Wu. Then in early 1975, the 
first complete genome was sequenced at the RNA level; this 
involved the RNA bacteriophage MS2 [5, 19]. Primarily, 
the focus was on the pure species of RNA such as: transfer 
RNA, ribosomal RNA and the genome of single-stranded 
RNA bacteriophages; this was because those are abundant 
in cell culture, they are shorter, and not complicated with 
the complementary strands. 

In the process of identification of small hypotheti-
cal DNA sequence, the first step was polymerization and 
elongation of DNA sequence using an already known short 
nucleotide (decamer). The radiolabeled complementary 
strands of unknown DNA template of various lengths were 
formed by incorporating four deoxynucleotide triphos-
phates (dNTPs), in which one was radiolabelled (32P). The 
second step was the removal of excess triphosphate using 
an agarose column and this mixture was further used for 
the minus and plus method [20]. 

Fig. 1. Pictures briefing the chemistry and techniques used in the evolution of first and second generation DNA sequencing 
(A)—The Sanger chain termination methods using types of ddNTPs with DNA polymerase in four separate reactions to infer the DNA sequence (Image 
Source- Snipcadmy.com); (B)—Illumina sequencing by synthesis techniques, each freely available nucleotide added recognized by the optical sensor and 

connected to a computer to readout the nucleotide pattern (Image source—Medium.com)
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In the minus method, the random mixture of ra-
diolabeled complementary strands was incubated with 
polymerase I  in the presence of three deoxyribose-tri-
phosphates (dNTPs), whenever in the synthesis of DNA, 
a  triphosphate missed, chain terminated at 3’ end before 
that specific residue. The four incubation mixture was syn-
thesized by missing one triphosphate among the four each 
time and further denatured and subjected to gel electro-
phoresis for molecular size-based separation. In the case of 
the plus method, the above obtained random mixture was 
incubated with only a single type of deoxynucleotide tri-
phosphates and T4 DNA polymerase, because of T4 poly-
merase exonuclease activity, all extension ended with that 
triphosphate present. Further, the radioautograph pro-
duced from the plus and minus method was used to infer 
the positions of the nucleotides in the hypothetical DNA 
sequence [20]. However, this technique was limited to ap-
proximately 50—100  nucleotides that consisted of small 
stretches of DNA and involved lots of analytical chemistry 
and fractionation steps [7]. 

After the development of the plus and minus methods, 
the first rapid sequencing was developed by Gilbert and 
Sanger with chemical cleavages and chain termination, re-
spectively [11, 19]. In the chain termination method, the 
DNA monomeric unit (deoxyribonucleic acid mimicked by 
the chemical analogue di-deoxyribonucleotide (ddNTPs) 
that lacked a  hydroxyl group at 3' prime) which was re-
quired for the extension of the DNA chain, resulted in the 
hindrance of the bond formed between the 5' phosphate of 
the next dNTP [19]. Whereas, an alternative method (the 
Maxam and Gilbert chemical cleavage method) involved 
complex chemistry, in which the double-stranded or sin-
gle-stranded DNA was first digested with the restriction 
enzymes and then the end-labelled with 32P phosphate 
subjected to the random cleavage at adenine (A), cytosine 
(C), guanine (G) or thymine (T) positions using specific 
chemical agents [11]. The products of these four reactions 
were then separated using polyacrylamide gel electropho-
resis to inferred the DNA sequence. Due to the benefits of 
the less toxic chemicals and less complex procedure, the 
Sanger method was further adopted and modified by the 
replacement of phospho-radiolabelling with the fluoro-
metric based detection and capillary-based electrophoresis 
technique to increase the capability. 

Gradual refinement contributed to the development of 
the first-generation automated sequencing machine, how-

ever, these machines were only capable of producing reads 
of less than 1 kilobase length [6]. To address this limita-
tion and to sequence longer fragments of DNA, researchers 
came up with the shotgun strategy, in which the overlap-
ping regions in the genome were fragmented, cloned using 
a  vector and then sequenced separately and reassembled 
using computational tools [16]. The overall advances in the 
sequencing technology led to the enablement to draft the 
first human genome sequence on 14 April 2003 using the 
Sanger chain termination method (Fig. 1). The automated 
DNA sequencer ABI prism 3700  with 96  capillaries was 
used for this genome sequencing [16, 24].

Second-generation sequencing
 The first-generation sequencing (mainly the Sanger se-

quencing technique) continued to dominate the sequenc-
ing market for approximately two decades; however, the 
researchers were in search of a better alternative technique 
that would have lower cost, higher throughput and capable 
of massively parallel sequencing (Table 1). Rather than 
a  chain termination method, a  new sequencing method 
had evolved based on the production of light, whenever 
a nucleotide was incorporated the release of a pyrophos-
phate occurred, hence it was called pyrosequencing. Dur-
ing the synthesis of DNA, nucleotides were incorporated 
by the polymerase enzyme and each incorporation re-
leased a pyrophosphate. This pyrophosphate was then, in 
the presence of ATP sulfurylase and adenylyl sulfate, con-
verted to ATP and then this ATP was used as a substrate 
for luciferase to produce light that was proportional to the 
amount of pyrophosphate. In this method at a  time, one 
type of dNTPs was added and if complementary nucleo-
tide found on the unknown DNA template, the light emits. 
This process further continued with washing and adding 
different dNTPs to inferred the DNA sequence in real-time 
[16]. The pyrosequencing technique came into existence 
in 1993 and was commercialized in 1997 by a  company 
(Pyrosequencing AB) owned by Pål Nyrén and colleagues 
[15]. This method was not dependable upon electrophore-
sis and fragment separation, hence it was more rapid than 
the chain termination. The second-generation sequencing 
can also be termed as a  short-read sequencing approach 
and can be broadly divided into Sequencing-by-ligation, 
Sequencing-by-synthesis and Ion semiconductor sequenc-
ing [8].

In 1998, Pål Nyrén and colleagues used one more en-
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zyme called apyrase to remove the nucleotides that were 
not incorporated by the DNA polymerase, hence they 
established the automated setup for Pyrosequencing. Us-
ing the principal of pyrosequencing, 454 pyrosequencing 
method attached the DNA that was to be sequenced to the 
solid phase fibre-optic slides which consisted of millions of 
wells and each well was capable for the separate enzymatic 
reactions; this achievement boosted the rapid growth in 
parallel sequencing techniques [18, 21]. One of which was 
Solexa/Illumina sequencing platform that includes: DNA 
fragmentation, adapter ligation (library preparation), fixa-
tion at the flow cell, clustering (PCR- bridge amplification), 
adding four types (A/T/G/C) of fluorescently labelled re-
versible terminating nucleotides and the clusters were ex-
ited using laser and signals were detected using coupled-
charge diode (CCD) [17]. The advantage of this sequenc-
ing method was that it was capable to perform paired-end 
sequencing that increases the accuracy of the information 

and helps in mapping reads to the reference genome, later 
this technique was acquired by Illumina.

The growing field of DNA sequencing witnessed anoth-
er technique called Ion Torrent (Thermo Fisher Scientific) 
that utilized a  semiconductor sequencing technology. In 
which the hydrogen ions were released whenever the nu-
cleotide was incorporated in a single strand of DNA shifts 
the pH of the surrounding solution during the polymeriza-
tion of DNA and these changes were detected by the sensor 
on the bottom of each well [22]. Each nucleotide was added 
with the washing cycle and according to the change in volt-
age, the sequence of the nucleotide was recorded. Another 
approach that was used commercially in ABI/SOLiD (Sup-
ported oligonucleotides ligation and detection) was the 
sequencing-by-ligation, not sequencing-by-synthesis, that 
consists of the attaching an adapter to the DNA fragment, 
one fragment-one bead complex formation and cloned by 
PCR emulsion, further processed with purification and 

Table 1. Showing the DNA sequencing companies with the details 
of their platforms and their pros and cons

Company Sequencing 
Principle

System 
platform

Read length 
and accuracy Pros Cons

Illumina Reversible terminator 
sequencing by synthesis

HiSeq 2500/1500 36/50/100 SE and > 
99 %

Very high throughput, 
cost-effective, steadily 
improving read length

Long run time, short 
read length

MiSeq 35/50/75/100 SE > 
99 %

Short run time, 
cost-effective, high 
coverage

Short read length

Roche Pyrosequencing 454 GS FLX+ 1 Million, 99.97 %
Longer reads, high 
throughput, high 
coverage

High reagent cost, 
the higher error rate 
in homopolymers 
region

Helicos 
Biosciences

Single-molecule se-
quencing HeliScope 25—55 (average—32) 

99.99 %

Non-bias representa-
tion of a template for 
genome

Expensive instru-
ment, very short read 
length

ABI Life 
technologies

Ligation 5500 SOLID 75+35 
99.99 %

Low reagent cost and 
high throughput

Long run time and 
very short reads

Proton detection Ion Personal Genome 
Machine(PGM)

35/200/400
 > 99 %

Short run time, low 
cost/sample

High reagent cost, 
the high error rate in 
homopolymers

Pacific 
Biosciences

The real-time single-mol-
ecule DNA sequencing PacBioRS Average 

3000 84—85 %

Short runtime, very 
long read length, low 
reagent cost

No paired reads, the 
high error rate

Oxford 
nanopore

Nanopore exonuclease 
sequencing gridION Tens of Kilobytes

 96 %

Extremely long reads, 
no fluorescent label-
ling and no optics

4 % error rate, difficult 
to fabricate a device 
with multiple parallel 
pores

Nanopore sequencing MinION Up to 1 Megabyte, 
99 %

Longest read length, 
portable, affordable

High cost/Megabytes, 
No protocol yet
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immobilization of the beads on a glass slide [8, 10] (Figure 
2). The shortcoming of this method was the data analysis 
as the read length and depth was not the same as Illumina 
and created a problem in the assembly preparation [2].

Third-generation sequencing
The second-generation sequencing approach was inca-

pable of handling: repetitive regions, to produce long reads, 
to recognize thousands of novel isoforms and gene fusion, 
therefore, more advanced and improved sequencing tech-
niques were required [9] (Fig. 3). The third-generation tech-
niques mainly focused on the single-molecule sequencing 
(SMS) first developed in the lab of Stephen Quake and the 
single-molecule real-time sequencing (SMRT) approach. 
Contrasting the SMS technology worked the same as the 
Illumina technique but without bridge amplification and 
this technique was relatively slow and expensive [14]. The 
basis of SMRT was the recognition of signals discharged 
using an array detection charge-coupled diode (CDD) in 
real-time, when they were incorporated, although, these 
two main techniques used DNA-polymerase and the ter-

minal-phosphate-labelled nucleotide that allowed for se-
quencing long read length and short runtimes [1, 13]. 

The third-generation techniques were successful in 
the meantime, as they were capable of producing a huge 
amount of data at low cost and with less time as com-
pared to the first generation sequencing [12]. During this 
phase, the setup of the sequencing machine reduced from 
giant size sequencing machine to a  small cell phone size 
MinION sequencer (3rd Generation) and SmidION even 
smaller than a MinION (Figure 4).

The small size sequencer was designed in such a way 
that it can be connected into the laptop using the USB port 
and can be controlled by a Smartphone [23]. Among the 
seven types of nanopore sequencer, MinION and GridION 
worked with a biological nanopore in which the negatively 
charged DNA translocates through the nanopore placed 
into the phospholipids bilayer and when the positive elec-
tric potential introduced to the opposite side of the mem-
brane translocation occurred and to allow the detection of 
four different nucleotides, the ionic current was partially 
blocked, leading to a reduction in the current, hence, DNA 

Fig. 2. Pictures briefing the chemistry and techniques used in the evolution of third or next generation DNA sequencing
 (A)—Ion sequencing protons were released when growing DNA strands were incorporated by dNTP and change in pH in the well detected by the sen-
sor and recorded as a nucleotide (Image source—en.genomics.cn); (B)—Oxford nanopore technique, nanopore incorporated into phospholipids bilayer 
and electric potential opposite side help DNA in translocation through the nanopore because of negative charge on it and membrane and ionic current 

is partially blocked to differentiate four nucleotides (Image source—author Steinbock, L. J., & Radenovic, A. (2015)
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Fig. 4. Pictures explaining the evolution of DNA sequencing capacity from A low to D high
(A)—Slab gel-based DNA sequencing platform to separate labelled nucleotide based on their size (Image source—Smart.servier.com); (B)—First-gener-
ation automated Sanger sequencing machine with capillary method ABI 3730 sequencer; (C)—Advancement and second-generation Illumina sequenc-
ers with different in optic power and output capacity (Image source—base-asia.com); (D)—Third generation portable DNA sequencing instrument of 

Oxford Nanopore, MinION (Image source—Science-practise.com). Source: An original drawing with images sources from their respective origins

Fig. 3. Scheme depicting the evolution of sequencing machines and techniques
The development from bottom to top demonstrates the advancement in DNA sequencing and from giant size machine to small size sequencer. The 
Sanger chain termination methods using types of ddNTPs in 1975—2005; later, Illumina sequencing by synthesis techniques, Ion sequencing, pyrose-
quencing, sequencing by ligation, and the latest Oxford nanopore technique. The sources of images were from google images search and their respective 

official website
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sequence inferred [22]. Soon, there was also a possibility to 
use non-biological, solid-state technology to design hybrid 
nanopores that might be capable of sequencing double-
stranded DNA molecules [6]. 

We were aware that every technology had advantages 
and disadvantages; the potential drawbacks as compared 
to the second generation sequencing was the error rate that 
was over 90 % when the analysis was done using MinION 
on the lambda phage genome and amplicon of snake ven-
om gland transcriptome [4]. Although, the advantage of 
compact size and compatibility to carry anywhere, Joshua 
Quick and Nicholas Loman successfully sequenced the Eb-
ola virus genome in just 48 hours after the sample collec-
tion [3]. Nanopore technology was still in its initial phase 
of development in terms of accuracy and it will take time to 
be used in a wide range of application with high specificity. 

CONCLUSIONS

It was desirable to achieve the highest possible accuracy 
in the field of sequencing because multiple factors can im-
pact the final biological results. Therefore, there were sci-
entists from the multidisciplinary fields worked together 
to refine these techniques. Over the last five-decades se-
quencing had progressed through sequencing the limited 
reads of pure RNA species to the whole set of eukaryotic 
genomes which was supported by the advancements in 
molecular biology, analytical chemistry and laser-induced 
fluoresce detection methods. Using DNA sequencing tech-
nology we are now able to understand the fundamental 
level properties that help to differentiate life. The overall 
evolution of sequencing techniques from using radioactive 
isotopes to changes in ionic current for the detection of nu-
cleotide pattern and sequence opens up the possibility to 
sequence highly complex genomes with low cost, time and 
effort. The strength of DNA sequencing was that it can be 
applied to various omics and molecular diagnostic studies. 
It was reasonable that the future challenges will be aimed 
at achieving connectivity between data generated from the 
massively parallel sequencing and making repositories that 
can further help the researcher to get deeper biological 
insight. We believe that understanding the rich history of 
sequencing will establish a foundation for new sequencing 
techniques, as learning from previous factors leads to fur-
ther progress. 
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