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Abstract :
The sequencing technology is a powerful tool in molecular biology and has 

tremendous applications in many area of life sciences. Detection of genome vari-
ation, SNPs, type of mutation and achievement of genomes comparison are some 
applications of sequencing technology in field of molecular biology.  This review 
aimed to explain sequencing technology from its fancy as first generation se-
quencing to the most developed sequencing technology that represented by third 
generation sequencing technology, in addition, to compare the features of differ-
ent sequencing techniques.    

KeyWords: Maxam and Gilbert , Sanger , Illumina, Pacbio and nanopre se-
quencing .

تقنيات تسلسل الحمض النووي: مقالة
محمــد عبــد الرحمــن محمــد المعينــي      ,      شــيماء فــؤاد رشــيد الخزرجــي

مســاعد. البروفيســور                         مســاعد. البروفيســور
قســم الأحيــاء، كليــة العلوم، جامعــة بغداد، بغداد، العراق

مستخلص:

ــن  ــد م ــعةٌ في العدي ــاتٌ واس ــا تطبيق ــي، وله ــاء الجزيئ ــم الأحي ــة في عل ــل أداةً فعّال ــة التسلس ــدّ تقني تُع
مجــالات علــوم الحيــاة. ومــن تطبيقاتهــا في مجــال علــم الأحيــاء الجزيئــي، الكشــف عن تبايــن الجينــوم، وتعدد 
أش��كال النوكليوتي��دات المف��ردة )SNPs(، ونــوع الطفــرات، ومقارنــة الجينومــات. تهــدف هــذه المراجعــة 
ــل  ــات التسلس ــر تقني ــولً إلى أكث ــل الأول، وص ــة الجي ــا كتقني ــن بداياته ــدءًا م ــل، ب ــة التسلس إلى شرح تقني

ــات التسلســل المختلفــة. ــة خصائــص تقني ــة الجيــل الثالــث، بالإضافــة إلى مقارن تطــورًا، والمتمثلــة في تقني
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Introduction     
There are a lot of sequencing tech-

nologies that have been discovered 
with different principles, starting with 
first generation sequencing and ending 
with third generation sequencing. Se-
quencing technology started as chem-
ical method using Maxam and Walter 
Gilbert method, however due com-
plexity of this process and its less scal-
able through comparison, its replaced 
by Sanger method which relies on 
principle of sequencing by synthesis 
[1]. Sanger method is replaced by the 
next generation sequencing technique 
due to high cost, low throughput and 
time consuming method and the first 
NGS technique was Roche 454 py-
rosequencing in 2005. Then Illumina/
Solexa was started in 2006 in sequenc-
ing with novel idea with 30 million 
reads and 150-250 length of reads. Af-
ter that, Ion Torrent was introduced in 
2010 with higher speed compared with 
other techniques and lower cost with 
400bps length of read[2]. In 2010, third 
generation technique was emerged as a 
new technique by Helicos Bioscience 
that does not rely on PCR amplifica-

tion (by using thermal cycler) and no 
error prone with PCR and with length 
of read more than 5 kbps. In 2011, Pac-
Bio released with less error and larger 
length of reads that is represented by 
Sequel System with different types. 
More recently, in 2014 is released with 
larger length of reads, higher speed and 
low cost[3]. 

First generation sequencing: 
Maxam and Gilbert sequencing

Principle of sequencing 
The first sequencing technique 

raised between 1976–1977 relying on 
principle of modification and cleaving 
at specific site of DNA, this treatment 
generates breaks at different positions 
which are G, A+G, C, C+T and car-
ried out in four reactions. Chemical 
modification comprises depurinate of 
(A+G) using formic acid and methyl-
ation of guanines (G) using dimethyl 
sulfate while hydrolyzing (C+T) us-
ing hydrazine and addition of sodium 
chloride leads to  hydrolyze (C) only 
without thymine. The modified bas-
es then were subsequently be cleaved 
in four different reaction G, A+G, C, 
C+T using piperidine. Prior to mod-
ification and cleavage treatment, the 
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5′ end of fragmented DNA is labeled 
with radioactive isotope 32P therefore 
different labeled fragments are gener-
ated in different reaction of  G, A+G, 
C, C+T. These fragments were passed 
on gel electrophoresis (acrylamide gel) 
in four line of single gel and then visu-
alized though displaying the gel with 

X-ray film. The bands on gel were read 
from bottom to the top to detect the se-
quence from four reactions. On gel, To 
detect C base, the band should appear 
at C and C+T lines while to detect T 
base, the band should only be appeared 
at C+T line. On same way we detect 
the base as it is G or A (Figure 1)[4] .

Figure 1: Sequencing Technique using Maxam and Gilbert method 
(adopted from Wikipedia) 

Modification and cleavage reac-
tion 

Ideally, the cleavage carried out at 
two main reactions, the first reaction 
cleavage at G and A while the second 
reaction cleavage at C and T. Modifi-
cation on first and second reactions is 
achieved to cleavage at G and C only 
respectively.  What generally happens 

is that before cleavage the base gets 
modified and then the modified base 
is removed from its sugar, after that 
the bond that carry the sugar in back-
bone of DNA is destroyed.  To cleave 
G only, G gets methylated by addition 
methyl group and the base G removed 
by heating while its sugar is removed 
from backbone of DNA by heating 
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with alkali. dilute acid is added in case 
to cleave at both A and G. To cleave 
both C and T, hydrazine used for re-
move the bases while piperidine used 
for cleaving backbone. addition of so-
dium chloride leads to  cleave (C) only 
without thymine [5].

Labelling the stand at 5′ end of frag-
mented DNA leads to produce two 

fragments at each site of cleavage, one 
is labelled while another was unla-
beled. Example of cleavage at G site 
will produce label fragment stared at 5′ 
end and ending with base that comes 
before the site of a G. In this case la-
beled fragment will only be appeared 
on gel after exposing the gel to x-ray 
film (Figure 2) [5].

Figure 2: Schematic representation of labeled and unlabeled fragment cleaved 
at G site (adopted from Heather and Chain, 2016)

There are many disadvantages of 
using this technique, these are as fol-
lows

1 – This technique requires using of 
many chemicals which are hazardous 
for human

2 -  This technique is so expensive 
and complex

3 -  The length of fragment that can 
be sequenced using this technique is 
not more than 500 bps[6]

First generation sequencing: 
Sanger sequencing 

The simple idea behind Sanger se-
quencing is to amplify the target DNA 
and terminate the amplification reac-
tion within the template at each base 
that is carried out in four different re-
actions. each reaction specifies with a 
particular base A, G, C, T therefore the 
product is different fragments ended at 
specific base at four different reaction 
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relying on type of base that the reaction 
will terminate on. The termination of 
the reaction is achieved due to the ad-
dition of ddNTP that lack OH at the 3 
prime of sugar of nucleotide therefore 

DNA polymerase is unable to form the 
phosphodiester bond between ddNTP 
nucleotide and the next nucleotide to 
be added to the growing chain Figure 
3[7].

Figure 3: The difference in the structure of dNTP and ddNTP 
(adopted from Sourav Pan, 2024)

In brief, the primers are added along 
with DNA polymerase to the template 
to be sequenced, the addition of dNTP 
by DNA polymerase will continuous 
the amplification of the template, how-
ever, the addition of ddNTP instead of 
dNTP to the growing chain lead to ter-
minate the reaction. Suppose you have 
in the template T base so, the DNA 
polymerase added ddATP instead of 
dATP and this lead to terminate the re-
action at reaction carried out in the first 
tube therefore we will have the first 
band and because we have four differ-

ent ddNTP nucleotides we carried the 
reaction in four different tubes, each 
tube specifies with specific ddNTP. 
Therefore, the components that add-
ed in each tube are DNA polymerase, 
dNTP and ddNTP and many copies 
of template and primer. The produced 
fragments in four different tubes were 
passed through four line of single gel 
and the sequence is read from bottom 
of gel to the top after exposed the gel 
to x-ray film in autoradiography tech-
nique.
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The idea of Sanger sequencing is 
improved lately so the reaction is car-
ried out in single tube but with differ-
ent fluoresce labeled ddNTP, each col-
or correlated with specific ddNTP. As 
DNA polymerase added specific flu-
oresce labeled ddNTP that is comple-
mentary to the base in template strand 
and terminate the reaction, the formed 
band will migrate through capillary gel 
electrophoresis (single line gel) and 

pass through window thereby detec-
tor and laser located at the end of the 
capillary gel. The laser shine the band 
formed due to the presence of fluoresce 
labeled ddNTP and detector detect the 
color on fluoresce labeled ddNTP and 
recorded as a peak with specific color 
so each peak with specific color corre-
sponds to specific ddNTP therefore the 
sequence is recorded as chromatogram 
file Figure 5. 

Before sequencing of template, we 
need primer for known sequence there-
fore we can clone the template with Ml 
3 cloning vector so the flanking regions 

of the template that is inserted with-
in cloning vector M13 will be known 
therefore we can easily design primer 
Figure 6 [8, 9].  

Figure 5: Showing chromatogram file that is produced
 through Sanger sequencing
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Figure 6: M13 vector used to clone the template and select primer from 
flanking regions of M13 vector for sequencing

Sanger sequencing can only detect 
the sequence for fragment up to 1 kbps 
and the reason for that Sanger sequenc-
ing relying on separation of different 

bands through gel and resolution of 
separation is not accurate for the frag-
ment less than 25-40 bps and more than 
900-1000 bps table 1[10].

Table 1: Average length of read for different instruments 
used in sequencing technology
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Second generation sequencing: 
Pyrosequencing 

Second generation sequencing start-
ed at Pyrosequencing technique with 
100-fold higher throughput than Sanger 
sequencing with reducing in cost with 
25%. The principle relies on sequenc-
ing by synthesis, so the template strand 
is copied by DNA polymerase through 
adding complementary nucleotide and 
this leads to release pyrophosphate for 
each one of nucleotide added. Pyro-
phosphate contribute in enzymatic re-
action with final product represented by 
light signals. Then camera captured the 
light and recorded the added nucleotide. 
The nucleotide A, T, C, and G added one 
by one and monitoring and recorded the 
light signal for the complementary nu-

cleotide to the template strand while ex-
cess nucleotides were washed through 
addition apyrase enzyme which degrade 
unbound nucleotide with template. This 
process is repeated nucleotide added one 
by one and for each time one nucleotide 
added if it is complementary to template 
strand pyrophosphate will release other-
wise this nucleotide will be washed by 
the action of apyrase enzyme. Enzy-
matic reaction for converting pyrophos-
phate to light started through converting 
pyrophosphate to ATP by the action of 
sulfurylase, then luciferase used with 
ATP to convert luciferin to light Figure 
7. One of the most famous application 
for Pyrosequencing technique is to de-
tect epigenetic through DNA methyla-
tion[11].     

Figure 7: 
Enzymatic 

reaction for Py-
rosequencing 
sequencing 
technology 
(adopted 

from  Ronald Da-
vis, 2015)



193 مجـلـة الدراســات التربـويــة والعلـمـيــة - كلـيــة التـربـيـة - الجـامـعـة العراقـيــة
العدد الخامس والعشـرون - المجلد الثاني عشر - علـوم الحياة - آب 2025 م

Principle of Pyrosequencing tech-
nique

Whole genome DNA is sheared into 
many fragments and ligated with adap-
tors for amplification resulted frag-
ments into many copies, then the am-
plified fragment dissociated into single 
stands DNA and ligated into beads 
thereby each fragment binds with one 

bead. Emulsion solution is created (wa-
ter with oil emulsion) containing one 
fragment bound with bead with all en-
zymes and substance required for this 
process, this emulsion called microre-
actor. Then each ssDNA of each frag-
ment in each microreactor amplified 
into millions of copies and sequenced 
as mentioned previously Figure 8 [12]. 

Figure 8: steps of creation emulsion PCR

Second generation sequencing: 
Ion Torrent 

The main idea that build Ion Tor-
rent sequencing technology is similar 
to the Pyrosequencing technology in 
sequencing by synthesis, however Ion 
Torrent relies on electrochemical meth-
od for detection the sequencing through 

using huge amount of sensors. Through 
the action of DNA polymerase in syn-
thesis the complementary strand for 
the template and incorporate the com-
plementary nucleotide to the template 
hydrogen ion will be released from 3’ 
OH group through formation phospho-
diester bond between incoming nucle-
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otide and nucleotide already existed in 
the strand and this lead to change in 
pH. The changing of pH can be detect-
ed using sensors and transformed into 
electrical signal that finally indicated 
on incorporation the complementary 
nucleotide to the template. Absence 
of electrical signal means nucleotide 
is not complementary to the template 
therefore DNA polymerase unable to 
add nucleotide to the template. As in 
Pyrosequencing technology, the nucle-
otide added one by one at time for the 
four different nucleotides A, G, C, T, 
starting with A nucleotide and it will 
be added by DNA polymerase enzyme 
if it is complementary to the template, 
hydrogen ion will be released and this 
lead to changing the pH that can be de-
tected using sensors and transformed 
into electrical signal, otherwise A nu-
cleotide will be washed and second 
nucleotide will be added which is G 
nucleotide. The process is repeated till 
the sequence get detected. Before se-
quencing, the genomic DNA is frag-
mented into different fragments and 
adaptors used to link these fragments 
into beads by which each bead carries 
one DNA fragment that will be ampli-

fied into thousands of copies before se-
quencing. Each bead carries one DNA 
fragment with multiple copies settle in 
well of chamber with semiconductor 
chip. Rising in H+ ion in well of cham-
ber create electrical current nearby gate 
of the transistor that can be transmit-
ted into signal for each particular base 
added A, G, C and T[13]. 

There is some limitation in this se-
quencing technology that represented 
by:

1 -  It is difficult to detect the ho-
mopolymeric repeat as multiple H+ 
ions will be released in one cycle so it 
is difficult to detect the homopolymer-
ic repeat as it is 8 or 9 repeats of e.g. 
AAAAAAAA

2 – The length of read is quite 
small which is up to 400 bps and it is 
less-throughput sequencing compared 
with other sequencing technology[14] .
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Second generation sequencing: Il-
lumina sequencing

This sequencing technology started 
at randomly fragmented genomic DNA 
and ligated into two different adaptors. 
The adaptors used to link the fragment 
into flow cell channel and bridge am-
plification starts immediately after un-
labeled nucleotides and enzyme were 
added into flow cell channel. Double 
strand bridge resulted from bridge am-
plification that will be denatured to 
leave single strands template forming 
cluster with millions of copies for each 
fragment ligated to flow cell channel. 
The sequencing start at addition four 
label reversible terminator nucleo-
tides, DNA polymerase and primer 
into cluster of templates attached on 

flow cell channel. The image of emit-
ted fluorescence was recorded after la-
ser excitation for first nucleotide added 
which is complementary to first base 
in template. Then, terminator and flu-
orescence was removed from first at-
tached base nucleotide and the second 
label reversible terminator nucleotide 
added which is complementary to sec-
ond base in template and again image 
of emitted fluorescence was recorded 
after laser excitation. This process is 
repeated until the sequence of all at-
tached templates on flow cell channel 
will be recorded simultaneously. In 
this technique, the genome is sheared 
into fragments and only 250 bps can be 
read from fragment due to reading of 
larger fragment leading to contaminate 

Figure 9: Steps of Ion Torrent sequencing
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the next image. The two adaptors were 
used to achieve the sequence from both 
directions forward and reverse direc-
tion. bridge amplification is carried out 
to increase depth of coverage and ac-
curacy of sequencing, finally all over-
laps read will be aligned to construct 
the full genome sequence 

Illumina sequencing is better than 
Sanger sequencing by Speed, Cost, 
Sample size, Accuracy as follows;

1 – The amount of template needed 
for sequencing in Sanger sequencing is 
very large while in Illumina sequenc-
ing we need single copy of template.

2 -  Illumina sequencing is fast-
er than Sanger sequencing by which 
chemical reaction combined with sig-
nal detection in Illumina sequencing 
while they are two separated process in 
Sanger sequencing

3 - 300Gb of DNA can be sequenced 
in single run in Illumina sequencing 
while in Sanger sequencing maximum 
~1kb sequenced in single run 

4 -  It is possible to do more repeat 
in Illumina sequencing which means 
greater coverage and high accuracy se-
quencing[15, 16] .

Third-Generation Sequencing: 
PacBio sequencing

PacBio defined as single molecule 
real time (SMRT) which is first se-
quencing technology that used nano-
sensor. The idea of sequencing builds 
on sequencing by synthesis for DNA 
fragment with 50 kbps. The previous 
sequencing technologies that rely on 
sequencing by synthesis used DNA 
polymerase that move through tem-
plate to build complementary strand 
and incorporate each base and emit 
light that can be capture by camera 
and detect the type of each incorpo-
rated base. This sequencing technolo-
gy relies on capacity of binding DNA 
polymerase with template therefore 
DNA polymerase cannot replicate 
large segment of DNA because it loses 
their binding capacity. Therefore, new 
idea comes with PacBio sequencing 
technology through fixing DNA poly-
merase in well of silicon chip through 
immobilization process while the tem-
plate moves through DNA polymerase 
to synthesis the complementary strand. 
Synthesis the complementary strand is 
carried out in thousands of wells of sili-
con chip in area called zeromode wave-
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guides (ZMWs). The laser and detec-
tor located at the lowest part of ZMW 
sensor and it is responsible for recod-
ing the signal that comes from incor-
poration complementary nucleotide to 
the template. The detection of emitted 
light is carried out in thousands of well 
in ZMW nanosensor simultaneously. 
In this technology the same stand is 
sequenced multiple time because tem-
plate is connected with circular double 
strand adaptor which is called SMRT-
bell allowing traversing the circular 
DNA in opposite direction Figure 11. 
Comparison between TGS of PacBio 
and naopore sequencing technology is 
illustrated in table 2 [3, 17]Proteomics 
&amp; Bioinformatics. 2015;13(5.

Third-Generation Sequencing: 
Nanopore sequencing

The idea of nanopore sequencing 
is build relies on stimulation electrical 
current due to disorder in channels that 
formed from proteins with nanopore 
size due to the passage of single strand 
DNA through these channels. These 
channels formed from nanosensors 
proteins and entering single stand 
DNA through pore of these channels 
achieved by helping of motor protein 

that directed the DNA through pore 
of these channels. Alteration of elec-
trical current can be distinguishing 
for each base, however, the electrical 
current that detected by nanopore pro-
teins accomplished five nucleotides 
therefore the nanopore systems detects 
1000 different signals for each differ-
ent combination of five bases that is 
called K-mer. Converting the electri-
cal current into bases is knowing as 
bascalling. This technology is better 
than NGS by which the length of read 
is about 4 Mb and time consuming 
to prepare library is very short about 
10 minutes. Each flow cells contains 
around 512 channels which can used to 
sequence multiple fragments of DNA 
simultaneously with accuracy reached 
to >98.3% in R9 chemistry while the 
accuracy is reached to >99% for R10 
chemistry.  The sequencing can be car-
ried out for both forward and reverse 
strands of DNA through using linked 
adaptor [18].   

Conclusion
The use of sequencing technology 

relies on authors that is some authors 
prefer to use NGS over TGS due high 
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depth of coverage which means high 
repeats that indicate to high accurate 
sequencing, however, other authors 
prefer to use TGS over NGS because 
the length of read is very large com-
pared with length read produced by 
NGS therefore its less error in as-
sembly and produce high accuracy 
sequence. In addition, PCR used to 
amplify the template to thousands of 
copies and this may lead to produce er-
ror thorough amplification, however in 
TGS the sequencing achived without 
template amplification. Therefore, we 
come to explain different sequencing 
technologies and its advantages and 
disadvantages.    
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