ISSN: 1165-158X

Yuen, Cell Mol Biol 2025, 71:1

Cellular and Molecular Biology

Polymerase Chain Reaction (PCR): A Breakthrough in Molecular Biology

Yuen Qu*
Department of Biomedical Engineering, School of Medicine, China

Introduction

Polymerase Chain Reaction (PCR) is one of the most powerful
and widely used techniques in molecular biology. Developed in 1983
by Dr. Kary Mullis, PCR allows scientists to amplify and replicate
specific segments of DNA with remarkable precision and speed. This
method has had a profound impact on fields ranging from genetics and
diagnostics to forensics and medicine [1], enabling breakthroughs such
as the identification of genetic diseases, DNA fingerprinting, and even
the analysis of ancient biological samples. By rapidly creating millions
of copies of a particular DNA sequence, PCR has revolutionized our
ability to study and manipulate genetic material.

The Basics of PCR

PCR is a laboratory technique used to create multiple copies of a
specific DNA region. The process mimics natural DNA replication [2]
but is carried out in a controlled environment outside of living cells.
The basic components required for PCR include:

DNA template: The sample containing the DNA sequence to be
amplified.

Primers: Short single-stranded DNA sequences that are
complementary to the regions flanking the target DNA sequence.
Primers are necessary to initiate the amplification process.

DNA polymerase: An enzyme that synthesizes new strands of DNA
by adding nucleotides to the growing DNA chain. The enzyme used
in PCR is typically Taq polymerase [3], derived from the thermophilic
bacterium Thermus aquaticus. Taq polymerase is heat-resistant, which
is essential for PCR's high-temperature steps.

Nucleotides (dNTPs): The building blocks required for DNA
synthesis—adenine (A), cytosine (C), guanine (G), and thymine (T).

Buffer solution: Maintains the optimal pH and ionic conditions for
the reaction to occur.

The PCR process occurs in a thermal cycler, which is a machine
that can rapidly change temperatures to facilitate different steps of the
reaction [4].

The PCR Process: Step-by-Step

The process of PCR involves repeated cycles of heating and cooling,
with each cycle amplifying the target DNA. The typical PCR cycle
includes three main steps:

Denaturation (94-98°C): The reaction mixture is heated to a high
temperature (usually between 94°C and 98°C), causing the double-
stranded DNA template to "denature" or separate into two single
strands. This step breaks the hydrogen bonds between complementary
base pairs [5], creating single-stranded DNA templates for the next
steps.

Annealing (50-65°C): The temperature is lowered to allow the
primers to bind (or "anneal") to their complementary sequences on
the single-stranded DNA templates. The specific temperature for this
step depends on the melting temperature of the primers used. Primer

binding is crucial because it determines the region of DNA to be
amplified.

Extension (68-72°C): In this step, the temperature is set to the
optimal temperature for the DNA polymerase (typically around 72°C
for Taq polymerase). The polymerase synthesizes a new DNA strand
by adding nucleotides complementary to the template strand, starting
at the primer and extending toward the end of the target sequence [6].

Each cycle of PCR amplifies the target DNA sequence by a factor
of two. After multiple cycles (typically 20-40), millions of copies of the
desired DNA segment can be generated, making it possible to study
even very small amounts of DNA.

Applications of PCR

PCR has a wide array of applications in science, medicine, and
forensic analysis. Here are some of the most impactful uses:

Genetic testing and diagnostics: PCR is a cornerstone of genetic
testing, allowing for the identification of mutations, inherited diseases,
and genetic markers. It is used to detect genetic conditions like cystic
fibrosis, sickle cell anemia, and Huntington’s disease [7]. PCR is also
crucial in identifying infectious diseases caused by viruses and bacteria,
such as HIV, tuberculosis, and COVID-19.

Forensic science: PCR plays a pivotal role in criminal investigations
by enabling DNA profiling. Small DNA samples, such as hair, blood, or
skin cells, can be amplified and analyzed to identify individuals with
high precision. This has been crucial in solving cases where DNA is the
only evidence available, even in cases of cold crimes.

Cloning and gene expression studies: PCR is used in cloning
experiments to amplify a gene of interest, which can then be inserted
into a vector and introduced into cells for further study. It is also
employed in research on gene expression, allowing scientists to detect
the presence or absence of specific mRNA transcripts in cells.

Ancient DNA and paleogenomics: PCR has revolutionized the
study of ancient organisms by enabling the extraction and amplification
of DNA from archaeological remains [8], such as bones or preserved
tissues. This has led to groundbreaking discoveries in paleontology and
human evolution.

Environmental and agricultural applications: PCR is used
to detect genetically modified organisms (GMOs) in crops, track
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environmental DNA (eDNA) for biodiversity studies, and monitor the
health of ecosystems by detecting microbial DNA from soil or water
samples.

Advantages and Limitations of PCR

PCR offers numerous advantages, but it is not without its limitations.
Advantages

Sensitivity: PCR can amplify DNA from minute quantities of
material, making it highly sensitive.

Speed: PCR can generate large amounts of DNA in a short time,
usually within a few hours.

Specificity: The use of primers allows for the amplification of
specific DNA sequences, minimizing the chance of non-specific
amplification [9].

Versatility: PCR can be applied to a wide range of DNA sources,
including ancient, degraded, or contaminated samples.

Limitations

Contamination risk: Because PCR amplifies DNA from very small
amounts of starting material, contamination from external sources can
lead to false results. Strict protocols are required to avoid contamination.

Error rate: While Taq polymerase is efficient, it lacks proofreading
ability, which can result in occasional errors in the amplified DNA [10].
This can be mitigated by using high-fidelity polymerases.

Complexity with long sequences: Amplifying very long stretches
of DNA can be challenging, as the process becomes less efficient with
larger templates.

Conclusion

Polymerase Chain Reaction (PCR) has had a transformative
impact on molecular biology and numerous related fields. By enabling
the amplification of specific DNA sequences, PCR has unlocked the
potential to study genes, diagnose diseases, solve crimes, and explore
ancient biological material. With its precision, speed, and versatility,
PCR has become an indispensable tool in laboratories around the world,
facilitating advances in genetics, medicine, forensics, and beyond.
Despite some limitations, ongoing improvements in PCR technology

continue to expand its applications, and it remains a foundational
technique in modern molecular biology.
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