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he agricultural sector relies heavily on molecular biology tools to improve crop

performance and environmental adaptability. Traditional breeding methods are often
slow and provide limited information about the genetic basis of desirable traits. Molecular
techniques help researchers study the structure, expression, and regulation of genes
associated with important agricultural characteristics. Among these techniques, the
Polymerase Chain Reaction (PCR), developed by Kary Mullis in 1983, has become a
cornerstone of DNA analysis by enabling rapid amplification of specific DNA sequences
from small samples. Initially used mainly for qualitative detection of pathogens and
transgenes, PCR has evolved into several advanced variants such as Real-Time PCR (gqPCR),
Multiplex PCR, Allele-Specific PCR (AS-PCR), and Nanoparticle-Assisted PCR (Nano-
PCR). These techniques offer greater sensitivity, speed, and accuracy, enabling simultaneous
pathogen detection, gene expression analysis, marker-assisted selection and contamination-
free analysis of ancient crop DNA. Consequently, PCR-based methods play a vital role in
crop improvement, genetic engineering, pathogen diagnostics, stress-response studies, and
molecular breeding, supporting sustainable agricultural innovation.

Essential Components of PCRs

To run a PCR, a mixture is placed into a thermal cycler—a machine that used for
amplification and adjust temperatures of sample in preprogrammed manner. The mixture
requires:

Template DNA: The original DNA or RNA sample containing the target sequence.

Primers: Short, custom-made DNA strands that mark the exact start points of the target
sequence.

dNTPs: The individual building blocks (A, T, C, G) used to build the new DNA strands.

Tag Polymerase: A special, heat-resistant enzyme (originally from the bacteria Thermus
aquaticus) that assembles the building blocks.

Chemical Support: Cations (Mg2+ and K+) to stabilize the reaction, a buffer to maintain a
constant pH (8.3-8.8) and water.

Three Phases of PCR

The thermal cycler repeatedly heats and cools the mixture (usually 35-40times) through three
specific phases:

1. Denaturation (94°C): High heat separates the original double-stranded DNA into two
single strands.
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2.Annealing (40-60°C): The temperature is lowered, allowing the primers to attach
specifically to the target DNA.

3. Extension (72°C): The mixture is heated slightly, allowing the Taq polymerase to build
the new complementary DNA strands by adding all dNTPs.
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Figure 1: Components and Steps of PCR

Types of PCR and Its Application in Agriculture

1.Conventional (Qualitative) PCR

Principle: The standard method. It uses a specific set of forward and reverse primers to make
billions of copies of a target DNA segment. It requires an extra step at the end (like gel
electrophoresis) to visualize the results.

Agricultural Application: Basic detection of specific genes or confirming the presence of a
pathogen in a crop sample.

2. Asymmetric PCR

Principle: Uses an unequal (100:1) ratio of forward-to-reverse primers to intentionally create
a massive amount of just one specific strand of the target DNA, rather than copying both
strands equally.

Agricultural Application: Generating single-stranded DNA needed for crop DNA
sequencing and creating hybridization probes for marker-assisted breeding.

3.Real-Time PCR (gPCR):

Principle: Uses fluorescent dyes (like Sir Green) or probes to measure DNA amplification in
real-time as it happens. This skips the need for post-PCR processing and provides fast, highly
precise measurements.

Agricultural Application: Gene expression studies. It is used to quantify how strongly a
plant is expressing a stress-response gene or to measure the exact viral load in an infected
plant

4.Multiplex PCR

Principle: Runs multiple different primer sets in a single tube at the same time. Each primer
set targets a different sequence, producing DNA bands of varying sizes.

Agricultural Application: High-efficiency screening. It allows breeders to simultaneously
test a plant for multiple viral/bacterial infections or check for several different genetic
mutations in a single run.

5. Nested PCR

Principle: A "double-check” method that runs two successive PCR cycles to increase
specificity. The second cycle uses new primers that only bind inside the DNA copied during
the first cycle, filtering out unwanted/accidental copies.

Agricultural Application: Detecting extremely trace amounts of pathogens in seeds or soil
that might be missed by conventional PCR.
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6. Hot Start PCR

Principle: It keeps the DNA-building enzyme (Taqg polymerase) completely inactive until the
machine reaches its maximum melting temperature (94°C). This prevents the primers from
accidentally binding to the wrong sites while the machine warms up.

Agricultural Application: Highly specific amplification of complex plant genomes, ensuring
no spurious "junk” DNA is produced during genetic analysis

7. Touchdown PCR

Principle: It starts with an unusually high annealing temperature to force perfectly matched
primer-template connections. The temperature is gradually lowered in subsequent cycles to
speed up amplification.

Agricultural Application: Very useful in cross-species plant breeding when attempting to
amplify a target gene in one crop using primers originally designed for a different, related
crop species

8. Assembly PCR (PCA)

Principle: A two-step method that acts like molecular glue. It stitches together multiple short,
overlapping pieces of DNA to build an entirely new, long DNA sequence without needing
restriction enzymes.

Agricultural Application: Synthesizing novel gene constructs, such as assembling complex,
modular disease-resistance traits before inserting them into plants.

9. Colony PCR

Principle: A method to rapid screening test performed directly on bacterial or yeast colonies
to verify if they successfully absorbed a newly inserted piece of plasmid DNA (checking for
correct size and orientation).

Agricultural Application: Verifying cloned crop genes. Before transferring a modified trait
into a plant (like cotton or sugarcane), this confirms the trait was correctly cloned inside the
bacteria.

10. Degenerate PCR

Principle: Uses a "mixture of primers" of slightly varied, non-specific primers (degenerate
primers) based on known genes to amplify related, but currently unknown, DNA sequences.
Agricultural Application: Discovering new members of a gene family or identifying
equivalent orthologous genes across different crop species (e.g., finding a known sorghum
gene in another grain).

11. Methylation-specific PCR (MSP)

Principle: Treats DNA with bisulfide (which alters unmethylated bases) and uses two
different primer sets to identify patterns of DNA methylation (chemical tags that regulate
genes).

Agricultural Application: Studying crop epigenetics to understand how environmental
factors (like drought) turn specific plant genes on or off without changing the underlying
DNA

12. Reverse Transcription PCR (RT-PCR)

Principle: It uses a reverse transcriptase enzyme to first convert active RNA into
complementary DNA (cDNA), which is then amplified using standard PCR.

Agricultural Application: Measuring active gene expression levels, allowing scientists to
quantitatively see which traits a crop is actively utilizing at a given moment

13. Inverse PCR Principle: Used when only one side of a target DNA sequence is known. It
involves cutting the DNA, bending it into a circle and using "outward pointing"” primers to
amplify and read the unknown surrounding sections.

Agricultural Application: Locating exactly where a newly inserted gene (transgene) has
integrated into a genetically modified crop's genome.

14. Miniprimer PCR Principle: It uses an engineered Taqg polymerase and unusually short
primers (only 10 nucleotides) to hunt for conserved DNA sequences that standard, longer
primers might miss.
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Agricultural Application: Analysing the diversity of microscopic bacterial populations in
agricultural soils by targeting conserved sequences like 16S rRNA

15. Allele-Specific PCR (AS-PCR) Principle: It uses forward primers with different tails to
precisely analyse Single Nucleotide Polymorphisms (SNPs)—a single-letter change in the
genetic code in a single reaction.

Agricultural Application: The backbone of marker-assisted selection. It effectively tracks
specific genetic traits, insertions or deletions in breeding lines

16 Thermal Asymmetric Interlaced PCR (TAIL-PCR).

Principle: Combines known specific primers with short, arbitrary primers and alternates
high/low temperature cycles to uncover unknown DNA sequences adjacent to known
insertion sites.

Agricultural Application: Isolating upstream promoters or mapping exactly where genetic
insertions (like T-DNA) occurred in crops like rice and Arabidopsis

17. Linear-After-The-Exponential (LATE) PCR

Principle: An optimized form of asymmetric PCR that efficiently generates single-stranded
DNA well beyond the normal exponential phase, avoiding the limitations of standard
asymmetric methods.

Agricultural Application: Real-time, quantitative analysis of genetic targets when only
extremely small agricultural samples are available.

18. Nanoparticle-Assisted PCR (Nano-PCR) Principle: Adds nanomaterials (like metal
nanoparticles or carbon) to the reaction mixture. Their excellent heat transfer properties
dramatically improve the speed, sensitivity and specificity of the PCR.

Agricultural Application: Developing highly accurate diagnostic testing for crop diseases,
eliminating the false-positive results that sometimes plague conventional PCR.

19. Suicide PCR Principle: It uses entirely new primers that target a region never before
amplified in that laboratory to absolutely guarantee the amplified fragment is genuine and not
a lab contamination.

Agricultural Application: Used in paleogenetic studies to analyse the ancient DNA of crop
ancestors, tracing early agricultural domestication

20. Single Specific Primer-PCR (SSP-PCR)

Principle: Allows amplification when only partial sequence information is known. It enables
scientists to "walk" down the chromosome in one direction from a known region into an
unknown region.

Agricultural Application
Mapping uncharted regions of complex crop chromosomes where complete sequence data is
not yet available.

Table 1: Different types of PCR and it’s used in Agriculture

[s-No | NameotPcR | UsedinAgricumure
1 Conventional (Qualitative) PCR Cry1Ac gene detection (Bt cotton).
2 Real-Time PCR (qPCR) Drought-responsive gene quantification (rice).
3 Asymmetric PCR ssDNA probe generation (SNP detection).
4 Multiplex PCR Sugarcane pathogens (SCMV, SCYLYV, L. xyli).
5 Nested PCR Citrus Greening detection (asymptomatic trees).
6 Hot Start PCR GC-rich region amplification (sugarcane QTL mapping).
7 Touchdown PCR HARDY gene amplification (wild grain relative, Arabidopsis primers).
8 Assembly PCR (PCA) Multi-epitope resistance gene synthesis (wheat rust).
9 Colony PCR Agrobacterium colony screening (insect-resistance plasmid).
10 Degenerate PCR Unknown Chitinase gene isolation (wild medicinal spices).
11 Methylation-specific PCR (MSP) Gene silencing tracking (oil palm “mantled” fruit).
12 Reverse Transcription PCR (RT-PCR) Potato Virus Y detection (potato seed stocks).
13 Inverse PCR T-DNA insertion site location (transgenic rice genome).
14 Miniprimer PCR Rhizosphere microbiome monitoring.
15 Allele-Specific PCR (AS-PCR) Badh2 genotyping (aroma, basmati rice).
16 Thermal Asymmetric Interlaced PCR (TAIL-PCR) Cold-tolerance gene promoter isolation.
17 Linear-After-The-Exponential (LATE) PCR Point-of-care grain fungi detection.
18 Nanoparticle-Assisted PCR (NanoPCR) BBTV field detection.
19 Suicide PCR Ancient maize DNA analysis.
20 Single Specific Primer-PCR (SSP-PCR) Herbicide-resistance gene duplication mapping.
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Conclusion

Polymerase Chain Reaction (PCR) has evolved far beyond its origins as a basic qualitative
technique, transforming into a highly versatile, precision-driven molecular toolkit. By
overcoming the inherent limitations of conventional amplification, the diverse array of
specialized PCR variants ranging from gPCR and Multiplexing to TAIL-PCR and AS-PCR
now provides researchers with unparalleled sensitivity, speed and adaptability. Within
agricultural biotechnology, these advancements are indispensable. They bridge the gap
between fundamental molecular biology and practical agronomy, directly enabling high-
throughput pathogen diagnostics, precise marker-assisted breeding, complex genome
mapping and the targeted selection of resilient crop traits. Ultimately, the continuous
refinement of PCR technologies empowers plant scientists and breeders to accelerate crop
improvement, driving the sustainable agricultural innovations needed to secure our global
food supply.
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