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INTRODUCTION
The polymerase chain reaction (PCR) is a simple, ingenious
method of amplifying short stretches of DNA or RNA
sequences a few hundred base pairs long. It was first
described by Mullisl-? in 1985 and was marketed by the
Cetus Corporation, USA. The method uses a DNA
polymerase enzyme from thermostable bacteria; often
the one derived from Thermus aquaticus. This enzyme
commonly known as Taq DNA polymerase has limited
thermostability. It allows polymerase activity to continue
after repeated cycles of denaturation and renaturation
in the presence of high molar concentrations of small
terminal oligonucleotides called primers. By this procedure
a small amount of DNA becomes quantitatively the major
product. Further analysis of cloning, restriction-digestion,
mutation analysis and sequencing can then be carried
out.3-6 The first DNA sequence to be amplified by this
method was the human beta globin gene. I
The procedure has gained immense popularity in a
short time because
1. it requires a very small amount ofthe sample (0.1-5 ~g
of DNA or RNA) ,7-9
2. amplification up to 106 to 109 copies (approximately
100 ng of DNA) is possible,
3. the reaction is easy and quick needing between a few
hours and 2 to 3 days,
4. restriction sites at the terminal parts lead to easy
cloning and expression of the amplified product.l+l?
PRINCIPLE
PCR involves a series of amplification reactions performed
cyclically over a stretch of DNA, identified at its ends by
two primers, 10 to 20 base pairs long complementary to
the main strands of DNA. They, depending upon their
complementarity, are called 'sense' and 'anti-sense'.
The amplification occurs in either direction with DNA
synthesis occurring between the primer pairs in the 5' to
3' direction. The basic reaction has three phases namely
denaturation, annealing and extension (Fig. 1). These
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1. Schematic representation of the polymerase chain reaction

three phases occur at different temperatures and thus
rapid temperature cycling is needed.
Denaturation involves heating of the DNA mixture to
95°C when the thermal energy is sufficient to overcome
the hydrogen bonding between the complementary base
pairs in the two DNA strands, 13 allowing them to separate
(melting). During annealing, the reaction mixture is
cooled to between 37°C and 72 "C at which temperatures
the short oligonucleotides (20 to 30 bases long) referred
to as primers bind to their complementary sites on the
single stranded DNA molecule. However, temperatures
in the range of 55°C to 72 "C yield the best results.
Increasing the temperature enhances discrimination
against incorrectly annealed primers and reduces misextension of incorrect nucleotides at the 3' end of the
primers. The best temperature for any given set of primers
is about 10°C below the melting point of the target DNA
strands.
A low annealing temperature together with a high
deoxynucleotide triphosphate concentration favours misannealing of primers and extension of mis-incorporated
nucleotides.f If low annealing temperatures cannot be
avoided, the use of nested primers (each located 3' to
the preceding primer) results in an increased specificity of
the targetted PCR product and the elimination of irrelevant products (Fig. 2). The primers are so designed that
each binds to the opposite strand of the two stranded
molecule. Within the DNA sample, all the DNA is single
stranded except for two small regions where the primers
are bound on either side of the DNA sequence to be
analysed. In the extension phase, the temperature is
raised to 72 "C and the Taq polymerase enzyme begins
to synthesize new DNA directed from 5' to 3' from the
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Thermococcus litoralis, an archebacterium that grows
at 98°C in thermal vents on the ocean floor and the Pfu
enzyme isolated from a marine archebacterium Pyrococcus
furiosus which grows at 100°C. Due to their extreme
thermal stability and the 3' to 5' proofreading exonuclease activity, fewer base mis-incorporations occur during
DNA synthesis and this sets them apart from other DNA
polymerases including Taq.23The base substitution fidelity
assay with different enzymes is shown in Table I. The misincorporation errors can be minimized by increasing the
number of starting templates and providing conditions for
optimal Taq fidelity including low annealing extension
temperatures, and low Mg+' and triphosphate concentrations. Typically, synthesis of DNA occurs at the rate of
about 60 nucleotides per second and within one minute a
double-stranded DNA molecule of more than 3000 base
pairs is synthesized. This cycle is repeated 30 times, at
the end of which there are 1 million copies of the DNA
segment for each original template molecule in the starting sample. However, the amplification is in geometric
progression with a doubling at each cycle only if the two
primers are within 1000 to 2000 base pairs of each other .
If the primers are very far apart, the amplification is in
arithmetic progression resulting in only 60 additional
copies at the end of 30 cycles. Thus, the specificity of the
primer controls the amplification process. This whole
process has been automated, using microprocessor
controlled heating blocks called the 'thermal cycler'
which allows rapid temperature changes.>'

•••

3. Steps of PCR
TABLE

priming region. 15At the end of each cycle, the newly
synthesized extension product serves as a template for
a subsequent reaction resulting in an exponential
accumulation of DNA (Fig. 3). The use of a relatively
high temperature (72 "C) for extension is necessary
because the enzyme has a high extension rate (more
than 60 nucleotides per second) between 70°C to 80 °C.12
Very little synthesis occurs at low (about 1.5 nucleotides
per second at 37°C) and at very high temperatures. It
also makes the primers hybridize specifically to their
complementary sequences, reducing the amplification of
non-specific areas.
The initial experiments used a polymerase enzymeKlenow fragment DNA polymerase I-from Escherichia
coli-" but the heat labile nature of the enzyme necessitated
the addition of fresh enzyme during each cycle. However,
the Taq DNA polymerase from the Thermus aquaticus
strain YTl17 can survive extended incubation at 94°C, is
most active at about 70 °C and its use eliminates the need
to add the polymerase enzyme during each cycle.18,19This
enzyme is a 93 kD protein with a specific activity of
200 000 units per mg of protein.P-" The disadvantage of
using Taq polymerase is that it lacks the 3' to 5' exonuclease activity, 22resulting in a higher frequency of base
substitution (1/9000) and frameshift mutations (1/41 000)
than in the Klenow enzyme or the T4 polymerase.
Recently, two new thermostable enzymes have become
available. These are the Vent enzyme isolated from

I. Base substitution fidelity assay

Polymerase

°C

None
Klenow
Taq
Vent

37
70
72

Plaques scored
-------Total (x 1()6)
Blue
1.80
0.50
0.59
0.80

2
20
184
48

Reversion
Frequency (1()6)

1.1
40
310
57

NB Base substitution fidelity was measured by the opal codon reversion assay."
An M13 mp2 DNA molecule is constructed having a 361 nucleotide gap containing a single base change (G to A in the viral template strand at position 89
of the lacZ alpha coding sequences). This change creates an opal (TGA)
codon, resulting in a colourless plaque phenotype. Base substitution errors are
detected as blue· plaques. The reversion frequency reflects the error rate for
the single round of gap filling DNA synthesis.

If the starting material is an RNA template, an additional step is required (Fig. 4). It involves the synthesis
of a cDNA strand complementary to the target RNA
molecule by the use of one primer. This is followed by the
normal PCR procedure after the addition of a second
primer. 25,26Synthesis of cDNA can also be carried out
either by random priming with subsequent addition of two
primers'? or by using the thermostable DNA polymerase
from Thermus thermophilus (Tth) which has both reverse
transcriptase and DNA polymerase activity. This allows
the cDNA synthesis and PCR amplification to be carried
out in a single enzyme, single tube reaction.P
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bacterial, fungal and parasitic pathogens and has considerable importance in clinical diagnostic practice.P-" PCR
has been used in diagnostic histopathology both in retrospective and prospective studies to investigate the role
of certain viral and cellular genes in human malignant
mRNA

disease.P

65°C,5'

t
REVERSE TRANSCRIPTION
C DNA SYNTHESIS

(1st. STRAND)

FIG. 4. Schematic representation
of RNA sequences

of peR for the amplification

ANALYSIS OF PCR PRODUCTS
The entire procedure is completed in 4 to 5 hours (Table
II). An agarose gel electrophoresis is then performed and
a predominant single band, equivalent in length to the
distance between the 5' ends of the oligonucleotide
primers is visualized after staining with ethidium bromide
and examination of the gel under ultraviolet light. However, transfer to a filter and hybridization with a specific
probe (Southern blot )29 is essential to check the specificity
of the procedure and eliminate the amplification of
primer dimers.v-"
APPLICATIONS
The ability to amplify selectively a given area of DNA by
PCR has found widespread applications in basic research
as well as in clinical investigation such as detection of
polymorphisms and point mutations, DNA sequencing,
analysis of forensic samples, and identification and detection of infectious disease pathogens.
Detection of infectious disease pathogens
The use of PCR and specific oligonucleotide probes in
the detection of specific pathogen sequences has been
exte?sively used in the diagnosis of viral pathogens,
particularly where the pathogen in the sample is present
in low numbers or when the amount of sample is limited.
It has been routinely used to detect human immunodeficiency virus (HIV-I), human T-cell leukaemia virus
(HTL V type I and II), human papilloma virus (HPV) ,
enterovirus, cytomegalovirus, human hepatitis viruses
(B, C, D and E) and other infectious agents including
TABLE

II. Requirements

1. Oligonucleotide primers (20 to 30 base pairs long) which are equal in
length, and in guanine and cytosine content. Complementarity
between the primers and long runs of purine or pyrimidine bases
should be avoided
2. DNA polymerase enzyme (Taq or Vent polymerase)
3. Decxynucleotide triphosphate mix
4. Mineral oil
5. Thermal cycler

Detection of DNA polymorphism and point mutation
Haemophilia A, which is a sex-linked bleeding disorder
caused by a defect in coagulation factor VIII, arises from
a wide variety of mutations. The analysis of DNA polymorphisms in and near factor VIII is essential for the
genetic prediction of haemophilia A. The successful
application of PCR to amplify regions containing restriction enzyme sites polymorphism Bel I and XbaI has
thus avoided the use of Southern blot hybridization of
restriction enzyme digested genomic DNA and allelespecific radiolabelled oligonucleotide probes.r' In these
studies, identification of one or two bands of restriction
enzyme digested DNA amplified by PCR may be studied
directly by PAGE depending upon the presence or
absence of a restriction enzyme site. Similarly detection
of beta-thalassaernia or sickle cell anaemia- has been
amplified by PCR and screened with a panel of allelespecific probes that hybridize to known mutations.
PCR has also been widely used in the detection of
known mutations in the ras-oncogenes, which have
been implicated in the genesis of many tumours and which
appear to be activated by single point mutations.P The
P<;R amplified DNA is screened by dot blot hybridization
using a panel of allele-specific synthetic probes whose
sequence corresponds to all possible amino acid substitution~ ~hat can be generated by single base changes at the
specific codon of the ras gene. A high proportion of
pancreatic and colonic tumours have been shown to have
ras mutations. Similarly, mutations in the p53 tumour
suppressor gene on chromosome 17 have been identified
by PCR amplification in a wide variety of tumours.v-v
Thus, PCR is a powerful means of detecting point mutations in neoplasms and premalignant states.
DNA sequencing
DNA sequencing of the PCR product is one of the most
direct methods for detecting a specific gene defect. 6 The
amplified DNA is sequenced either directly using specific
sequence primers or by the use of vectors such as M13.43
I? the latter procedure, inclusion of a restriction enzyme
site at the end of the primers facilitates ligation of the PCR
product into the sequencing vector. The direct sequencing
procedure is insensitive to the mis-incorporation of
nucleotides resulting in PCR artefacts (one nucleotide
being mis-copied in the PCR reaction for every 20 cycles)
and thus requires the sequencing of several clones.
Forensic investigation
Methods such as blood group antigens, HLA antigens and
electr~phoretic variants of a large set of polymorphic
~rotems have been used to distinguish individuals gene~lcally. Recently the detection of sequence polymorphism
m DNA (DNA finger printing) has proved to be a
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analysis of enzymatically amplified genomic sequences. Science

III. Hints for carrying out an effective reaction

1986;233:1076-8.

1. Separate rooms for

2.
3.
4.
5.
6.
7.
8.

a. DNA-RNA extraction
b. PCR reaction
c. Electrophoresis and hybridization
Routine use of disposable gloves
Duplicate samples
Use of two separate sets of positive displacement micropipettors
(1-20 ".1) for DNA preparation and PCR reaction
Dispensing reagents into single-use aliquots
Frequent centrifugation of samples and reagents to minimize aerosols
Addition of the test samples to the PCR reaction mix at the end so as
to reduce cross-contamination
Controls a. Reference positive and negative controls
b. PCR performed without addition of DNA

powerful tool. It reveals an extraordinarily high number
of alleles and distinguishes individuals from one another.
This technique has been applied to the genetic analysis of
forensic samples.f However, it requires a large amount
of intact DNA sample (> 100 ng) of high molecular size.
Since 1986, PCR has been used for genetic typing of 2000
samples by amplifying polymorphic sequences from
minute quantities of degraded DNA.45

7 Higuchi R, von Beroldingen CH, Sensabaugh GF, Erlich HA.
DNA typing from single hairs. Nature 1988;332:543...{i.
8 Lench N, Stanier S, Williamson R. Simple non-invasive method to
obtain DNA for gene analysis. Lancet 1988;1:1356-8.
9 Krawczak M, Reiss J, Schmidtke J, Rosler U. Polymerase chain
reaction: Replication errors and reliability of gene diagnosis.
Nucleic Acids Res 1989;17:2197-201.
10 Sarkar G, Sommer SS. RNA amplification with transcript sequencing (RA WTS). Nucleic Acids Res 1988;16:5197.
11 Stoflet ES, Koeberl DD, Sarkar G, Sommer SS. Genomic amplification with transcript sequencing. Science 1988;239:491-4.
12 Innis MA, Myambo KB, Gelfand DH, Brow MAD. DNA sequencing with Thermus aquaticus DNA polymerase and direct sequencing
of polymerase chain reaction-amplified DNA. Proc Natl Acad Sci
USA 1988;85:9436-40.
13 Petruska J, Goodman MF, Boosalis MS, Sowers LC, Cheong C,
Tinoco I Jr. Comparison between DNA melting thermodynamics
and DNA polymerase fidelity. Proc Natl Acad Sci USA 1988;85:
6252...{i.
14

Kim HS, Smithies O. Recombinant fragment assay for gene targetting based on the polymerase chain reaction. Nucleic Acids Res
1988;16:8887-903.

Saiki RK, Gelfand DH. Introducing AmpliTaq DNA polymerase.
Amplifications 1989;1:4...Q.
16 Chehab FF, Dohorty M, Cai S, Kan YW, Cooper S, Rubin EM.
Detection of sickle cell anaemia and thalassaemias. Nature 1987;

15

329:293-4.

TECHNICAL LIMIT ATIONS
PCR is extremely sensitive and can detect minute contamination. This can occur during any step of the assay.
The common sources of contamination are 'aerosols'
containing amplified products of an earlier experiment. 31,46
It can therefore give exaggerated false-positive reactions." The poor preparation of starting material or the
presence of inhibitorsv-'? may result in false-negative
results. To minimize the inhibitory effect, the test sample
is diluted 50 to 100 times before use. Some practical
suggestions for doing the test are listed in Table III.
CONCLUSION
PCR represents a major technical advance in molecular
biology. The ability to analyse minute quantities of
nucleic acid sequences has considerable importance in
genetic and forensic studies.P It has revolutionized the
approach to DNA sequencing; a detailed examination of
specific sequences is now much easier.
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