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PCR Optimization for Beginners: A Step by Step Guide

Background: The invention of Polymerase Chain Reaction (PCR) marked a breakthrough in 
biomedical research. Its invention divided the timeline into an era before and after PCR. Because 
of its multiple applications, it has become a vital tool for clinical researchers and diagnosticians. 
A effective PCR experiment requires adequate knowledge of each reaction component and step-
by-step procedure to attain the optimized results. This research aims to employ optimization 
strategies that are easy to perform, cost-effective, and do not require PCR kits for the generation 
of amplicons for TYR, MITF, and SOX10 genes and can be used in sequence analysis.

Materials and Methods: Whole blood samples were used to extract genomic DNA with an 
inorganic method. DNA quantification was done by spectrophotometry analysis. Optimization 
strategies were adopted to generate PCR products of candidate genes and visualized by agarose 
gel electrophoresis. Sanger sequencing was performed to check the quality and specificity of 
generated amplicons via optimization strategies.

Results: This study demonstrates a novel approach for troubleshooting failed reactions without 
the use of PCR kits. The result indicated that use of sterilized material and reagents along 
with optimum MgCl2 concentration (2.0-3.0 mM), DNA quantity (25 ng/μL), and annealing 
temperature (54-60°C) are necessary to achieve successful amplification. Sequence analysis 
revealed no background noise often associated with sequencing results.

Conclusion: Optimizing MgCl2 concentration, DNA quantity, annealing temperature, along 
with the use of contamination-free material and reagents are essential steps in PCR optimization. 
Following this guide, anyone lacking proper supervision, and with little or no knowledge of the 
procedure should attain the desired results.
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Introduction

olymerase Chain Reaction (PCR) is a 
molecular biology technique used for 
generating multiple copies of a specific 
DNA segment. The procedure was first 

demonstrated by Kary Mullis in 1985, while working at 
Cetus Corporation [1]; however, the initial process was 
described by Kleppe et al. [2]. PCR works by amplify-
ing a specific segment of DNA template molecule. The 
technique is not complicated though a successful PCR 
experiment is difficult to perform on the first try. PCR P
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has multiple applications and widely used in biomedical 
research, forensic sciences, DNA fingerprinting, DNA se-
quencing, genetic analysis, molecular cloning, molecular 
diagnostics, and so on [3]. The basic setup for a conven-
tional PCR involves three steps: denaturation, annealing, 
and extension/elongation. While considering the various re-
action components required for a successful PCR setup, the 
following parameters must be addressed first before starting 
a PCR experiment to achieve optimized results. 

Primer designing

Primers are short strands of DNA sequences required for 
the initiation of PCR. The amplification of targeted DNA 
sequences requires a starting point for the elongation step 
of the reaction. For the success of the PCR, a set of appro-
priate primers must be designed. Each primer (forward and 
reverse) binds to opposite ends of the DNA strands (sense 
and anti-sense), 5’→3’ and 3’→5’, respectively (Figure 1). 
The following parameters must be considered while design-
ing primers for a conventional PCR [4]:

• The specificity and annealing to template depend upon 
the primer length, and it should neither be too short nor too 
long. The optimum primer length should be around 14-28 
bp for normal PCR and 28-34 bp for multiplex PCR.

• The optimal, Guanine-Cytosine (GC) composition of 
primers should be between 40% and 60%.

• A low number of single-base stretches (e.g. TTTTT, or 
GGGGG) and consecutive di-nucleotides (e.g. TATATATA 
or CGCGCGCG) should be avoided, as they lead to non-
specific binding and mispairing. Both should be avoided; 
however, a maximum of four repeated bases and di-nucleo-
tides should be present if necessary. 

• A GC- clamp consisting of 4-bases should be present on 
the 3’ end of the primer sequence. It is crucial as it enhances 
primer-template binding and prevents mispairing [5].

• The optimal Melting Temperature (Tm) should range be-
tween 52°C and 60°C. The temperature range may differ 
for various targeted sequences. The temperature difference 
between forward and reverse primers should not be greater 
than 5°C (Further elaboration on the Tm is provided in the 
next section). 

• An important consideration regarding designing primers 
is the formation of complementary sequences. The 3’ ends 
of the primers should not complement each other as it will 
result in hairpin loop structures and primer-dimer forma-
tion, resulting in decreased specificity of the reaction [6].

Notable issues

• Hairpin loop structures arise because of the self-
annealing of primers after intra-molecular interaction. 
They affect the DNA amplification by decreasing prim-
er-template binding, resulting in a low yield of the de-
sired PCR product.

• Production of cross-dimers (Heterodimers) results 
from annealing between forward and reverse primer and 
self-dimers (Homodimers) form the interaction of two 
similar primers with each other.

• Amplification of non-specific products due to cross 
homology in genomic DNA may decrease the desired 
amplicon production.

• Strain in primer annealing with a template is due to 
the relatively different Tm of each primer.

Tools for primer designing are as follows:

• http://bioinfo.ut.ee/primer3-0.4.0/

• http://perlprimer.sourceforge.net/index.htmL

• https://www.eurofinsgenomics.eu/en/ecom/tools/pcr-
primer-design/

• https://www.ncbi.nlm.nih.gov/tools/primer-blast/

Note

To check the selectivity and efficiency of the primers de-
signed, in silico PCR can be performed (https://genome.
ucsc.edu/cgi-bin/hgPcr). This theoretical PCR provides in-
formation on the size of the amplicon, orientation, and tar-
geted primer location [7]. Computational results are based 
upon Tm, GC content, secondary structure, and comple-
mentarity of the primer sequences. In silico PCR can help 
determine if primers may anneal to multiple target sites, 
resulting in amplification of non-targeted sequences and a 
low number of desired amplicon production. 

Melting Temperature (Tm)

PCR amplification requires the annealing of prim-
ers to targeted DNA sites at a specific Tm. It is defined 
as the temperature at which 50% of double-stranded 
DNA changes to the single-stranded form. The Tm is 
determined by the concentration, base composition, and 
length of primers. However, it is also altered by the high 
GC-content of primers and salt concentration in the re-
action mixture [8]. The optimal Tm should be between 

Asif et al.

Res Mol Med. 2021; 9(2):81-102

http://rmm.mazums.ac.ir/index.php?&slct_pg_id=10&sid=1&slc_lang=en
http://bioinfo.ut.ee/primer3-0.4.0/
http://perlprimer.sourceforge.net/index.html
https://www.eurofinsgenomics.eu/en/ecom/tools/pcr-primer-design/
https://www.eurofinsgenomics.eu/en/ecom/tools/pcr-primer-design/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://genome.ucsc.edu/cgi-bin/hgPcr
https://genome.ucsc.edu/cgi-bin/hgPcr


83

52°C and 60°C. The Annealing Temperature (Ta) is usu-
ally 5°C less than the calculated melting temperature. 
The general formula for manual calculation of Tm is 
given as Tm ≈ 4(G-C) + 2(A-T) (Excluding the thermo-
dynamic of the reaction). Changing reaction mixtures by 
adding additives and modifying cycling conditions can 
help in attaining optimal Tm.

Tools for calculating Tm are as follows:

• http://insilico.ehu.es/tm.php?primer

• https://tmcalculator.neb.com/#!/main

• https://worldwide.promega.com/resources/tools/bio-
math/tm-calculator/

• https://galaxy.pasteur.fr/forms::melting

• http://mcb.berkeley.edu/labs/krantz/tools/oligocalc.
htmL

• http://biotools.nubic.northwestern.edu/OligoCalc.
htmL

Equipment and chemicals 

Before the start of the procedure, decontaminate the 
workbench or table and equipment (micropipettes) by 
70% ethanol solution (Do wear personal protection 
equipment like latex gloves, safety goggles, and a lab 
coat to protect and prevent contamination of reagents 
and equipment). Remember to check if micropipettes 
are calibrated before use.

Equipment’s required 

• Icebox for keeping reagents (Note: if icebox is un-
available, tube rack containing chemical can be placed 
on a pair of ice packs to maintain temperature).

• Ethanol resistant marker for labeling during the ex-
periment.

• Eppendorf tubes (1.5 or 1 mL), PCR tubes (0.25 or 
0.2 mL), and tube rack.

• Pipette tips (variable sizes).

• A set of micropipettes that can dispense in a range 
between 0.5 and1000 μL. 

• Thermal cycler.

• Analysis of the PCR amplicon requires performing 
Agarose Gel Electrophoresis (AGE). 

• The following equipment is required for AGE: gel 
tank with electrodes, gel comb, gel tray, casting dams, 
power cables, and power supply (Note: gel documenta-
tion apparatus is required for gel visualization under UV 
after AGE).

Chemical used

• PCR water (PH 7-8), deoxynucleotides (dNTPs), Taq 
DNA polymerase, reaction buffer, or PCR buffer (may or 
may not contain Mg2+) (Note: concentration and labeling 
of reagent may differ depending on the manufacturer).

• Set of primers (forward and reverse) for targeted 
DNA sequences in candidate genes.

• Reagents for AGE include agarose powder, TBE buf-
fer (PH 8.0), Ethidium Bromide (EtBr), distilled water 
(dH2O), DNA loading dye, and commercially available 
DNA ladder for amplicon size comparison.

• Additional reagents include betaine, Dimethyl Sulf-
oxide (DMSO), potassium chloride (KCl), magnesium 
chloride (MgCl2), Bovine Serum Albumin (BSA), and 
formamide [9]. These compounds may be added in 
various concentrations for optimization purposes (Note: 
some manufactures may include an enhancing solution 
S, excluding the reagents provided, containing these ad-
ditional reagents in a definite ratio to optimize difficult 
template amplification, e.g. High GC- content templates).

Primer dilutions

Primers come in labeled tubes containing lyophilized 
crystals of primer molecules. Before beginning the PCR 
experiment, the primer must be diluted in solution form 
to be incorporated into the reaction mixture. Primer tubes 
are labeled with a concentration in nanomoles (nmol) for 
lyophilized form. To make a solution, multiply the value 
provided in nmol (usually 30-32 nmol) by 10, and add 
the required amount of PCR water (dH2O). For example, 
if primer concentration is 32 nmol, multiply 32 × 10 = 
320, and add 320 µL of dH2O to the lyophilized crystals 
and gently mix by repeated inversion. The concentration 
of primers in solutions form will be 100 mM or pmol/
µL. Care must be taken while opening tubes containing 
primers before adding dH2O, as the lyophilized crystals 
may fall out due to handling errors. The next step is to 
make working solutions by diluting primers in a con-
centration ranging from 10 to 20 mM or pmol/µL, to be 
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used in the PCR experiment. Do not use stock solutions 
directly as this may contaminate original solutions.

Master mix preparation

• Starting the procedure, arrange all the reagents and 
chemicals on the workbench in the icebox and allow 
time to be thawed completely. 

• Make a list of all the reagents required and the con-
centration to be used in the reaction (Table 1). The re-
agent concentration required may vary depending on the 
concentrations provided by the manufacturer. 

• All reagents must be added into a 1.5 mL Eppendorf 
tube for making a master mix solution, from which ali-
quots can be transferred to each PCR tube.

• Using the equation (M1V1=M2V2), calculate the vol-
ume required from the stock solution to achieve the de-
sired concentration in the final solution. For example, to 
obtain a 1X concentration of PCR buffer or reaction buf-
fer in the final master mix of 50 µL, the volume required 
from 10 X solution is 5 µL.

• Add the reaction buffer (as required), to achieve the 
desired volume of the master mix (Note: the buffer may 
or may not contain Mg2+ depending on the manufacturer).

• If Mg2+ is not present in the reaction buffer, add MgCl2 
separately (Usually provided with the Taq DNA poly-
merase in the concentration of 15-25 mM) to the master 
mix solution as required to obtain the desired volume 
and concentration [10]. 

• Add dNTPs to the master mix solution as required 
to obtain the desired concentration and volume (Note: 
dNTPs may be in the form of a ready-to-use whole mix-
ture or may be provided separately [A, T, G, and C] by 
the manufacturer in the concentration of 100 mM. They 
can be combined in a definite ratio to obtain a dNTPs 
stock solution of 25 mM, which can be diluted to form 
a working solution of 2.5 mM, to be used in master mix 
preparation). 

• Add Taq DNA polymerase with a concentration of 
0.2-0.5 U as per manufacturers recommendation (Note: 
polymerase is dissolved in 50% glycerol solution, to dis-
perse it in the master mix, proper mixing is required by 
pipetting 10-20 times. Avoid forming bubbles; in case 
of bubble formation, centrifuge the solution for 10-30 
seconds).

• Add PCR water (dH2O) as required to obtain the de-
sired volume of master mix and mix the reagents by pi-
petting to ensure homogenous dispersal of reagents in 
solution. 

• Aliquot the prepared master mix into each PCR tube 
and add sample DNA (25 ng/µL) and forward and re-
verse primer (each 10 pmol/µL) for the targeted se-
quence (Table 2).

• Properly mix the components by pipetting 10-15 
times. Avoid bubble formation [11].

• Always prepare a fresh master mix solution before 
the start of the experiment. Do not leave the master mix 
overnight in the refrigerator after adding each compo-
nent, as this may inactivate the Taq DNA polymerase, 
leading to diminished activity of the amplification reac-
tion (Figure 2).

Note

Primers and genomic DNA concentration can also be 
added while preparing the master mix solution. In this 
case, both have been excluded from Table 1 because the 
optimization experiments included different primers and 
various DNA samples.

Cycling conditions

The basic function of the thermal cycler is to change 
the temperature of the reaction mixture rapidly. The 
heat generated is used in DNA denaturation, primer an-
nealing, and extension of targeted sequence resulting in 
amplicon production. Cycling conditions may differ be-
tween targeted sequences because of GC content and tem-
plate size [12]. The following steps are involved in setting 
up general cycling conditions for a conventional PCR:

• The first step involves the initial denaturation of the 
DNA template at 94-96°C, depending upon the GC con-
tent of DNA and the activity of the DNA polymerase used. 
Initial denaturation should not exceed 5 minutes, as this 
may lead to denaturation of DNA polymerase and may re-
sult in reaction failure or decreased amplicon production.

• The second step is a loop process consisting of 25-30 
cycles in which the reaction undergoes denaturation, an-
nealing, and extension. The first step involves denatur-
ation at 95°C for 15-30 seconds. This time depends on the 
GC-content of the template and must be kept as short as 
possible as the DNA template has already gone through 
an initial denaturation step. The second step is the an-
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nealing of the primers to the targeted DNA sequence on 
the template at 54-66°C for 30-60 seconds (Note: The 
annealing temperature is generally 5°C below the Tm of 
the primers). The Ta varies with the length and sequence 
of primers [13]. High Ta may prevent primer annealing to 
the template, whereas a low Ta may result in the non-spe-
cific binding of primers. The third step is the elongation 
of the template sequence by Taq DNA polymerase. The 
elongation time and temperature depend on the targeted 
template and the polymerase used (Note: Increasing the 
number of cycles >35, which may result in amplification 
of non-targeted sequences) (Table 3).

• The third and final step in the PCR cycle is the final 
elongation/ extension of the targeted sequence by Taq 
DNA polymerase. This step allows the polymerase to 
complete the unfinished amplicon and add a 3’ residue 
to the end of the amplicon which may be useful for mo-
lecular cloning procedures [14].

• After completing all cycles, the thermal cycler is shift-
ed to a holding temperature, usually for storage purposes 
and termination of the amplification reaction.

Step by step protocol

After preparation of reagents and solutions required for 
a conventional PCR experiment, the following step by 
step protocol should be followed to achieve an optimized 
reaction setup:

• Arrange 200µL PCR tubes on a 96-well plate. Then 
place the plate on an ice bucket or an ice pack and cover 
the tubes with a lid until used to prevent contamination.

• Now pipette the prepared master mix solution (Table 1) 
into each PCR tube as required (Table 2). 

• Add primers and DNA samples as required. Include 
a negative control in the experiment, which contains the 
master mix buffer and primers, but except for the DNA 
sample. A positive control can also be included, which 
already contains an amplified PCR product for reference.

• The final reaction volume is adjusted to 20 µL for 
each reaction tube.

Table 1. PCR reagents and their dilutions for master mix preparation

Sr. No. Reagent Conc. of Stock 
Solution Conc. Used For 50 µL

Master Mix
For 100 µL

Master Mix
For 150 µL

Master Mix
For 200 µL

Master Mix
For 250 µL

Master Mix

1 Reactionv buffer (B) 10X 1X 5 µL 10 µL 15 µL 20 µL 25 µL

2 MgCl2 25 mM 2.5 mM 4 µL 8 µL 12 µL 16 µL 20 µL

3 dNTPs 2.5 mM 0.2 mM 4 µL 8 µL 12 µL 16 µL 20 µL

4 Taq DNA polymerase 5U/µL 0.24 U 0.4 µL 0.8 µL 1.2 µL 1.6 µL 2.0 µL

5 PCR water (dH2O) 500 mL Variable 13.4 µL 73.2 µL 109.2 µL 146.4 µL 183 µL

6 Total 50 µL 100 µL 150 µL 200 µL 250 µL

Table 2. Recipe for a single reaction in a PCR tube

Ingredients Required Volume (µL)

PCR water (dH2O) 8.0

Genomic DNA (25 µg/mL or ng/µL) 2.0

Primer forward* (10 pmol/µL or µM) 0.4

Primer reverse* (10 pmol/µL or µM) 0.4

Master mix buffer (From Table 1) 9.2

Total 20

*Primer concentration and required volume may vary between manufacturers. Refer to the manufacture’s recommendation.

Res Mol Med. 2021; 9(2):81-102

PCR Optimization for Beginners

http://rmm.mazums.ac.ir/index.php?&slct_pg_id=10&sid=1&slc_lang=en


86

• Tightly cap each PCR tube after the addition of all the 
reagents to avoid any evaporation.

• Place the tubes containing the reaction mixture into 
the Thermal cycler and start the cycling program after 
firmly closing the lid.

• After completion of the cycling program, remove the 
tubes from the thermal cycler, to be stored at 4°C in a 
refrigerator.

• The PCR products can now be used for AGE and vi-
sualized under UV apparatus.

Notes

• Reagents can be added one by one into each reaction 
tube, but for ease and convenience, it is recommended 
to prepare a master mix solution and then aliquot the 
mixture into each tube. Remember to mix the reaction 
solution adequately by pipetting to form a homogenous 
solution.

• After closing the PCR tube, look for any bubbles that 
may have formed during pipetting. In case of bubble for-
mation, centrifuge the tubes for 10-30 seconds.

• It is important to include a negative and positive con-
trol with any PCR experiment. As false positives may 

be shown in AGE resulting from multiple amplification 
reactions taking place.

• During AGE, caution is required while handling EtBr, 
due to its toxicity and mutagenic properties. Always dip 
the gel slab in a bleach solution before discarding it.

PCR complications

Smeared bands 

The smearing of bands includes two types: one is the 
low molecular weight smears and the other one is the high 
molecular weight smears. DNA template overload or us-
ing too much template often leads to smeared bands in 
PCR. Other reasons may include contamination and too 
many cycles, which end up in a non-specific product. To 
overcome this problem, the following steps can be taken:

• Use fresh aliquots and nuclease-free water;

• Decrease DNA template quantity;

• Limit PCR cycles to 25-30;

• Reduce extension time and increase annealing temperature.

Figure 1. General mechanism of three-step PCR cycling
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Weak or faint bands

DNA denaturation depends on the provided time. If 
denaturation time is too short DNA will not completely 
denature, and the reaction proficiency will be low, while 
providing a long denaturation time, may lead to degrada-
tion of the DNA template. Other causes include using few 
PCR cycles, short extension time, unstable annealing time, 
and temperature. If the annealing time is short, primers are 
unable to bind to the corresponding DNA template, and if 
the temperature in which annealing happens is high, the 
primers did not open and lack the required environments 
in which they bind to the template. Overall, weak or faint 
bands transpire for several reasons like lacking the re-
quired number of cycles, little annealing time, short exten-
sion time, enhanced annealing temperature, reduced dena-
turing temperature, and high or low denaturation time. The 
following steps can be taken to resolve this issue:

• Increase MgCl2 concentration;

• Increase DNA template quantity;

• Increase the number of PCR cycles;

• Increase primer concentration;

• Increase dNTPs concentratio.

Dimer formation

Primer Dimers (PDs) are potential results in PCR ex-
periments; as the name infers, PDs comprise primer mol-
ecules that have appended (hybridized) to one another 
due to strings of integral bases in the primers. Therefore, 
the DNA polymerase amplifies the PDs, leading to com-
petition for PCR reagents, repressing the amplification 
of the DNA sequence targeted for PCR. AGE of the PCR 
product may reveal the presence of primer dimers [15]. 
PDs in EtBr-stained gels are generally seen as a 30-50 bp 
band or smear of moderate to high intensity and distinct 
from the bands of targeted sequence, which are often 
longer than 50 bp [16]. Following are some key optimi-
zation strategies to prevent dimer formation:

• Raise the annealing temperature;

• Increase the time/temperature of template denaturation;

• Reduce primers concentration (10 pmol);

Figure 2. Comparing between the use of stored and freshly prepared master mix
A: 50 µL master mix solution stored at 4°C overnight before use in PCR experiment yielding faint bands; B: Freshly prepared 50 µL master mix used 
in PCR experiment yielding the production of amplicon of desired size and intensity
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• Use a PCR enhancer such as betaine, DMSO, or formamide;

• Check your template DNA (high concentration and 
low purity that may cause dimers);

• Use high-quality Taq DNA polymerase [17];

Contaminants in template DNA might inhibit Taq DNA 
polymerase; using purification kits or diluting the DNA 
might solve this problem.

• If none of these steps improve your reaction outcome, 
try to design another set of primers.

One or more bands missing

A commonly occurring issue associated with PCR is 
the absence of a single or two bands, which may occur 
due to the absence of one or more component(s) from 
the reaction mixture or non-homogenous mixing of mas-
ter mix solution because of a handling error. To prevent 
missing bands following steps can be taken:		

Add reagents in order, close tube after adding a reagent; 

Organized pipetting;

Check the added compounds to cross off the added reagents.

Figure 3. Comparing between the use of unsterilized and sterilized material
A: Unautoclaved tips and eppendorf tubes used in PCR experiment for amplification of 225 bp segment of the TYR gene from 
genomic DNA (25 ng/µL) extracted from blood, Resulted in Dimer Formation and Decreased Size of the Amplicon; B: Use of 
Autoclaved Material Resulted in the Production of desired amplicon size 225 bp segment of the TYR gene. 
Lane (M) contains a DNA ladder.
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Non-specific binding

There are several reasons for the non-specific binding of 
primers. They include repetitive sequences in the targeted 
DNA template, high or low GC content in the template, 
or incomplete primer binding, leaving the 5’ end of the 
primer free from the template [18]. Degenerate primers 
are also responsible for non-specific binding. The follow-
ing steps can be taken to prevent non-specific binding:

• Decreasing the primer concentration;

• Reducing the annealing temperature;

• Designing new primers.

Hairpin structures

DNA hairpins or loops also stated as secondary struc-
tures can be formed within the DNA due to high GC 
content. These secondary structures can stop the normal 
read through polymerase reaction that leads to hasty se-
quencing stops. Self-annealing of primer also leads to 
the formation of a secondary hairpin loop structure [19]. 
The following steps can be taken to prevent the forma-
tion of hairpin loop structures:

• Design new primers using IDT software.

• Perform NCBI primer BLAST to check primer specificity.

• Check the GC content of the designed primers.

Possible troubleshooting strategies 

Autoclaved tips and tubes

General materials used in a PCR setup include Eppen-
dorf tubes and micropipette tips. This equipment gener-
ally comes in plastic bags or containers and may or may 
not be in a sterilized condition. Sterilized and contamina-
tion-free consumables are essential for a successful PCR 
experiment. When tubes and tips are not sterilized, treat 
them by autoclaving at 121°C for 15-20 minutes before 
use. Figure 3 shows the result of the PCR experiment 
after using unsterilized and sterilized material, including 
Eppendorf tubes and micropipette tips.

Reagent concentrations 

One of the most important steps in achieving an opti-
mized PCR experiment is adding reagents accordingly 
in the required concentrations. It is crucial to understand 
the role and function of each reagent to add the correct 
amount to the reaction mixture. Changing the concentra-
tion of MgCl2, reaction buffer, dNTPs, Taq DNA poly-
merase, and template DNA is an easy and reliable way 
to obtain optimized PCR products. However, it should 

Figure 4. The effect of Mg2+ concentrations on amplification reaction, genomic DNA extracted from blood samples (25 ng/µL) 
used as a template for amplification of the 628 bp segment of the MITF gene 
Lanes 1 to 3 show the presence of no PCR products due to low Mg2+ concentration. Lane 4 to 7 shows the presence of amplicon of the 
desired length with optimal Mg2+ concentrations. Lane 8 to 12 show no PCR products due to inhibition by high Mg2+ concentration. 
Lane (M) contains a DNA ladder. Lane (C) contains the negative control. Manufactures’ recommendation for optimal Mg2+ concentra-
tions were 1.5-2.5 mM.
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be considered that the addition of reagents in an incorrect 
concentration may result in the production of undesired 
amplicons of variable sizes.

Template DNA 

For optimizing a PCR reaction, the first step is to add 
an equal concentration of DNA template to each reaction 
tube containing the master mix. After accomplishing this 
step, the remaining reagent concentrations can be altered 
to attain the desired PCR product. For an optimized re-
action, genomic DNA concentration should be around 
10-30 ng/µL. For example, if DNA concentration is 25 
ng/µL, then adding 2 µL of the template to each reaction 
tube will lead to 50 ng of DNA template in each tube. 
Increasing template DNA in reaction mixture should 

only be done if faint or weak bands are seen in AGE; 
otherwise, DNA overload will result in smear formation 
and production of non-specific amplicon resulting in a 
decrease in reaction specificity. Apart from the concen-
tration of DNA, the quality influences the outcome of the 
PCR experiment [20]. 

DNA extraction protocols require the use of several 
solutions which may contain NaCl, proteinase K, phe-
nol, EDTA, ethanol, or other solvents. The presence of 
extraction components in the PCR reaction mixture may 
inhibit the reaction or decrease reaction specificity. DNA 
quality can be assessed by viewing AGE bands in Im-
age J software or measuring Optical Density (OD) by 
spectrophotometric analysis. The ratio of readings taken 
at 260 nm and 280 nm wavelengths indicate the purity of 

Figure 5. Determination of optimized cycling condition
A: Graphical representation of 3-step cycling conditions used in optimization experiments; B: G-PCR to determine optimum annealing 
temperature for the MITF gene primers. Lanes 1 to 4 and 7 show no band formation. Lanes 5, 6, and 8 show the result of the amplifica-
tion reaction. The annealing temperature of 57.0°C was selected based upon gradient PCR results for primers used to amplify the 628 
bp segment of the MITF gene.
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the nucleic acid. DNA quality measurement based upon 
absorbance (A) at 260 nm is twice that at 280 nm if the 
solution contains pure DNA. If there is a contaminant 
like protein, some additional OD decreases the absor-
bance ratio between 260 and 280 nm. Pure nucleic acid 
samples with no contamination would have an A260/A280 
ratio of 1.8. Ratios less than these indicate contamination 
with protein or some other solvent. Therefore, it is re-
quired to add DNA concentration after making dilutions 
to ensure the quality and quantity of the DNA template. 

MgCl2

Magnesium chloride acts as a co-factor for the elonga-
tion of template carried out by Taq DNA polymerase. 
Most failed PCR experiments can be optimized by sim-
ply changing the MgCl2 concentration in the reaction 
mixture. MgCl2 also interacts with other components in 
the reaction mixture like DNA template, dNTPs, and may 
increase the melting temperature by increasing DNA sta-

bility. Low Mg2+ concentration may fail PCR reaction 
or result in incomplete amplification, whereas high Mg2+ 
concentration may lead to DNA strand stability, prevent-
ing annealing of primers to a template, resulting in reac-
tion failure or the amplification of non-specific products. 
Figure 4 indicates the result of various Mg2+ concentra-
tions on amplification reactions. Concentrations used 
in titration experiments have been provided in Table 4. 
MgCl2 is usually present in the 10X PCR reaction buffer 
or may be provided separately in a concentration ranging 
from 15mM to 25mM. Concentrations may vary with 
the manufacturer. 

Reaction buffer 

The purpose of the reaction buffer is to provide opti-
mal conditions for the reaction by maintaining the PH 
of the solution. The PCR buffer or reaction buffer may 
contain tris-HCL, (NH4)2SO4, BSA, Triton-X, or Tween 
20. Some buffers have MgCl2; otherwise, a separate 

Figure 6. DNA extraction results using agarose gel electrophoresis
1 mL whole blood used for extraction by an inorganic method.
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MgCl2 solution is usually provided. The concentrations 
and components of the reaction buffer may vary depend-
ing on the manufacturer [21]. Changing reaction buffer 
concentration can help optimize a PCR experiment. The 
buffer aids in polymerase activity during amplification 
thus, increasing reaction specificity.

dNTPs

Deoxyribonucleosides 5’- Triphosphates (dNTPs) act 
as a substrate for DNA polymerase involved in amplify-
ing targeted DNA sequences. dNTPs may be in a homog-
enous mixture or provided separately, ranging in concen-
tration from 20 mM to 200 mM. dNTPs should be added 
in equal quantity; otherwise, the presence of one dNTP 
in the higher ratio may result in the incorporation of the 
wrong base in the newly synthesized DNA strand. For 
optimizing a PCR reaction, dNTPs concentrations should 
be increased in parallel with the MgCl2 concentration.

DNA polymerase

Polymerase is the most crucial component of the PCR 
experiment. Taq DNA polymerase is involved in the am-
plification of template DNA. The enzyme incorporates 
dNTPs during elongation into the newly synthesized 
DNA strand [22]. The polymerase may be present in vari-
able quantities ranging from 2 to 5U. The final concentra-
tion of DNA polymerase in the reaction mixture should 
be in the range of 0.02 to 0.05 U/μL. Care should be tak-
en while increasing polymerase concentration to achieve 
optimization, as this may result in smear formation due 
to non-specific amplification by DNA polymerase [23].

Changing cycling conditions

Besides the reagents and procedures involved in PCR, 
the use of appropriate cycling conditions is crucial for 
the optimization and success of an amplification reac-
tion. Cycling conditions may vary from reaction to reac-
tion based upon template size, GC content, stringency, 
and primer length. Table 3 indicates the basic 3-step 

Figure 7. Optimized results based on troubleshooting strategies
DNA used in experiments extracted from whole blood samples using the inorganic method, Mg2+ and DNA concentration used 2.5 
mM and 25 ng/µL, respectively: A: Amplification of 225 bp segment of the TYR gene, Lane 1 (negative control), Lanes 2 to 5 amplicons 
of the desired sizes, Lanes 6 and 7 (empty wells); B: Amplification of 628 bp segment of the MITF gene, Lane 1 (negative control), Lane 
2 (empty well), Lanes 3 to 7 showing amplicons of the desired Size; C: Amplification of 620 bp segment of the SOX10 gene. Lanes 1 to 
6 show the amplicons of the desired size. Lane 7 is the negative control. The amplicon in lane 5 shows a bright band as compared to 
others showing light bands. Lane (M) contains a DNA ladder in all experiments.
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cycling condition parameters recommended while set-
ting up a PCR experiment. Occasionally, normal cycling 
conditions do not work for a PCR setup; in such cases, 
modified cycling conditions must be used to achieve op-
timization [24]. Following are some versatile PCR mod-
ifications typically applied for optimization purposes.

Gradient PCR (G-PCR)

The first step in optimizing cycling conditions is to 
identify the Ta of the primers. This objective can be 
achieved by performing a gradient PCR experiment. In 
this process, the annealing step in the thermal cycler is 
set to different temperatures. The thermal cycler is set 
to a range of temperatures, specific to each row; this can 
help determine the optimal Ta for primers by checking 
the annealing ability of primers at various temperatures. 
G-PCR is a critical optimization step that can lead to 
successful PCR experiments. Figure 5-B designates the 
result of the G-PCR experiment carried out to determine 
the Ta of primers used for amplification of the 628 bp 
segment of the MITF gene. Each row carrying the PCR 
tube is subjected to a different temperature to determine 
the temperature most suitable for the annealing step.

Touch Down PCR (TD-PCR)

Similar to G-PCR which is used to find the optimal Ta 
for primers, TD-PCR is a cycling modification to find 
suitable Ta. It helps prevent non-specific amplification.
TD-PCR involves lowering the annealing temperature 
after each second cycle by 1°C starting from 10°C above 
the calculated melting temperature and ending at 5°C be-
low the calculated value. The primers will be subjected 
to both high and low temperatures during the cycles. This 
process will indicate which temperature is most suitable 
for the amplification reaction by exposure to high and 
low temperatures [25]. TD-PCR thus contributes to in-
creasing the efficiency and specificity of the reaction.

Nested PCR (N-PCR)

N-PCR is used for preventing the formation of false 
amplicons resulting due to non-specific binding of prim-
ers to the template strand. The principle behind N-PCR 
involves using two separate sets of primers during two 
different 3- step cycling conditions. This procedure in-
creases the amplification of the desired targeted sequence 
by preventing primers from binding to unexpected loca-
tions. During the first reaction, PCR is carried out for 
25- 35 cycles using one set of primers. After completing 

Figure 8. Comparing between sanger sequencing results of generated amplicons
A: Chromatograms showing excess background noise in amplicons not subjected to optimization; B: Chromatograms showing no 
background noise in amplicons generated via use of optimization strategies.
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the first reaction, an aliquot, usually 5-10 μL, is taken 
from the first reaction and is incorporated as a template 
for the second PCR reaction using a second set of prim-
ers, again for 25-35 cycles. The second set of primers 
usually anneal to an internal location on the template. 
This is useful while dealing with difficult templates with 
a low-copy number [26].

Hot Start PCR (HS-PCR)

HS-PCR is a relatively simple and effective modifica-
tion to normal cycling conditions. The principle behind 
HS-PCR is to provide an increased denaturation time 
before the start of the general 3- step cycling setup. HS- 
PCR modification can be used separately or also with a 
conventional PCR experiment. Because of a relatively 
high melting temperature, the amplification reaction 
may require optimization. HS-PCR has been proven to 
be an effective optimization strategy while dealing with 
complex templates, dimer formation, and non-specific 
binding if changing reagent concentrations and using 
sterilized equipment does not work. 

The principle behind HS-PCR involves providing in-
creased initial denaturation temperature (50-90°C) for 
5-10 minutes to each reaction tube containing the master 

mix. However, Taq DNA polymerase is withheld from 
the reaction mixture during this initial denaturation stage 
as this may inactivate the enzyme [27]. After increasing 
the initial temperature, the polymerase is added to each 
PCR tube, and the conventional three-phase setup is con-
tinued. This process helps complete denaturation of tem-
plate, reduces non-specific amplification, and increases 
the specificity of the amplification reaction.

Aliquots 

An aliquot is a portion or small part of any solution or 
mixture. A major cause of the PCR experiment failure is 
contamination. The contamination maybe dust particles, 
aerosols, residual chemicals, unsterilized tips, tubes, etc. 
To prevent contamination of reagents and chemicals 
used, it is always important to prepare aliquots of the 
original stock solutions. Thus, if contamination occurs 
in the working solutions, the original stock solutions will 
be protected from contamination and new working solu-
tions can be prepared. Care must be taken while prepar-
ing master mix solutions as it contains all the essential 
components required for a successful PCR experiment. 
Contamination while making a reaction mixture will 
lead to the failure of the experiment. Always wear per-
sonal protection equipment (gloves, goggles, lab coat) 

Table 3. PCR reaction cycling conditions

Steps Cycles Time Temperature (°C)

Initial denaturation 1 x 03-05 min 94-96

Denaturation

25-35 x

15-30 sec 95

Annealing 30-60 sec 54-66

Elongation* 50 s - 5 min 72-78

Final elongation 1 x 3-10 min 72-78

Hold** 20-25

*Elongation time should be calculated based upon ~1 min/1 kb; **Final holding temperature should be in the range of 20°C- 25°C; many ther-
mal cyclers pause at 4°C after cycles have completed; this may eventually result in damage to thermal cycler by the formation of ice crystals.

Table 4. Mg2+ titrations used in reaction mixture prepared according to Table 2 for each tube 

Lane 1 2 3 4 5 6 7 8 9 10 11 12

Mg2+ (mM) 0 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

MgCl2 (µL) 0 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0 4.4 4.8

PCR H2O (µL) 15.4 14.6 14.2 13.8 13.4 13.0 12.8 12.2 11.8 11.4 11.0 10.8

MgCl2 was excluded from the master mix and added separately. The final volume of each reaction tube was maintained at 20 µL by 
titration with PCR H2O.
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while handling reagents and preparing master mix to 
prevent contamination.

Additives

If the PCR experiment fails even after changing cycling 
conditions and manipulating reagent concentrations, it is 
time to add some additional components to the reaction 
mixture to aid the amplification reaction. Following are 
some additives, which can be added to increase reaction 
efficiency and specificity.

Dimethyl Sulfoxide (DMSO)

It is an organosulfur compound that dissolves both non-
polar and polar compounds and acts as a denaturant. It 
is generally used as an additive reagent in PCR experi-
ments that contain high GC-rich templates. DMSO acts 
as a reaction enhancer by lowering Tm and reducing the 
secondary structure [28]. DMSO may be added to the 
reaction mixture according to the requirement ranging in 
concentrations from 1% to10%.

Bovine Serum Albumin (BSA)

Reaction failure may occur due to the presence of in-
hibitors in the PCR tube. These inhibitors may be present 
due to contamination, residual chemicals left from the 
extraction procedures, or constituents of tissue, blood, 
saliva samples used in DNA extraction [29]. BSA is a se-
rum albumin protein and used in PCR reactions to coun-
ter the effect of inhibitors and prevent the inactivation of 
DNA polymerase. BSA should be used in concentrations 
from 0.1 to 1.0 mg/mL.

Betaine 

Betaine is classified as a type of zwitterion and is widely 
used in PCR reactions for optimization. Betaine helps in 
amplification reaction by reducing the secondary structures 

formed because of high GC-rich templates (>60%) and may 
also reduce Tm to increase reaction specificity [28]. Betaine 
should be added in concentration from 1.0 M to 2.0 M.

Formamide

It is an amide derived from formic acid. Just like betaine, 
formamide acts as an enhancer for GC- rich templates. 
It also helps in the annealing of primers to the template 
strand and reduces Tm. Formamide should be added to the 
reaction mixture in concentrations from 1% to 10%.

Glycerol

It is classified as a polyol compound. Glycerol acts as a 
stabilizing agent for DNA polymerase and improves re-
action efficiency by preventing the formation of second-
ary structures due to high GC- rich templates. Glycerol 
should be added for optimizing reactions in concentra-
tion from 1% to 10%.

Triton-X and tween 20

Both Triton-X and Tween 20 are detergents and used 
in PCR for preventing the formation of secondary struc-
tures and, act as stabilizing agents for DNA polymerase. 
Separate solutions maybe present for each additive. Both 
reagents should be used in a concentration ranging from 
0.1% to 1%. Increased detergent concentration may lead 
to inhibition of polymerase reaction [30].

It is to be noted that some manufactures include a so-
lution ‘S’ with reagents provided containing additives 
in a definite ratio to be used for optimizing failed PCR 
experiments for GC-rich templates or non-specific am-
plification. The additive solution should be added in a 
concentration of 1X, 2X or 3X.

Table 5. Agarose gel composition

Gel Components Quantity

Agarose powder 0.9 gm*

TBE buffer 60 mL

EtBr 3 µL

DNA sample 5 µL

Loading Dye 2 µL

*1.5% agarose gel slab was prepared. To make a gel slab of different concentration, change the values up to the required mark.

Res Mol Med. 2021; 9(2):81-102

PCR Optimization for Beginners

http://rmm.mazums.ac.ir/index.php?&slct_pg_id=10&sid=1&slc_lang=en


96

Organized procedure

While addressing the trouble shooting strategies for op-
timizing PCR, it is crucial to remove any handling error 
which may result in a failed experiment. One of the most 
important considerations with regard to a successful 
PCR experiment is the removal of distractions from the 
work environment. These guidelines should be followed 
to help obtain desired results:

• Arrange all reagents and chemical in a precise order 
before the start of the procedure.

• Remove any unwanted materials and equipment from 
the workspace.

• Clean the workbench and micropipettes with 70% 
ethanol and tissue paper.

• Make a list of reagents in the proper order to be added 
to each reaction tube.

• Mark (✓) each reagent that has been added.

• Close the PCR tube after adding each reagent.

• Double-check the reagent list after adding any chemical.

• Do not let micropipette, tips and PCR tube touch the 
work bench as this may lead to contamination.

• For ease and convenience, you may seek the help of 
any lab assistant to set up a PCR reaction.

The present study demonstrates a novel approach using 
low-cost, kit-free optimization strategies to produce am-
plicons of desired size and intensity. Sequence analysis 
was performed to confirm the synthesis of amplicons via 
optimization strategies. Currently, there is no evidence 
of PCR troubleshooting protocol with results validated 
by the sequencing approach.

Materials and Methods 

Sample collection

Blood samples were taken from participants involved in 
this study. Informed written consent was taken from each 
participant before taking blood samples. Clean 5mL ster-
ile syringes were used to extract 1.5-3 mL blood samples 
from each participant. The extracted blood samples were 
placed in 5mL EDTA tubes (BD, USA). These blood 
samples were stored at 4°C during transportation to the 

research facility. However, blood samples were frozen at 
-20°C in the laboratory until used for DNA extraction.

DNA isolation 

	Genomic DNA as a template for amplification experi-
ments was extracted from whole blood samples using 
the salting-out (in-organic) method (https://www.re-
searchgate.net/publication/323878803_DNA_Extrac-
tion_Protocol_1). The protocol was optimized for ex-
traction with a 1mL of the whole blood sample. Before 
the start of the extraction procedure, all blood samples 
were thawed and left for 30 minutes. All steps were car-
ried out at room temperature. Buffers and solutions (PH 
8.0) were stored at room temperature and capped tightly 
to prevent contamination. Before use, isopropanol was 
chilled at -4°C for 3 hours. Proteinase K was kept refrig-
erated until used. After extraction, DNA samples were 
transferred into 1.5mL Eppendorf tubes (Axygen, USA) 
for storage at -4°C before use.

Quantification of extracted DNA samples

The extracted DNA samples were quantified using 
AGE and spectrophotometry (OD) analysis. Quantifica-
tion via AGE involves the use of UV-induced fluores-
cence of EtBr dye, intercalated into the nucleic acid. 
The amount of fluorescence produced is proportional 
to the concentration of nucleic acid present. Fluores-
cence of the sample DNA and that of a standard DNA 
was compared. Also, a 1.5% agarose gel slab (stained 
with 3µl EtBr) was prepared (Table 5) (see the section 
on Equipment and Chemicals). The gel was loaded by 
5µL of each DNA sample mixed with 2µL of loading 
dye (Bromophenol blue 2X) and was run on 120 V for 
35 minutes on a Horizontal AGE system (Cleaver Scien-
tific, UK). The gel slab was observed in gel documenta-
tion apparatus Dolphin-Doc Plus (Wealtec Corp, USA) 
using Dolphin-1D Gel Analysis Software. 

Figure 6 shows the results of genomic DNA extrac-
tion using AGE. Concentrations and quality of extracted 
DNA samples were determined by measuring the OD at 
260 and 280 nm wavelengths using a NanoDropTM spec-
trophotometer (Thermo Fisher Scientific, USA; see the 
section on Template DNA). The concentrations of DNA 
samples ranged from 57.6 to 125.0 ng/µL. The OD val-
ues of extracted DNA samples fell in the range of 1.58 
to 1.74. The concentration and quantity of DNA samples 
were recorded in DNA extraction sheets. All DNA samples 
were stored in the repository at -20°C until further use.
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Designing of sequencing primers

For the optimization experiments, the separate sets 
of primers were designed for TYR (OMIM# 606933), 
MITF (OMIM# 156845), and SOX10 (OMIM# 602229) 
human genes. Exon sequences for the candidate genes 
were taken from Ensemble genome browser entries 
(https://www.ensembl.org/Homo_sapiens/Info/In-
dex) of ENSG00000077498, ENSG00000187098, and 
ENSG00000100146. Primers were designed using the 
Primer3 web server (https://primer3.ut.ee/) based on 
the parameters discussed previously (see the section 
on ‘Primer Designing’). The number of bases in each 
primer ranged from 18 to 21 bases. GC content of each 
primer fell in the range of 50% to 60%. The calculated 
Tm of each primer was between 56°C to 60°C. The vir-
tual specificity and Tm of the designed primers against 
the human genome were determined by using NCBI 
Primer-BLAST search (https://www.ncbi.nlm.nih.gov/
tools/primer-blast/) and UCSC insilico PCR analysis 
(https://genome.ucsc.edu/cgi-bin/hgPcr). Finally, the se-
lected primer sequences were sent to Macrogen (Seoul, 
South Korea) for synthesis.

Determining cycling conditions for PCR amplification

Standard 3-step PCR cycling conditions were used for 
the optimization experiment. Cycling conditions were de-
termined based upon parameters discussed in Table 3 (see 
section on cycling conditions). G-PCR experiments were 
performed for determining Ta for each primer sets used 
for amplification of each of the specific candidate gene 
(Figure 5-B). The initial denaturation was performed at 
94°C for 3 min, followed by 35 cycles of denaturation 
at 94°C for 30 seconds. Annealing temperature differed 
for each set of primers and was provided for 30 seconds, 
followed by extension at 72°C for 50 seconds. The final 
elongation step was carried out at 72°C for 3 minutes. 
After the completion of PCR cycles, the samples were 
kept at a holding temperature of 6°C. PCR amplicons 
were stored at 4°C before use in AGE analysis. Graphical 
representation of cycling conditions used is indicated in 
Figure 5-A. 

Reagent concentrations

The concentration of chemicals and reagents used in op-
timization experiments are described in Table 1. Master 
mix solution (2.5 mM MgCl2, 0.2 mM dNTPs, 0.24 U Taq 
DNA polymerase, 1X PCR Reaction buffer) was prepared 
before the experiment (see section on “Master Mix Prepa-
ration”). Mg2+ concentrations required for optimization 
experiments were selected based on titration results (Fig-

ure 4). The optimization experiments involved using vari-
ous DNA samples and different primers (10 μM) for each 
selected candidate gene. All reagents used in optimization 
experiments were purchased from Solis BioDyne (Tartu, 
Estonia). For a detailed procedure on reaction setup, see 
the section on “Step by Step Protocol”.

PCR amplification

Optimization experiments to generate amplicons were 
carried out in 0.2 mL PCR tubes (Axygen, USA). The final 
PCR tube volume consisted of a 20 μL total reaction mix-
ture (Table 2). PCR amplification was performed in Bio-
Rad T100TM thermal cycler (Bio-Rad Laboratories, USA). 
Amplicons were visualized using AGE on a 1.5% gel slab 
stained with EtBr dye. GeneRulerTM 1 Kb DNA Ladder 
(Thermo Fisher Scientific, USA) was used as a standard 
tool for comparing the sizes of amplicons generated. 

Purification of PCR products

Before sequencing, the excess primers and dNTPs must 
be removed from the PCR products. For this purpose, 
ExoSAP (exonuclease-I and shrimp alkaline phospha-
tase) was performed. Exonuclease-I is involved in the 
degradation of unutilized primers into monophosphates, 
whereas shrimp alkaline phosphatase catalyzes the re-
lease of phosphate groups from excess dNTPs. Also, 2 
μL of ExoSAP was added to 5 μL of each PCR product. 
The final reaction volume was maintained up to 1 mL. 
The samples were then incubated at 37°C for 30 minutes. 
After the incubation, step samples were exposed to 95°C 
for 5 minutes to deactivate the exonuclease-I enzyme.

Sequencing analysis

To determine the specificity and quality of the PCR 
amplification by applying the optimization strategies, di-
rect sequence analysis was performed. Amplicons gener-
ated with and without the aid of optimization strategies 
for MITF and SOX10 genes were sequenced using ABI 
3730 DNA Analyzer (Thermo Fisher Scientific, USA). 
Chromatograms were visualized using Chromas Lite 
software (http://technelysium.com.au/wp/chromas/). 
Sequence comparison and alignment of the obtained 
sequences with that of the reference sequence of MITF 
(GenBank reference: NG_011631.1) and SOX10 (Gen-
Bank reference: NG_007948.1) genes was made using 
NCBI-nucleotide BLAST (https://blast.ncbi.nlm.nih.
gov/Blast.cgi). Sequence data analysis was performed 
using CLC sequence viewer (https://www.qiagenbioin-
formatics.com/products/clc-sequence-viewer/). 
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Results

The amplicons generated are based upon the optimiza-
tion strategies and protocols as discussed in the previous 
section. Following the procedures mentioned above and 
troubleshooting approaches, optimized PCR products 
were obtained without using PCR kits. The optimization 
experiment involved the amplification of segments of 
TYR, MITF, and SOX10 human genes. The Ta of each 
primer set was determined separately by the G-PCR 
method (Figure 5). Eight different annealing tempera-
tures ranging from 53.5°C to 63°C were tested for each 
primer. The Ta values of primers used were determined 
to be 56.5°C, 57°C, and 60°C for each candidate gene, 
respectively. Standard 3-step cycling conditions were 
used for the optimization experiment.

Concentrations of genomic DNA samples were de-
termined by a NanoDropTM spectrophotometer in ng/
μL. DNA samples differed in their initial concentrations 
ranging from 57.6 to 125.0 ng/µL. Low DNA concentra-
tion results in no amplification reaction whereas, high 
DNA concentrations may lead to non-specific amplifi-
cation due to template overload. To achieve optimized 
PCR products, an equal quantity of DNA samples must 
be added to each reaction tube. About 50μL from each 
initial extracted DNA sample was taken and transferred 
to new tubes. The aliquots were then diluted with TE 
(Tris-EDTA) buffer according to their concentrations. 
Final concentrations of 25 ng/μL were achieved for each 
genomic DNA sample. The reaction buffer used in reac-
tions did not contain Mg2+, which was incorporated sepa-
rately while preparing the master mix solution. Too low 
or high Mg2+ concentration may lead to reaction failure. 
Twelve different Mg2+ concentrations ranging from 0.0 
to 6.0 mM were tested to determine the required con-
centration. Optimum Mg2+ concentration (2.5 mM) was 
used for optimization experiments based upon titration 
test results indicated in Figure 4. The fresh master mix 
was prepared before starting each experiment to elimi-
nate the chance of inactivation of any reagent used (Fig-
ure 2). All Eppendorf tubes and micropipette tips used in 
the experiments were autoclaved at 121°C for 15 min-
utes to prevent contamination (Figure 4). 

PCR amplification was carried out in Bio-Rad T100TM 
thermal cycler (Bio-Rad Laboratories, USA). Based 
upon the optimization strategies, amplicons were gen-
erated by primers for the segments of TYR, MITF, and 
SOX10 genes. In Figure 7-A, genomic DNA extracted 
from whole blood samples was used to amplify the 225 
bp segment of the TYR gene. The gene encodes for a cop-
per-containing enzyme tyrosinase involved in the mela-

nin biosynthesis pathway. Mutations in the TYR gene 
are associated with oculocutaneous albinism and ocular 
albinism. Lanes 2 to 5 show the amplicons of the desired 
size. Each well contains a different DNA sample used for 
the PCR experiments. Lanes 6 and 7 do not contain any 
samples, whereas lane 1 contains negative control. 

Figure 7-B shows the results of the amplification re-
action carried out to generate amplicons of the 628 bp 
segment of the MITF gene. The gene encodes for the 
Microphthalmia-associated Transcription Factor (MITF) 
protein. This transcription factor is involved in the dif-
ferentiation of mast cells, osteocytes, and melanocytes. 
MITF also acts as an activator for TYR. Mutations in 
the MITF gene are associated with Tietz syndrome, 
Waardenburg syndrome, and pigment anomalies result-
ing from abnormalities in melanogenesis and melano-
cyte differentiation. Lanes 3 to 7 show amplicons of the 
desired size. Separate DNA samples were used for each 
PCR experiment. Lane 1 shows negative control, and 
lane 2 does not contain any sample.

Figure 7-C shows the amplification reaction results to 
generate amplicons of the 620 bp segment of the SOX10 
gene. The gene encodes for the SRY-related HMG-box 
10 (SOX10) transcription factor protein. This transcrip-
tion factor is involved in determining cell fate and neu-
ral crest formation during embryonic development. The 
MITF gene has been associated with controlling the ex-
pression of the SOX10 gene in melanocytes. Mutations 
in the SOX10 gene are associated with melanoma and 
Waardenburg syndrome. Lanes 1 to 6 show amplicons 
of the desired size, however apart from the sample in 
Lane 5, all other bands are faint compared with bands in 
Figure 7-A and Figure 7-B. This fact may indicate partial 
amplification and more cycle required in the PCR ex-
periment. Lane (M) in all figures contains a DNA ladder 
for determining amplicon size. 

The amplicon generated by optimization experi-
ments for MITF and SOX10 genes were sequenced us-
ing ABI3730 DNA Analyzer (Thermo Fisher Scientific, 
USA). Sequence specificity was determined using NCBI-
nBLAST analysis. Sequences were also aligned with ref-
erence genome sequences using a CLC sequence viewer. 

Figure 8 shows the chromatogram sequences of gener-
ated amplicons. PCR products that were not subjected to 
optimization procedures showed initial background noise 
(Figure 8-A) as compared to the amplicons generated via 
the help of optimization strategies (Figure 8-B).
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Discussion

PCR has become an indispensable tool for researchers 
and diagnosticians working on various projects through-
out the world. Although its widespread usage for over 
three decades has made it extremely popular, the pro-
cedure itself is quite complicated and requires patience 
to achieve success. Adequate guidance is essential for 
any beginner attempting to perform a PCR experiment. 
However, in a research lab, undergraduate research-
ers are usually not the focus of superiors when they re-
quire the most attention and supervision. The reagents 
and material required for an amplification reaction are 
costly, and PCR purification kits are not economical in 
labs with limited facilities. In low-cost setups, the opti-
mization strategies and step-by-step guide discussed in 
this study can help attain desired amplification results 
without dealing with repeated frustrating experiments to 
generate desired amplicons. 

In the present study, genomic DNA was extracted from 
blood samples using an inorganic method. The concen-
tration and purity of extracted DNA were determined by 
spectrophotometric analysis. For a successful PCR reac-
tion, the first step is adding an equal quantity of template 
DNA to the reaction mixture [3, 11]. For this purpose, all 
samples were diluted to maintain an equal concentration 
in the range of 20 to 30 ng/μL for all reaction tubes.

Before the experiments, all equipment and material 
used were autoclaved to prevent contamination; the use 
of sterilized material has been emphasized in previous 
protocols [12, 14, 16] concerning optimization strategies 
for PCR. However, there is no evidence of the use of 
autoclaved materials as an optimization strategy.

Standard PCR buffer was used with the addition of 
dNTPs in the reaction, but MgCl2 was excluded from the 
reaction mixture. For the reaction conditions, Mg2+ con-
centration is the most crucial factor. Too high or too low 
Mg2+ concentration often leads to reaction failure [10, 14]. 
For this study, different Mg2+ concentrations were tested 
within the range of 0.0 to 6.0 mM. Optimum Mg2+ (2.0-
3.0 mM) quantity required for amplification reaction was 
determined with titration experiments (Figure 4). 

To optimize the cycling conditions used in the opti-
mization experiments, the duration of cycles, annealing 
temperature, and the number of cycles should be deter-
mined [17, 23]. The annealing temperature is an essen-
tial parameter for PCR optimization [15, 17] and must 
be adjusted to prevent non-specific binding and dimer 
formation. For determining the optimum annealing tem-

peratures for primers used, G-PCR experiments were 
performed to test a range of temperatures from 53°C to 
63°C. The optimum annealing temperature for primers 
used in the study ranged from 56.5°C to 60°C, which 
was approximately equal to the predicted value [7].

No PCR additives were used for the optimization exper-
iments. The use of additive reagents such as betaine and 
DMSO [19, 20] depends upon high GC-rich templates, 
high annealing temperature, and contaminations [29, 30]. 
Care must be taken while adding additives to the PCR 
mixture, as this may alter the reaction conditions.

The optimization strategies discussed in the article are 
applicable for a conventional PCR setup. Because of 
complexities in intricate reaction setups like multiplex 
PCR, RT-PCR, colony PCR, qPCR, and so on, they have 
been excluded from this guide. To achieve desired se-
quencing results for mutation analysis, genotyping, and 
molecular diagnostics, the first step is to produce opti-
mized amplicons.

In Figure 7, the optimized results were not attained on 
the first try; repeated experiments had to be performed 
using the troubleshooting strategies and reviewing each 
parameter involved one at a time to produce desired 
amplicons, which were later used for Sanger sequenc-
ing. Reagent concentration, especially Mg2+ and DNA 
quantity, are important considerations while optimiz-
ing a PCR reaction. Similarly, optimum annealing tem-
perature and cycling conditions also influence reaction 
outcome (See the section on “possible troubleshooting 
strategies” for detailed procedure). Sequence analysis 
was performed to determine the quality and specificity 
of amplicons generated via optimization strategies.

Usually, at the start of Sanger sequencing results, the 
first 50-80 bases show background noise (Figure 8-A), 
complicating the actual base sequence. Whereas in the 
case of Figure 8-B, no background noise is present in 
either chromatogram. Sequencing outcomes depend on 
the quality of amplicon used; thus, optimizing PCR ex-
periments to attain desired amplicons is necessary for 
decent sequencing results. The sequencing approach 
for determining the effectiveness of optimization strate-
gies has not been employed. Currently, no evidence of 
PCR troubleshooting protocol with results validated by 
the sequencing outcomes exists. Hence this report dem-
onstrates for the first time the effectiveness of low-cost 
optimization strategies for amplicon generation without 
the aid of PCR kits with supporting evidence from se-
quencing analysis. The protocol and strategies described 
in this study are easy to perform and essential for day-
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to-day laboratory work. While troubleshooting failed 
procedures, one must remember to change only one pa-
rameter at a time. Knowing the function of each reaction 
constituent is also a critical thing is to keep on trying and 
be patient throughout the process. 

Conclusion

PCR is a critical component in molecular biology and 
has been subjected to numerous improvements since its 
invention. With its various applications in biomedical re-
search, molecular genetics, and forensic sciences, its re-
placement with an advanced and more efficient procedure 
is not going to happen soon. Because of its complexity 
and several components, PCR can be time-consuming 
and painstakingly difficult to perform perfectly and often 
leads to frustration due to repeated failures. The correct 
way to get optimized PCR results is to understand each 
reaction constituent and follow a step-by-step procedure. 
Following this guide, anyone lacking proper supervision 
and with little or no knowledge of the procedure could 
attain the desired results. The first step for a successful 
PCR is to use sterilized and contamination-free materials 
and reagents. Optimizing PCR amplification requires ad-
equate MgCl2 concentration, DNA quantity, and optimum 
annealing temperature. PCR additives like formamide, 
DMSO, and betaine should only be used in a definite ratio 
to tackle GC-rich template regions. The most important 
thing while dealing with a failed experiment is to be pa-
tient and try again by evaluating each reaction compo-
nent. Eventually, repeated efforts often lead to success. 
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