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INTRODUCTION

The development of PCR by Kary Mullis provided a
transformative method for amplifying specific DNA
fragments. However, early PCR methods relied exclusively on
endpoint analysis, which was limited by plateau effects,
differential efficiency, and the inability to quantify
amplification dynamics. The breakthrough came when
Higuchi et al. (1992) demonstrated real-time monitoring of
amplification using fluorescence signals. This innovation
marked the birth of quantitative PCR.

Subsequent contributions, such as the introduction of
the TagMan hydrolysis probe (Holland et al., 1991),
significantly improved specificity and allowed quantitative
readouts based on enzymatic cleavage of fluorescence
reporters. Today, RT-PCR technologies underpin clinical
diagnostics, pathogen guantification, agricultural
biotechnology, and systems biology. Their prominence was
evident during the COVID-19 pandemic, where RT-PCR
became the global diagnostic standard.
Principle of RT-PCR
Real-Time PCR (qPCR) is a quantitative extension of
conventional PCR that measures DNA amplification as it
occurs through fluorescence-based detection systems.
Fluorescent signals, generated either by DNA-binding dyes
such as SYBR Green or by sequence-specific hydrolysis
probes like TagMan, increase proportionally with the
accumulation of double-stranded DNA during each PCR
cycle. The instrument records this fluorescence at every cycle,
producing an amplification curve that reflects the kinetics of
DNA replication. A key parameter, the cycle threshold (Ct),
marks the point at which fluorescence rises above background
levels and is inversely related to the initial quantity of the
target DNA.
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The quantitative power of qPCR originates
from its exponential amplification phase and

a closed-tube detection system that
eliminates  post-PCR  handling  and
contamination risks. Probe-based assays

provide high specificity, while melt-curve
analysis (in dye-based assays) confirms
product purity by distinguishing specific
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amplicons from nonspecific products based
on their characteristic melting temperatures.
Together, these features allow gPCR to
deliver highly sensitive, specific, and
reproducible quantification across a broad
dynamic range, making it a gold-standard
technique in diagnostics, gene expression
analysis, and molecular quantification.
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Source: PrimePCR™ Quick Guide: Real-Time PCR Workflow

1. Chemistry of Real-Time PCR (gPCR)
The chemistry of real-time PCR revolves around

fluorescent signal generation during DNA
amplification. This fluorescence increases
proportionally with the accumulation of
amplified product, allowing real-time
quantification. Broadly, gPCR chemistry is
categorized into DNA-binding dye—based
detection and probe-based detection, each
differing in  specificity, sensitivity, and

multiplexing capabilities (Kubista et al., 2006).

DNA-Binding Dye Chemistry

1. (A) SYBR Green | Dye System

e SYBR Green | is the most widely used dye
that intercalates into double-stranded DNA
(dsDNA) and emits strong fluorescence upon
binding.

e During each extension phase of PCR,
dsDNA increases, resulting in proportional
fluorescence amplification.

e The chemistry is simple, cost-effective, and
sensitive but lacks target specificity because
any dsDNA—including primer dimers—can
generate signal

e Melt curve analysis is required to verify
amplification specificity.
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2. (B)Next-Generation DNA-Binding Dyes
(EvaGreen, BRYT Green)
e Modern dyes have lower PCR inhibition and

higher fluorescence-to-background ratios.

e EvaGreen, for instance, partitions into
dsDNA reversibly and supports high-
resolution melt (HRM) analysis with

improved stability (Wittwer et al., 2003).

e These dyes enhance quantification precision
while  minimizing template-independent
fluorescence.

2. Probe-Based Fluorescent Chemistry

Probe chemistries increase specificity by relying
on sequence-specific hybridization. Fluorescence
is generated only when the probe binds to its
complementary target and is either cleaved or
structurally altered (Mackay et al., 2002).

a. TagMan Probe Chemistry

e Uses a dual-labeled oligonucleotide

containing a fluorophore at the 5' end and a
guencher at the 3' end.

e During extension, the 5'—3' exonuclease
activity of Taqg polymerase cleaves the probe,
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separating dye and quencher,
fluorescence.

e This chemistry is highly specific and ideal
for quantification and multiplexing (Heid et
al., 1996).

b. Molecular Beacons

e Hairpin-shaped oligonucleotides with a
fluorophore and quencher at opposite ends.

e Fluorescence occurs only when the beacon
hybridizes to the target DNA, opening the
hairpin.

e They are excellent for SNP detection and

allele discrimination.

. Scorpion Probes

e Combine primer and probe in one molecule
joined by a linker.

o After amplification, the probe portion folds
back and  hybridize to its own
complementary target, generating fluorescent
signal.

e Scorpions offer fast hybridization kinetics
and high sensitivity

3. FRET (Fluorescence Resonance Energy

Transfer) Probes

o Use two adjacent probes labeled with a donor
and acceptor fluorophore.

e When the donor is excited, energy transfers
to the acceptor only when both probes bind
adjacent regions on the target.

o Particularly useful for melt-curve genotyping
and high-resolution SNP analysis (Wittwer et
al., 2003).

4. Amplification Reagents and Polymerase

Chemistry

o Hot-start DNA polymerases enhance
specificity by remaining inactive at lowers
temperatures.

e They prevent non-specific amplification and
primer dimers before denaturation.

e Reaction buffers contain Mg?, stabilizing
DNA polymerase and facilitating primer
annealing.

e Inclusion of ROX passive reference dyes
allows normalization of  fluorescence
variability across wells and plates, improving
quantification accuracy

5. Chemistry of Signal Normalization and

Detection

e ARn (Normalized Fluorescence) is
calculated by subtracting baseline signal

allowing

o
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from amplification fluorescence, ensuring
consistent quantification.

e Threshold cycles (Ct) reflect the cycle at
which fluorescence exceeds background,
forming the foundation for relative and
absolute quantification strategies.

Quantification Strategies in Real-Time PCR
(QPCR)
Real-time PCR allows two main modes of
quantification: absolute quantification and
relative quantification, each relying on
fluorescence measurements recorded during the
exponential phase of amplification. These
strategies have become central to molecular
diagnostics and gene expression analysis due to
their accuracy, sensitivity, and broad dynamic
range.

1. Absolute Quantification

Absolute quantification determines the exact

number of target nucleic acid copies in a sample

by comparing unknown Ct values with a standard
curve generated from serial dilutions of a known
template (Smith et al., 2018). The calibration
standards may consist of plasmids, synthetic
oligonucleotides, in vitro—transcribed RNA, or
genomic DNA. For accurate quantification,

standard dilution series must exhibit linearity (R?

> 0.99) and amplification efficiency between 90—

110% (Bustin & Huggett, 2017).

2. Relative Quantification

Relative quantification measures fold changes

in gene expression levels between experimental

and control samples. This approach normalizes
target gene expression to an internal reference
gene often termed a housekeeping gene such as

ACTB, GAPDH, or 18S rRNA, which ideally has

stable expression under all experimental

conditions (Livak & Schmittgen, 2001).

In experiments where amplification efficiencies

differ between reference and target genes,

efficiency-corrected models such as the Pfaffl
equation provide more accurate quantification by
incorporating individual reaction efficiencies

(Pfaffl, 2001).

Workflow of Real-Time PCR (qPCR)

1. Sample Collection and Nucleic Acid
Extraction

High-quality sample collection is essential
because contaminants such as proteins, phenolic
compounds, or salts can inhibit polymerase
activity and distort quantification (Bustin et al.,
2020). Extraction methods such as silica-based
spin columns or automated magnetic bead
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systems are used to obtain pure DNA or RNA
suitable for gPCR.

2. Reverse Transcription (When RNA Is Used)
If RNA is the starting template—as in gene
expression profiling or RNA virus detection—it
must be converted into cDNA using reverse
transcriptase. This may be performed as a two-
step reaction (reverse transcription and qPCR
done separately) or a one-step reaction (both
processes combined in one tube), the latter
reducing handling and contamination risk
(Taylor et al., 2019). Primer choice (random
hexamers, oligo-dT, or gene-specific primers)
influences transcript coverage.

3. Reaction Setup

The gPCR reaction mixture contains DNA
polymerase (often hot-start Taq), forward and
reverse primers, dNTPs, MgCl., buffer, and a
fluorescence-based detection system.

SYBR Green fluoresces upon binding
double-stranded DNA

TagMan/hydrolysis probes generate signal
only when the probe is cleaved, improving
specificity (Holland et al., 1991)
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Controls including no-template controls (NTC)
and internal reference genes ensure assay
reliability (Bustin & Huggett, 2017).
4. Thermal Cycling and
Fluorescence Detection

The gPCR instrument performs rapid cycles of
denaturation, annealing, and extension while
simultaneously measuring fluorescence at each
cycle. As product accumulates, fluorescence
increases either due to dye binding or probe
cleavage. The instrument generates amplification
curves and calculates the Ct (cycle threshold),
which is inversely proportional to initial template
quantity (Livak & Schmittgen, 2001).

5. Melt Curve Analysis (For SYBR Green
Assays)

Following amplification, a melt curve is
generated by gradually increasing temperature
and monitoring fluorescence changes. Each
specific amplicon has a characteristic melting
temperature (Tm). A single sharp peak confirms
specificity, while multiple peaks suggest
nonspecific amplification or primer-dimers (Ririe
etal., 1997).
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Source: Wikimedia Commons (n.d.) Real-time PCR diagram showing SYBR Green
and TagMan chemistry

6. Data Interpretation and Quantification
Ct values are analyzed using either:

Absolute quantification, based on standard
curves

Relative quantification, commonly using
the AACt method and stable reference genes
(Livak & Schmittgen, 2001)

Amplification efficiency (ideal: 90-110%), R2
values (>0.99), and replicate consistency are
evaluated to ensure data validity (Bustin et al.,
2020).
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Applications of Real-Time PCR (gPCR)

> Gene Expression Profiling

gPCR is widely used to quantify mRNA levels
across tissues, developmental stages, and
treatment conditions, enabling precise analysis of
transcriptional regulation. Its high sensitivity
makes it the gold standard for validating RNA-
Seq results

> Pathogen Detection and Diagnostics
Clinical laboratories employ gPCR for rapid

detection of bacteria, viruses, and fungi, owing to
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its ability to detect even low pathogen loads with
high specificity. It became globally indispensable
during the SARS-CoV-2 pandemic

> Genotyping and SNP Analysis
Allele-specific gPCR assays enable single-
nucleotide polymorphism (SNP) detection,
genotype discrimination, and identification of
disease-linked variants, supporting personalized
medicine

> Food Safety and Environmental

Monitoring
gPCR is used to detect GMOs, allergens,
foodborne pathogens, and microbial

contaminants in water and soil. Its quantitative
output supports regulatory compliance
> Quantification of Viral Load

In virology, qPCR provides accurate viral load
measurement, essential for monitoring disease
progression and treatment efficacy, such as in
HIV and hepatitis diagnostics

> Cancer Biomarker Analysis

gPCR is extensively used to measure oncogene
expression, detect minimal residual disease, and
guantify circulating tumor DNA (ctDNA),
supporting  early diagnosis and therapy
monitoring

> Agricultural and Plant Biotechnology
In crop research, qPCR assists in evaluating
stress-responsive genes, quantifying pathogen
colonization, and validating transgenic lines,
enhancing precision breeding strategies
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