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DNA sequencing 

 DNA sequencing is the determination of the precise sequence of 
nucleotides in a sample of DNA. Sequencing can be done on a short fragment of 
DNA to cover the entire genome.  The maps thus constructed using the 
nucleotide sequences in the correct order is called as sequence map. 

 In 1977, twenty-four years after the discovery of the structure of DNA, two 
separate methods for sequencing DNA were developed: the chain termination 
method (Sanger et al., 1977) and the chemical degradation method (Maxam and 
Gilbert, 1977). Both methods were equally popular to begin with, but, for many 
reasons, the chain termination method is the method more commonly used 
today. In chemical degradation method, chemicals specific to each base remove 
the last base, which has been labelled.  The method uses toxic chemicals which 
required high care while handling. 
 
 In chain termination method, DNA polymerase extends a DNA strand in 
which dideoxynucleotide becomes incorporated terminating the chain extension 
(phosphodiester formation) at the 3’OH site making an array of fragments 
differing in length.  This method is based on the principle that single-stranded 
DNA molecules that differ in length by just a single nucleotide can be separated 
from one another using polyacrylamide gel electrophoresis. 
 
The Chain termination method 
 
 The technique uses specifically synthesized nucleotide molecules called 
dideoxynucleotides or ddNTPs.  The ddNTPs differ from their conventional 
counterparts – the dNTPs- by having an H atom instead of the OH- at the 3’ 
carbon atom in the nucleotide skeleton. The absence of the hydroxyl group 
prevents the ddNTPs in extending the DNA chain, since they are not capable of 
forming the phosphodiester bonds.  This is because dideoxynucleotides are 
missing a special group of molecules, called a 3'-hydroxyl group, needed to form 
a connection with the next nucleotide (Fig 1).  This method is otherwise called as 
‘dideoxy method’. 
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 Deoxycytosine (dCTP) Dideoxycytosine (ddCTP) 
 
Fig 1.  Structures of deoxycytosine tri phosphate (dCTP) and dideoxycytosine tri 

phosphate (ddCTP) 
 
DNA sequencing reactions are just like the PCR reactions for replicating DNA.  
The reaction mix includes the template DNA, free nucleotides, an enzyme 
(usually a variant of Taq polymerase) and a 'primer' - a small piece of single-
stranded DNA about 20-30 nucleotides long that can hybridize to one strand of 
the template DNA.  There are two types of sequencing approaches followed.  
 

a) Manual sequencing 
b) Automated sequencing 

 
Manual sequencing 
 
The DNA to be sequenced, called the template DNA, is first prepared as a single-
stranded DNA. Then, a short oligonucleotide is annealed, or joined, to the same 
position on each template strand. The oligonucleotide acts as a primer for the 
synthesis of a new DNA strand that will be complimentary to the template DNA. 
This technique requires that four nucleotide-specific reactions--one each for G, A, 
C, and T--be performed on four identical samples of DNA independently in four 
different tubes. The four sequencing reactions require the addition of all the 
components necessary to synthesize and label new DNA, including: 
 

 A DNA template; 
 A primer tagged with a mildly radioactive molecule or a light-emitting 

chemical; 
 DNA polymerase--an enzyme that drives the synthesis of DNA; 
 Four deoxynucleotides (G, A, C, T); and 
 One dideoxynucleotide, either ddG, ddA, ddC, or ddT. 
 

After the first deoxynucleotide is added to the growing complementary 
sequence, DNA polymerase moves along the template and continues to add base 
after base. The strand synthesis reaction continues until a dideoxynucleotide is 
added, blocking further elongation. Only a small amount of a dideoxynucleotide 
is added to each reaction, allowing different reactions to proceed for various 
lengths of time, until by chance, DNA polymerase inserts a dideoxynucleotide, 
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terminating the reaction. Therefore, the result is a set of new chains, all of 
different lengths. 
 
Usually the reaction mix is supplied with a copious amount of normal dNTPs, 
and limited amount of special ddNTPs. For example, in the case of DNA 
extension in the presence of ddTTP, each of the time when a 'TTP' is required to 
make the new strand, the enzyme will get a good one most of the time.  After 
adding a T, the enzyme will go ahead and add more nucleotides. However, in 5% 
of the time, the enzyme will get a dideoxy-T, and that strand can never again be 
elongated. It eventually breaks away from the enzyme, as a dead end product 
(Fig 2).  
 

 
 

Fig 2.  Chain termination sequence in presence of ddCTP 
 
Sooner or later all of the copies will get terminated by a T, but each time the 
enzyme makes a new strand, the place it gets stopped will be random. In millions 
of starts, there will be strands stopping at every possible T along the way.  All of 
the strands started at one exact position, and all of them end with a T.  There are 
billions of them ... many millions at each possible T position. To find out where 
all the T's are in our newly synthesized strand, all we have to do is find out the 
sizes of all the terminated products! 

 
To read the newly generated sequence for all the four nucleotides, the four 
reactions are run side-by-side on a polyacrylamide sequencing gel. The family of 
molecules generated in the presence of ddATP is loaded into one lane of the gel 
and the other three families, generated with dCTP, ddGTP, and ddTTP, are 
loaded into three adjacent lanes. After electrophoresis, the DNA sequence can be 
read directly from the positions of the bands in the gel. The fig 2 shows the 
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separation of fragment lengths terminated at C positions by incorporating 
ddCTP. 
 

                  
 

Fig 3. Separating gel in manual sequencing and interpretation of the bands 
 
Now by putting all four deoxynucleotides into the picture, by comparing their 
relative positions, one can determine the order of their occurrence in the DNA 
strand.  The bases are read from bottom to top, starting with the smallest 
fragment first (fig 3).  
 
Automated sequencing  
 
Automatic sequencing is done with help of sequencing machines which are 
controlled by computers. Here, unlike in the manual method, the entire reaction 
is done in single tube, and all the ddNTPs are added together in the reaction.  
The ddNTPs are prepared especially so that they can emit a characteristic colour 
individually when transilluminated with laser beam. A gel separates the 
resulting fragments by size and we can 'read' the sequence from it, bottom to top.  

 
These are used in a large-scale sequencing lab, where a machine is used to run 
the gels and to monitor the different colours as they come off the bottom. It's 
called an automated DNA sequencer. There's an ultraviolet laser built into the 
machine that shoots through the gel near the bottom and scans side to side, 

G  A  T  C 
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checking for bands of fluorescent colours to pass through its beam. There might 
be as many as 96 'lanes' of samples running in one gel. Fig 3 shows how a real 
fragment of a gel looks like. The four colours red, green, blue and yellow each 
represent one of the four nucleotides.  
The actual gel image, if you could get a monitor large enough to see it all at this 
magnification, would be perhaps 3 or 4 meters long and 30 or 40 cm wide. 

 

     
 
Fig 4.  Computer simulated gel scan and electrophorgram in automated 

sequencing 
 
The 'Scan' of each gel lane is done by the computer through the fluorescent signal 
generated by the laser scanner, and the computer process the signal to generate 
an electrophorogram (fig 4).  This is a plot of the colours detected in one 'lane' of 
a gel (one sample), scanned from smallest fragments to largest. The computer can 
interprets the colours by printing the nucleotide sequence across the top of the 
plot. This is just a fragment of the entire file, which would span around 700 or so 
nucleotides of accurate sequence. The sequencer also gives the operator a text file 
containing just the nucleotide sequence, without the colour traces.  
Recent advancements uses multigel, multidye scanning for accurate sequencing 
as shown the Fig 5. 

 
Whole genome sequencing 
 
 The prevailing method of determining the sequence of a long DNA 
segment is the shotgun sequencing approach, in which a random sampling of 
short fragment sequences is acquired and then assembled by a computer 
program to infer the sampled segment’s sequence. In the early 1980s, such 
segments were typically on the order of 5,000 to 10,000 base pairs (5 to 10 kbp). 
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By 1990, this method was sequencing segments on the order of 40 kbp, and by 
1995, the entire 1,800-kbp H. Influenzae bacterium had been sequenced.   
 

 
 

Fig 5. Advanced methods in automated sequencing 
 
Shotgun sequencing: assembly of random sequence fragments 
 
 In shot gun method, to sequence a bacterial artificial chromosome (BAC) 
of typically 200-300kbp long, first millions of copies of it are constructed and 
chop them all up randomly. The fragments are then inserted into plasmids and 
each one are grown in lots in bacteria and sequence the insert.  

  

Fig 6. Cartoon depicting shotgun sequencing 
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The method used are, 

1.  The sample DNA is randomly fractured either using sound (sonication) or 
passing it through a nozzle under pressure (nebulation), which produces a 
uniformly random partitioning of each copy of the source strand into a 
collection of DNA fragments. 

2.  To remove fragments that are too large or too small, this pool of fragments is 
size selected, typically using size separation under gel electrophoresis and 
then simply excising a band of the gel containing the desired size. With care, 
this procedure produces a normally distributed collection of fragment sizes 
with a 10% variance. 

3.  The size-selected fragments are then inserted into the DNA of a genetically 
engineered bacterial virus (phage), called a vector. Usually, at most one 
fragment is inserted at a predetermined point, called the cloning site, in the 
vector. Typically, the number of vectors where more than one fragment gets 
inserted is less than 1%, but can be as low as 0.01% for some meticulously 
executed protocols. The fragments at this point are often called inserts and the 
collection of inserts is a library. 

4.  A bacterium is then infected with a single vector, which reproduces to 
produce a bacterial colony containing millions of copies of the vector and its 
associated insert. The procedure thus has effectively cloned a pure sample of 
the given insert. This procedure repeats simultaneously for as many inserts as 
desired for sequencing in the final step. 

5.  By design, the vector then permits a sequencing reaction to be performed, 
starting just to the left or right of a source fragment’s insertion point. The 
sequencing reaction produces a read of the first 300 to 900 bases of one end of 
the insert. 

6.  When all the fragments are sequenced, eventually the entire sequence is 
reconstructed to the sequence of the original BAC based on the overlapping 
fragments (fig 5). 

Primer designing 

 Primers are short strands of DNA that are capable of annealing to the 
target DNA in a predictable location and on a predictable strand. They must be 
capable of extension by Taq DNA Polymerase.   Primers are extensively used in 
modern molecular techniques for in vitro multiplication or amplification of the 
DNA strands.  Most common uses of primers are in Polymerase chain reaction 
(PCR) and in DNA sequencing. 

 Perhaps the most critical parameter for successful PCR is the design of 
Primers. All things being equal, a poorly designed primer can result in a PCR 
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reaction that will not work. The primer sequence determines several things such 
as the length of the product, its melting temperature and ultimately the yield. A 
poorly designed primer can result in little or no product due to non-specific 
amplification and/or primer-dimer formation, which can become competitive 
enough to suppress product formation. This application note is provided to give 
rules that should be taken into account when designing primers for PCR. More 
comprehensive coverage of this subject can be found elsewhere (Dieffenbach et 
al., 1995).  

Primer selection  

Several variables must be taken into account when designing PCR Primers. 
Among the most critical are:  

 Primer length  
 Melting Temperature (Tm)  
 Specificity  
 Complementary Primer Sequences  
 G/C content and Polypyrimidine (T, C) or polypurine (A, G) stretches  
 3’-end Sequence  

Each of these critical elements will be discussed in turn.  

Primer length 

 Since both specificity and the temperature and time of annealing are at 
least partly dependent on primer length, this parameter is critical for successful 
PCR. In general, oligonucleotides between 18 and 24 bases are extremely 
sequence specific, provided that the annealing temperature is optimal. Primer 
length is also proportional to annealing efficiency: in general, the longer the 
primer, more inefficient the annealing. With fewer templates primed at each step, 
this can result in a significant decrease in amplified product. The primers should 
not be too short, however, unless the application specifically calls for it. As 
discussed below, the goal should be to design a primer with an annealing 
temperature of at least 50°C.  

 The relationship between annealing temperature and melting temperature 
is one of the “Black Boxes” of PCR. A general rule-of-thumb is to use an 
annealing temperature that is 5°C lower than the melting temperature. Thus, 
when aiming for an annealing temperature of at least 50°C, this corresponds to a 
primer with a calculated melting temperature(Tm) ~55°C. Often, the annealing 
temperature determined in this fashion will not be optimal and empirical 
experiments will have to be performed to determine the optimal temperature. 
This is most easily accomplished using a gradient thermal cycler like Eppendorf's 
Mastercycler® gradient.  
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Melting Temperature (Tm)  

 It is important to keep in mind that there are two primers added to a PCR 
reaction. Both of the oligonucleotide primers should be designed such that they 
have similar melting temperatures. If primers are mismatched in terms of Tm, 
amplification will be less efficient or may not work at all since the primer with 
the higher Tm will mis-prime at lower temperatures and the primer with the 
lower Tm may not work at higher temperatures.  

 The melting temperatures of oligos are most accurately calculated using 
nearest neighbour thermodynamic calculations with the formula:  

Tmprimer = ∆H [∆S+ R ln (c/4)] –273.15°C + 16.6 log 10 [K+] 

where, H is the enthalpy and S is the entropy for helix formation, R is the molar 
gas constant and c is the concentration of primer. This is most easily 
accomplished using any of a number of primer design software packages on the 
market (Sharrocks, 1994). Fortunately, a good working approximation of this 
value (generally valid for oligos in the 18–24 base range) can be calculated using 
the formula:  

Tm = 2(A+T) + 4(G+C). 

Table 1.   Melting temperature approximated using Wallace Rule for different 
primer lengths 

Primer 
Length 

Tm = 2 (A+T) + 4(G+C) Primer 
Length 

Tm = 2 (A+T) + 4(G+C) 

4 12°C 22 66°C 

6 18°C 24 72°C 

8 24°C 26 78°C 

10 30°C 28 84°C 

12 36°C 30 90°C 

14 42°C 32 96°C 

16 48°C 34 102°C 

18 54°C 36 108°C 

20 60°C 38 114°C 

The table 1 shows calculated values for primers of various lengths using this 
equation, which is known as the Wallace formula, and assuming 50% GC content 
(Suggs et al., 1981).  The temperatures calculated using Wallace's rule are 
inaccurate at the extremes of this chart.  
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In addition to calculating the melting temperatures of the primers, care must be 
taken to ensure that the melting temperature of the product is low enough to 
ensure 100% melting at 92°C. This parameter will help ensure a more efficient 
PCR, but is not always necessary for successful PCR. In general, products 
between 100–600 base pairs are efficiently amplified in many PCR reactions. If 
there is doubt, the product Tm can be calculated using the formula:  

Tm = 81.5 + 16.6 (log10[K+] + 0.41 (%G+C)–675/length. 

Under standard PCR conditions of 50 mM KCL (Sharrocks, 1994), this reduces to, 

Tm = 59.9 + 0.41 (%G+C) – 675/length 

Specificity 

 As mentioned above, primer specificity is at least partly dependent on 
primer length. It is evident that there are many more unique 24 base oligos than 
there are 15 base pair oligos. That being said, primers must be chosen so that they 
have a unique sequence within the template DNA that is to be amplified. A 
primer designed with a highly repetitive sequence will result in a smear when 
amplifying genomic DNA. However, the same primer may give a single band if a 
single clone from a genomic library is amplified.  

 Because Taq Polymerase is active over a broad range of temperatures, 
primer extension will occur at the lower temperatures of annealing. If the 
temperature is too low, non-specific priming may occur which can be extended 
by the polymerase if there is a short homology at the 3' end. In general, a melting 
temperature of 55°C –72°C gives the best results (Note that this corresponds to a 
primer length of 18–24 bases using Wallace's rule above).  

Complementary primer sequences  

 Primers need to be designed with absolutely no intra-primer homology 
beyond 3 base pairs. If a primer has such a region of self-homology, “snap back”, 
partially double-stranded structures, can occur which will interfere with 
annealing to the template.  

 Another related danger is inter-primer homology. Partial homology in the 
middle regions of two primers can interfere with hybridization. If the homology 
should occur at the 3' end of either primer, Primer dimer formation will occur 
which, more often than not, will prevent the formation of the desired product via 
competition.  

G/C content and Polypyrimidine (T, C) or polypurine (A, G) stretches 

 The base composition of primers should be between 45% and 55% GC. The 
primer sequence must be chosen such that there is no PolyG or PolyC stretches 
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that can promote non-specific annealing. Poly A and Poly T stretches are also to 
be avoided as these will “breath” and open up stretches of the primer-template 
complex. This can lower the efficiency of amplification. Polypyrimidine (T, C) 
and polypurine (A, G) stretches should also be avoided. Ideally the primer will 
have a near random mix of nucleotides, a 50% GC content and be ~20 bases long. 
This will put the Tm in the range of 56°C – 62°C (Dieffenbach et al., 1995).  

3’-end Sequence  

 It is well established that the 3' terminal position in PCR primers is 
essential for the control of mis-priming (Kwok et al., 1990). We have already 
explored the problem of primer homologies occurring at these regions. Another 
variable to look at is the inclusion of a G or C residue at the 3' end of primers. 
This “GC Clamp” helps to ensure correct binding at the 3' end due to the stronger 
hydrogen bonding of G/C residues. It also helps to improve the efficiency of the 
reaction by minimizing any “breathing” that might occur.  

Designing a sequencing  Primer 

 Generally, the basics of designing sequence primer are very similar to that 
of the PCR primers. However, following aspects are to be taken into 
consideration while synthesising a sequence primer.  

a.   Design primers only from accurate sequence data 
  
 Automated sequencing (and in fact any sequencing) has a finite 
probablility of producing errors. Sequence obtained too far away from the primer 
must be considered questionable. Select a region for primer placement where the 
possibility of sequence error is low.  
 
b. Restrict search to regions that best reflect the goals 
  
 We may be interested in maximizing the sequence data obtained, or may 
only need to examine the sequence at a very specific location in the template. 
Such needs dictate very different primer placements.  

i. Maximize sequence obtained while minimizing the potential for errors:  

 Generally, you should design the primer as far to the 3' as you can manage 
as long as you have confidence in the accuracy of the sequence from which 
the primer is drawn. Primers on opposite strands should be placed in 
staggered fashion as much as possible.  

ii. Targeted sequencing of a specific region:  

Position the primer so the desired sequence falls in the most accurate 
region of the chromatogram. Sequence data is often most accurate about 
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80-150 nucleotides away from the primer. Do not count on seeing good 
sequence less than 50 nucleotides away from the primer or more than 300 
nucleotides away (although we often get sequence starting immediately 
after the primer, and we often return 700 nucleotides of accurate 
sequence).  

c. Locate candidate primers 
 
Identify potential sequencing primers that produce stable base pairing with the 
template DNA under conditions appropriate for cycle sequencing. It is strongly 
suggested that you use a computer at this step. 
 
Suggested primer characteristics:  

i. Length should be between 18 and 30 nucleotides, with optimal being 20-25 
nucleotides. (Although there are some successes with primers longer than 
30 and shorter than 18).  

ii. G-C content of 40-60% is desirable.  
iii. The Tm should be between 55°C and 75°C.  

d. Discard candidate primers that show undesirable self-hybridization 
 
Primers that can self-hybridize will be unavailable for hybridization to the 
template. Generally avoid primers that can form 4 or more consecutive bonds 
with itself, or 8 or more bonds total. Example of a marginally problematic primer:  

 
                   5'-ACGATTCATCGGACAAAGC-3' 
                       ||||  |||| 
            3'-CGAAACAGGCTACTTAGCA-5' 

This oligo forms a substantially stable dimer with itself, with four consecutive 
bonds at two places and a total of eight inter-strand bonds.  

Primers with 3' ends hybridizing even transiently will become extended due to 
polymerase action, thus ruining the primer and generating false bands. Be more 
stringent in avoiding 3' dimers. For example, the following primer self-dimerizes 
with perfect 3' hybridization on itself:  

                 5'-CGATAGTGGGATCTAGATCCC-3' 
                           |||||||||||||| 
                        3'-CCCTAGATCTAGGGTGATACG-5' 

The above oligo is pretty bad, and almost guaranteed to cause problems. Note 
that the polymersase will extend the 3' end during the sequencing reaction, 
giving very strong sequence ACTATGC. These bands will appear at the start of 
your 'real' data as immense peaks, occluding the correct sequence. Most primer 
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design programs will correctly spot such self-dimerizing primers, and will warn 
to avoid them.  

It may be noted that no computer program or rule-of-thumb assessment can 
accurately predict either success or failure of a primer. A primer that seems 
marginal may perform well, while another that appears to be flawless may not 
work at all.  

e.  Verify the site-specificity of the primer 
 
Perform a sequence homology search (e.g. dot-plot homology comparison) 
through all known template sequence to check for alternative priming sites. 
Discard any primers that display 'significant' tendency to bind to such sites. 
Avoid primers where alternative sites are present with, 
  (1) more than 90% homology to the primary site or  

(2) more than 7 consecutive homologous nucleotides at the 3' end or  
(3) abundance greater than 5-fold higher than the intended priming site.  
 

f. Choosing among candidate primers. 
 
If there are several candidate primers, select one or a few that are more A-T rich 
at the 3' end. These tend to be slightly more specific in action, according to some 
investigators. Also use of more than one primer can maximise the likelihood of 
success.  

If there are  no candidate primers that survived the criteria above, then relax the 
stringency of the selection requirements. Ultimately, the test of a good primer is 
only in its use, and cannot be accurately predicted by these simplistic rules-of-
thumb.  

Primer designing tools 

Several computer programmes are available for designing primers.  Many are 
available through internet resources and some are commercial.  Growing genome 
database can provide a source of sequence information of candidate genes which 
can directly be used for primer designing for PVR. Some of the software available 
are, 

• Primer 3: An online primer design software   
  http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi  

• Fast PCR v.3.4 for Windows: PCR primer design, DNA and protein tools, 
repeats and own database searches 

 http://www.biocenter.helsinki.fi/bi/bare-1_html/oligos.htm  
• GeneFisher:  Design of degenerate PCR Primer for known or unknown 

targets 
  http://bibiserv.techfak.uni-bielefeld.de/genefisher/  

• OligoAnalyzer – Features include analysis of hairpin, self-dimer, heter-
dimer, and other basic parameters. 
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  http://207.32.43.70/biotools/oligocalc/oligocalc.asp  
• MethPrimer – A free online program for designing primers for 

methylation specific PCR (MSP) and bisulfite sequencing PCR.  
 http://itsa.ucsf.edu/~urolab/methprimer/  
• Primo – Primo online is a friendly PCR primer design tool.  
 http://www.changbioscience.com/primo/primo.html  
• The PCR Suite – A collection of programs that interact with the 

Whitehead's Primer3 program. 
  http://www.eur.nl/fgg/kgen/primer/index.html  

• GeneWalker  
  http://www.cybergene.se/primerdesign/ 
• Web Primer 
 http://genome-www2.stanford.edu/cgi-bin/SGD/web-primer 
• CODEHOP - PCR primers designed from protein multiple sequence 

alignments 
 http://blocks.fhcrc.org/blocks/codehop.html 
• NetPrimer  
 http://www.premierbiosoft.com/netprimer/netprlaunch/netprlaunch.ht

ml 
• rawprimer - a tool for selection of PCR primers  
 http://alces.med.umn.edu/rawprimer.html  
• ExonPrimer 
 http://ihg.gsf.de/ihg/ExonPrimer.html  
• PrimerX - Design of mutagenic primers for site-directed mutagenesis 
 http://bioinformatics.org/primerx/  
• RevTrans - reverse translates a peptide alignment 
 http://www.cbs.dtu.dk/services/RevTrans/  
• AutoPrime - automated primer design 
 http://www.autoprime.de/  
• SNPbox - high-throughput primer design from gene to genome  
 http://www.snpbox.org/  
• Primaclade - find PCR primers that will bind across the alignment  
 http://www.umsl.edu/~biology/Kellogg/primaclade.html  

Conclusion 

 It is essential that care must be taken in the design of primers for PCR or 
sequencing. Several parameters including the length of the primer, %GC content 
and the 3' sequence need to be optimized for successful PCR. Certain of these 
parameters can be easily manually optimized while others are best done with 
commercial computer programs. In any event, careful observance of the general 
rules of primer design will help ensure successful experiments.  
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