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Abstract: The polymerase chain reaction (PCR) is a scientific technique in molecular biology to amplify a 
single or a few copies of a piece of DNA across several orders of magnitude, generating thousands to 
millions of copies of a particular DNA sequence. 
 
 

Developed in 1983 by Kary Mullis,[1] PCR is now a common and often indispensable 
technique used in medical and biological research labs for a variety of applications.[2][3] 
These include DNA cloning for sequencing, DNA-based phylogeny, or functional analysis 
of genes; the diagnosis of hereditary diseases; the identification of genetic fingerprints 
(used in forensic sciences and paternity testing); and the detection and diagnosis of 
infectious diseases. In 1993, Mullis was awarded the Nobel Prize in Chemistry for his work 
on PCR.[4] 

The method relies on thermal cycling, consisting of cycles of repeated heating and 
cooling of the reaction for DNA melting and enzymatic replication of the DNA. Primers 
(short DNA fragments) containing sequences complementary to the target region along 
with a DNA polymerase (after which the method is named) are key components to enable 
selective and repeated amplification. As PCR progresses, the DNA generated is itself used 
as a template for replication, setting in motion a chain reaction in which the DNA template 
is exponentially amplified. PCR can be extensively modified to perform a wide array of 
genetic manipulations. 

Almost all PCR applications employ a heat-stable DNA polymerase, such as Taq 
polymerase, an enzyme originally isolated from the bacterium Thermus aquaticus. This 
DNA polymerase enzymatically assembles a new DNA strand from DNA building blocks, 
the nucleotides, by using single-stranded DNA as a template and DNA oligonucleotides 
(also called DNA primers), which are required for initiation of DNA synthesis. The vast 
majority of PCR methods use thermal cycling, i.e., alternately heating and cooling the PCR 
sample to a defined series of temperature steps. These thermal cycling steps are 
necessary first to physically separate the two strands in a DNA double helix at a high 
temperature in a process called DNA melting. At a lower temperature, each strand is then 
used as the template in DNA synthesis by the DNA polymerase to selectively amplify the 
target DNA. The selectivity of PCR results from the use of primers that are complementary 
to the DNA region targeted for amplification under specific thermal cycling conditions. 
 

 
PCR principles and procedure 
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Figure 1a: A thermal cycler for PCR 

 
 

Figure 1b: An older model three-temperature thermal cycler for PCR 

 
PCR is used to amplify a specific region of a DNA strand (the DNA target). Most 

PCR methods typically amplify DNA fragments of up to ~10 kilo base pairs (kb), although 
some techniques allow for amplification of fragments up to 40 kb in size.  

A basic PCR set up requires several components and reagents. These components 
include: 

 DNA template that contains the DNA region (target) to be amplified. 
 Two primers that are complementary to the 3' (three prime) ends of each of the 

sense and anti-sense strand of the DNA target. 
 Taq polymerase or another DNA polymerase with a temperature optimum at around 

70 °C. 
 Deoxynucleotide triphosphates (dNTPs), the building blocks from which the DNA 

polymerases synthesizes a new DNA strand. 
 Buffer solution, providing a suitable chemical environment for optimum activity and 

stability of the DNA polymerase. 
 Divalent cations, magnesium or manganese ions; generally Mg2+ is used, but Mn2+ 

can be utilized for PCR-mediated DNA mutagenesis, as higher Mn2+ concentration 
increases the error rate during DNA synthesis[7] 

 Monovalent cation potassium ions. 
The PCR is commonly carried out in a reaction volume of 10–200 μl in small 

reaction tubes (0.2–0.5 ml volumes) in a thermal cycler. The thermal cycler heats and 
cools the reaction tubes to achieve the temperatures required at each step of the reaction 
(see below). Many modern thermal cyclers make use of the Peltier effect which permits 
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both heating and cooling of the block holding the PCR tubes simply by reversing the 
electric current. Thin-walled reaction tubes permit favorable thermal conductivity to allow 
for rapid thermal equilibration. Most thermal cyclers have heated lids to prevent 
condensation at the top of the reaction tube. Older thermocyclers lacking a heated lid 
require a layer of oil on top of the reaction mixture or a ball of wax inside the tube. 

 
PROCEDURE 

 
 

Figure 2: Schematic drawing of the PCR cycle. 
(1) Denaturing at 94–96 °C. (2) Annealing at ~65 °C (3) Elongation at 72 °C. 

(2)  

Four cycles are shown here. The blue lines represent the DNA template to which 
primers (red arrows) anneal that are extended by the DNA polymerase (light green 
circles), to give shorter DNA products (green lines), which themselves are used as 
templates as PCR progresses. 

Typically, PCR consists of a series of 20-40 repeated temperature changes, called 
cycles, with each cycle commonly consisting of 2-3 discrete temperature steps, usually 
three (Fig. 2). The cycling is often preceded by a single temperature step (called hold) at a 
high temperature (>90°C), and followed by one hold at the end for final product extension 
or brief storage. The temperatures used and the length of time they are applied in each 
cycle depend on a variety of parameters. These include the enzyme used for DNA 
synthesis, the concentration of divalent ions and dNTPs in the reaction, and the melting 
temperature (Tm) of the primers.[8] 

 Initialization step: This step consists of heating the reaction to a temperature of 94–
96 °C (or 98 °C if extremely thermostable polymerases are used), which is held for 
1–9 minutes. It is only required for DNA polymerases that require heat activation by 
hot-start PCR.[9] 

 Denaturation step: This step is the first regular cycling event and consists of heating 
the reaction to 94–98 °C for 20–30 seconds. It causes DNA melting of the DNA 
template by disrupting the hydrogen bonds between complementary bases, yielding 
single-stranded DNA molecules. 
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 Annealing step: The reaction temperature is lowered to 50–65 °C for 20–40 
seconds allowing annealing of the primers to the single-stranded DNA template. 
Typically the annealing temperature is about 3-5 degrees Celsius below the Tm of 
the primers used. Stable DNA-DNA hydrogen bonds are only formed when the 
primer sequence very closely matches the template sequence. The polymerase 
binds to the primer-template hybrid and begins DNA synthesis. 

 Extension/elongation step: The temperature at this step depends on the DNA 
polymerase used; Taq polymerase has its optimum activity temperature at 75–
80 °C,[10][11] and commonly a temperature of 72 °C is used with this enzyme. At this 
step the DNA polymerase synthesizes a new DNA strand complementary to the 
DNA template strand by adding dNTPs that are complementary to the template in 5' 
to 3' direction, condensing the 5'-phosphate group of the dNTPs with the 3'-hydroxyl 
group at the end of the nascent (extending) DNA strand. The extension time 
depends both on the DNA polymerase used and on the length of the DNA fragment 
to be amplified. As a rule-of-thumb, at its optimum temperature, the DNA 
polymerase will polymerize a thousand bases per minute. Under optimum 
conditions, i.e., if there are no limitations due to limiting substrates or reagents, at 
each extension step, the amount of DNA target is doubled, leading to exponential 
(geometric) amplification of the specific DNA fragment. 

 Final elongation: This single step is occasionally performed at a temperature of 70–
74 °C for 5–15 minutes after the last PCR cycle to ensure that any remaining single-
stranded DNA is fully extended. 

 Final hold: This step at 4–15 °C for an indefinite time may be employed for short-
term storage of the reaction. 

 
Figure 3: Ethidium bromide-stained PCR products after gel electrophoresis. 

 

Two sets of primers were used to amplify a target sequence from three different 
tissue samples. No amplification is present in sample #1; DNA bands in sample #2 and #3 
indicate successful amplification of the target sequence. The gel also shows a positive 
control, and a DNA ladder containing DNA fragments of defined length for sizing the bands 
in the experimental PCRs. 

To check whether the PCR generated the anticipated DNA fragment (also 
sometimes referred to as the amplimer or amplicon), agarose gel electrophoresis is 
employed for size separation of the PCR products. The size(s) of PCR products is 
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determined by comparison with a DNA ladder (a molecular weight marker), which contains 
DNA fragments of known size, run on the gel alongside the PCR products (see Fig. 3). 

 
PCR STAGES 
 

The PCR process can be divided into three stages: 
Exponential amplification: At every cycle, the amount of product is doubled 

(assuming 100% reaction efficiency). The reaction is very sensitive: only minute quantities 
of DNA need to be present.[12] 

Levelling off stage: The reaction slows as the DNA polymerase loses activity and as 
consumption of reagents such as dNTPs and primers causes them to become limiting. 

Plateau: No more product accumulates due to exhaustion of reagents and enzyme. 
In practice, PCR can fail for various reasons, in part due to its sensitivity to 

contamination causing amplification of spurious DNA products. Because of this, a number 
of techniques and procedures have been developed for optimizing PCR conditions.[13][14] 
Contamination with extraneous DNA is addressed with lab protocols and procedures that 
separate pre-PCR mixtures from potential DNA contaminants.[6] This usually involves 
spatial separation of PCR-setup areas from areas for analysis or purification of PCR 
products, use of disposable plasticware, and thoroughly cleaning the work surface 
between reaction setups. Primer-design techniques are important in improving PCR 
product yield and in avoiding the formation of spurious products, and the usage of 
alternate buffer components or polymerase enzymes can help with amplification of long or 
otherwise problematic regions of DNA. Addition of reagents, such as formamide, in buffer 
systems may increase the specificity and yield of PCR. 

 
APPLICATION OF PCR 
SELECTIVE DNA ISOLATION 
 

PCR allows isolation of DNA fragments from genomic DNA by selective 
amplification of a specific region of DNA. This use of PCR augments many methods, such 
as generating hybridization probes for Southern or northern hybridization and DNA 
cloning, which require larger amounts of DNA, representing a specific DNA region. PCR 
supplies these techniques with high amounts of pure DNA, enabling analysis of DNA 
samples even from very small amounts of starting material. 

Other applications of PCR include DNA sequencing to determine unknown PCR-
amplified sequences in which one of the amplification primers may be used in Sanger 
sequencing, isolation of a DNA sequence to expedite recombinant DNA technologies 
involving the insertion of a DNA sequence into a plasmid or the genetic material of another 
organism. Bacterial colonies (E. coli) can be rapidly screened by PCR for correct DNA 
vector constructs.[15] PCR may also be used for genetic fingerprinting; a forensic technique 
used to identify a person or organism by comparing experimental DNAs through different 
PCR-based methods. 

Some PCR 'fingerprints' methods have high discriminative power and can be used 
to identify genetic relationships between individuals, such as parent-child or between 
siblings, and are used in paternity testing (Fig. 4). This technique may also be used to 
determine evolutionary relationships among organisms.[citation needed] 
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Figure 4: Electrophoresis of PCR-amplified DNA fragments. (1) Father. (2) Child. (3) Mother. 
 

The child has inherited some, but not all of the fingerprint of each of its parents, 
giving it a new, unique fingerprint. 

 
AMPLIFICATION AND QUANTIFICATION OF DNA 

 
Because PCR amplifies the regions of DNA that it targets, PCR can be used to 

analyze extremely small amounts of sample. This is often critical for forensic analysis, 
when only a trace amount of DNA is available as evidence. PCR may also be used in the 
analysis of ancient DNA that is tens of thousands of years old. These PCR-based 
techniques have been successfully used on animals, such as a forty-thousand-year-old 
mammoth, and also on human DNA, in applications ranging from the analysis of Egyptian 
mummies to the identification of a Russian tsar.[16] 

Quantitative PCR methods allow the estimation of the amount of a given sequence 
present in a sample—a technique often applied to quantitatively determine levels of gene 
expression. Real-time PCR is an established tool for DNA quantification that measures the 
accumulation of DNA product after each round of PCR amplification. 

 
PCR IN DIAGNOSIS OF DISEASES 

 
PCR permits early diagnosis of malignant diseases such as leukemia and 

lymphomas, which is currently the highest developed in cancer research and is already 
being used routinely.[citation needed] PCR assays can be performed directly on genomic DNA 
samples to detect translocation-specific malignant cells at a sensitivity which is at least 
10,000 fold higher than other methods.[citation needed] 

PCR also permits identification of non-cultivatable or slow-growing microorganisms 
such as mycobacteria, anaerobic bacteria, or viruses from tissue culture assays and 
animal models. The basis for PCR diagnostic applications in microbiology is the detection 
of infectious agents and the discrimination of non-pathogenic from pathogenic strains by 
virtue of specific gene 

Viral DNA can likewise be detected by PCR. The primers used need to be specific 
to the targeted sequences in the DNA of a virus, and the PCR can be used for diagnostic 
analyses or DNA sequencing of the viral genome. The high sensitivity of PCR permits 
virus detection soon after infection and even before the onset of disease. Such early 
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detection may give physicians a significant lead in treatment. The amount of virus ("viral 
load") in a patient can also be quantified by PCR-based DNA quantitation techniques . 

 
RESIDUAL DISEASE IN CHRONIC MYELOID LEUKEMIA AFTER INDUCTION OF 
MOLECULAR REMISSION 
 

Reliable assessment of molecular remission after allografting for chronic myeloid 
leukemia requires assays capable of detecting one BCR-ABL–positive cell among 105 to 
106 BCR-ABL–negative cells 

1 — a sensitivity achieved with nested reverse-transcriptase polymerase chain 
reaction (PCR) but not with real-time quantitative PCR. 

2 Molecular remission after allografting predicts a low risk of relapse.1 On the basis 
of negative results on quantitative PCR testing, molecular remission has also been 
reported in some patients treated with imatinib.3,4 

The sensitivity of any PCR assay is ultimately limited by the number of cells 
analyzed. Only a fraction of the complementary DNA (cDNA) is routinely assayed, but the 
analysis of multiple cDNA aliquots in replicate reactions increases the sensitivity. With 
this approach, BCR-ABL transcripts become detectable in some healthy adults.5 

We conducted a study in which 97 patients with chronic myeloid leukemia in the 
chronic phase who had been receiving imatinib for a median of 22 
months (range, 0 to 38) were monitored with realtime quantitative PCR (sensitivity, 1:104 
to 1:105) and in which negative samples were further tested by nested PCR (sensitivity, 
1:105 to 1:106). 

1 Seventeen patients (all of whom were in complete cytogenetic remission) had at 
least one negative result on nested PCR (35 of 1051 samples [3.3 percent]). 

In 24 samples (from patients whose median time receiving imatinib was 19 months 
[range, 11 to 36]), cDNA was available for 10 replicate nested PCR reactions, each 
corresponding to more than 106 white cells or bone marrow cells.  

Thirty-two samples from 23 patients in complete cytogenetic remission a median of 
19 months (range, 5 to 130) after allografting and samples from 11 healthy persons were 
tested in an analogous fashion.  

Fourteen of the 24 samples from the patients receiving imatinib (58 percent) were 
positive in 1 to 10 (median, 3) of 10 replicate reactions, and 6 of the 32 samples obtained 
from patients who had undergone allografting (19 percent) were positive in 1 to 7 (median, 
1) of 10 reactions (P=0.002 by chi-square analysis).  

A sample from 1 of the 11 healthy persons was positive in 3 of 10 replicate 
reactions, an incidence not different from that in the patients after allografting (P=0.45) 
(Table 1). 

Eight of the patients receiving imatinib (including five with newly diagnosed disease) 
had negative results on replicate tests. Of seven patients with follow-up data, two 
subsequently tested positive by single nested reverse-transcriptase PCR, and one had 
progression to cytogenetic relapse.  

Two tested positive in replicate assays. In two patients with newly diagnosed 
disease, test results have remained completely negative for 7 and 11 months, respectively. 

Our findings suggest that most patients receiving imatinib harbor higher levels of 
residual disease than patients who have undergone allografting, even if they have 
negative test results on standard nested PCR. Only a few patients have equally profound 
remissions. Molecular remission after allografting is associated with a definite biologic end 
point: relapse-free survival. It currently is not known whether imatinib-induced negativity on 
PCR testing will be predictive of an equally low risk of relapse. 
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Thus, the term ―molecular remission‖ should beused cautiously in such patients. 
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