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ABSTRACT

Introduction: Polymerase chain reaction (PCR) is a critical and practical technology in various biological and medical sciences fields.
Using this technique, millions of copies of a specific pattern can be reproduced in vitro with a minimal amount of DNA. This has made
significant advances in molecular biology and medicine. This technique has many applications in biological sciences. PCR primers are an
integral part of PCR. Well-designed primers allow the PCR system to work accurately. To create a good PCR primer pair, several factors
must be considered, including base pair length, melting and annealing temperature, base pair repeats, etc. Carefully designed PCR primers
increase sensitivity and specificity and reduce the effort spent on experimental optimization. The poorly designed primer and the lack of
optimization of the reaction conditions probably lead to decreased technical accuracy and false positive or negative detection in the
amplification of the target DNA fragments. Bioinformatics has become an essential tool for basic research and applied research in life
sciences. Primer designing tools provide optimal and efficient design of primers by automating complex and accurate calculations in the
shortest possible time.

Materials and methods: This review article is a content analysis study performed by searching Polymerase Chain Reaction (PCR), PCR
type, and primer design for PCR in related articles on Google Scholar, Web of Science, PubMed and Scopus.

Results: This article aims to provide an almost complete guide for designing efficient and optimal primers for PCR and gPCR analyses by
reviewing the PCR method, its types and applications and using the links and web-based services. In this regard, in the first part of the
article, various methods, such as standard PCR, reverse transcription PCR (RT-PCR), quantitative PCR (QPCR), combined RT-PCR/gPCR,
etc., will be explained with suitable figures. The following summarizes the use of PCR types, emphasizing cereal research. In the end,
primer design methods, especially for gPCR, classification and review of existing software and their capabilities, methods and software for
testing the features of primers to obtain maximum specificity and PCR efficiency, extracting the gene sequence for PCR primer designing is
presented with practical examples.

Conclusion: A PCR with weak primers can produce little or no product due to non-specific amplification or primer dimer formation.
Several online tools were introduced that are used to prepare effective primers for PCR in the field of molecular biology.
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Tfl (Thermus Flavus) Not defined

Tolerate higher concentrations of blood, high

Kaledin et al., 1980

temperature DNA sequencing
T4 (Bacteriophage T4 of  Not defined 3’ Overhang and 5’ fill-in to form blunt ends, probe Dale et al., 1985; Kunkel

E. coli) labelling, single strand deletion subcloning, second

etal., 1987

strand synthesis in site-directed mutagenesis
T7 (Bacteriophage T7, Not defined  Strand extensions in site-directed mutagenesis, in situ ~ Bebenek et al., 1989;

and trxA gene of E. coli)
Vent/Tli (Thermococcus Deep sea

detection of apoptotic DNA fragments
5-15-Fold higher activity than Taq DNA polymerase,
3'—>5' exonuclease activity

Tolerate high concentration of blood, reverse
transcriptase activity in addition to a 5°—3’

Wood et al., 1993
Mattila et al., 1991

Myers & Gelfand, 1991

polymerase activity, 5’— 3’ exonuclease activity

litoralis) Hydrothermal
vents
rTth (Thermus Hot spring in
thermophilus) Izu, Japan
Ultma (Thermotoga Marine
maritime) geothermal area
near Vulcano,
Italy

KOD (Thermococcus
kodakaraensis) Kodakara
Island,
Kagoshima,
Japan
Pwo (Pyrococcus Marine
woesei) sediments,
beach of Porto
Levante,
Vulcano Island,
Italy
Pfu (Pyrococcus Marine
furiosus) sediments,

3’-5" Exonuclease activity

3'-to-5' Exonuclease activity, tolerate high
concentration of blood

3’-to-5' Exonuclease activity, lowest error rate

Diaz & Sabino, 1998

Solfataraon  High processivity, fidelity, and extension rate without ~ Bensona et al., 2003
the complexity introduced by terminal transferase
activity

Cahill et al., 2003;
Kanoksilapatham et al.,
2004

Cahill et al., 2003;
Kanoksilapatham et al.,
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HotTub (Thermus Not defined  Tolerate high concentration of blood, cDNA synthesis, Kermekchiev et al., 2009
ubiquitous) second strand synthesis in site- directed mutagenesis,

production of ssDNA probes by primer extension.
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Fig 10. Performance of fluorescent dyes in binding to double-stranded DNA in real-time
method.
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Table 2. Application of PCR types in cereals researches
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Table 3. Online sites for primer design (Singh et al., 2014)

ol T Izl el
wWww Description Tool name
http://blocks.fhcre.org/codehop.html Consensus Degenerate Hybrid Oligonucleotide CODEHOP

Primers; degenerate PCR primer design; will
accept unaligned sequences.

http://bibiserv.techfak.uni-bielefeld.de/genefisher/ Interactive primer design tool for standard or ~ Gene Fisher
degenerate primers; will accept unaligned
sequences.
http://doprimer.interactiva.de/ Easily design primers for PCR and DNA DoPrimer
sequencing.
http://www-genome.wi.mit.edu/cgi- Comprehensive PCR primer and hybridization Primer3
bin/primer/primer3_www.cgi probe design tool; many options but easy to
http://www.basic.nwu.edu/biotools/Primer3.html accept defaults at first.
http://www.justbio.com/primer/index.php
http://alces.med.umn.edu/rawprimer.html Select PCR primers from nucleotide sequence. Primer
Selection

http://genome-www?2.stanford.edu/cgi-bin/SGD/web-primer  Allow alternative design of primers for either ~ Web Primer
PCR or sequencing purpose.
http://cedar.genetics.soton.ac.uk/public_html/primer.html  For restriction analysis of sequence mutations. PCR Designer

http://www.changbioscience.com/primo/primo.html Reduces PCR noise by lowering the Primo Pro 3.4
probability of random primering.
http://www.changbioscience.com/primo/primod.html Primo Degenerate 3.4 designs PCR primers Primo
based on a single peptide sequence or multiple  Degenerate
alignments of proteins or nucleotides. 34
http://pga.mgh.harvard.edu/serviet/org.mgh.proteome.Primer An application that designs primers for PCR or PCR Primer
sequencing purposes. Design
http://www.med.jhu.edu/medcenter/primer/primer.cgi The program analyzes the original nucleotide ~ The Primer

sequence and desired amino acid sequence and  Generator
designs a primer that either has a new
restriction enzyme site or is missing an old

one.
http://bioweb.pasteur.fr/seqanal/interfaces/eprimer3.html Picks PCR primers and hybridization oligos ~ EPRIMER3
(EMBOSS).
http://bioweb.pasteur.fr/seqanal/interfaces/primo.html|3 Prediction of forward and reverse PRIMO
http://atlas.swmed.edu/primo/primo_form.html oligonucleotide Primers.
http://www.idtdna.com/biotools/primer_quest/primer_quest. A primer design tool. PrimerQuest
asp
http://itsa.ucsf.edu/~urolab/methprimer/index1.html Design primers for methylation PCRs. MethPrimer
http://alces.med.umn.edu/rawprimer.html A tool for selection of PCR primers. Rawprimer
| assessment of PCR primer pairs. A tool for automatic selection and visual MEDUSA
http://mww.cgr.ki.se/cgr/MEDUSA/ assessment of PCR primer pairs.
http://www- Software suite that completely automates the ~ The Primer
nmr.cabm.rutgers.edu/bioinformatics/Primer_Primer_ PCR primer design process. Prim'er
Project/Primer.html Project
http:/imww.citi2.fr/bio2/Oligo2lib.html Seek oligonucleotides on both sides of an area. Oligonucleoti
des for the
PCR
http://promoter.ics.uci.edu/Primers/ Genome- wide Automated Primer finder GAP
Servers.
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Biosoft International, IntelliGenetics Inc.,
Hitachi Inc., DNA Star, Advanced American

Slaeasls 51 5, Biotechnology and Imaging
Slaal lp 1, slabl, sledeliy g baei oS! pixon
Rychlik & ) wlosls arwg 55kl b calise

Rhoades, 1989; Lowe et al., 1990; Lucas et
al., 1991; O'Hara & Venezia, 1991; Tamura et
al., 1991; Makarova et al., 1992; Osborne,

a8 alike slaliéls s (1992; Li et al., 1997
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Slld ny la)lBle S anugi ae) 0 a5 ol
Alkami  Biosystems, 5l aSle aS e

Molecular Biology Insights, PREMIER

(Abd-Elsalam, 2003) ,5;T o1y sba,l38le 5 —F Jgao

Table 4. Primer design software (Abd-Elsalam, 2003)

JBle s el T
Software name Descreption

<o lw
Wwww

PrimerSelect ~ Analyzes a template DNA sequence Pairs for PCR and primers for DNA sequencing. www.dnastar.com

and chooses primer pairs for PCR
and primers for DNA sequencing.
DNASIS Max  DNASIS Max is a fully integrated
program that includes a wide range
of standard sequence analysis
features.
Primer Premier 5 primer design for Windows and
Power Macintosh.

Primer Premier:  Comprehensive primer design for
Windows and Power Macintosh.
Comprehensive analysis of
individual primers and primer pairs.

NetPrimer

ttp://www.medprobe.com/no/dnasis.html

http://www.premierbiosoft.com/primerdesign/primerdesign.ht ml

http://www.premierbiosoft.com/

http://www.premierbiosoft.com/NetPrimer.html

Array Designer 2 For fast, effective design of specific http://www.premierbiosoft.com/dnamicroarray/dnamicroarra y.html

oligos or PCR primer pairs for
microarrays
Beacon Designer ~ Design molecular beacons and

2.1 TagMan probes for robust
amplification and fluorescence in
real time PCR.
GenomePRIDE Primer design for DNA-arrays/chips.
1.0

Fast PCR Software for Microsoft Windows has
specific, ready-to-use templates for
many PCR and sequencing
applications: standard and long PCR,
inverse PCR, degenerate PCR
directly on amino acid sequence,
multiplex PCR.
OLIGO 6 Primer Analysis Software for Mac
and Windows.
Primer Designer 4 Will find optimal primers in target
regions of DNA or protein
molecules, amplify features in a
molecule, or create products of a
specified length.
GPRIME Software for primer design

http://www.premierbiosoft.com/molecular _beacons/tagman

molecular_beacons.html

http://pride.molgen.mpg.de/genomepride.html

http://www.biocenter.helsinki.fi/bi/bare-1 _html/manual.htm

http://www.oligo.net

http://www.scied.com/ses_pd5.htm

http://life.anu.edu.au/molecular/software/gprime.htm



http://www.premierbiosoft.com/molecular_beacons/taqman_%20molecular_beacons.html
http://www.premierbiosoft.com/molecular_beacons/taqman_%20molecular_beacons.html
http://pride.molgen.mpg.de/genomepride.html
http://www.biocenter.helsinki.fi/bi/bare-1_html/manual.htm
http://www.oligo.net/
http://www.scied.com/ses_pd5.htm
http://life.anu.edu.au/molecular/software/gprime.htm
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Sarani Gold ~ Genome Oligo Designer is software
for automatic largescale design of
optimal oligonucleotide probes for

microarray experiments.
PCR Help Primer and template design and

analysis
Genorama chip  Genorama Chip Design Software is
Design Software  complete set of programs required
for genotyping chip design. The
programs can also be bought
separately.

The Primer Designer features a
powerful, yet extremely simple, real-
time interface to allow the rapid
identification of theoretical ideal
primers for your PCR reactions.

Primer Premier ~ Automatic design tools for PCR,
sequencing or hybridization probes,

degenerate primer design,
Nested/Multiplex primer design,
restriction enzyme analysis and
more.

PrimerDesign  DOS-program to choose primer for

PCR or oligonucleotide probes.

Primer Designer

http://mail.strandgenomics.com/products/sarani/

http://www.techne.com/CatMol/pcrhelp.htm

http://www.asperbio.com/Chip_desin_soft.htm

http://genamics.com/expression/primer.htm

http://www.biotechniques.com/freesamples/itembtn21.html

http://www.chemie.unimarburg.de/%7Ebecker/pdhome.html
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In silico

1. Target identification
Accession number

Splice variant-specific or general assay

2. Assay properties
Primers Amplicons
Design 2° structure analysis
3 setsftarget Mfold
+

Specificity Similarity search
Primer BLAST BLAST
Dimer screen SNP screen

DINAmelt Ensembl

Order primers

Wet lab

3. Primer characterisation
Optimal primer T,
Gradient PCR 60°C-65°C

Optimal primer concentration
Concentration matrix (100-400nM)

Optimal primer combination
Lowest Cq, absence of primer dimers

Primer specificity
Melt curve

PCR efficiency
Standard curve

4. Assay optimisation
Limits of detection
Lowest amount detected with
(stated) probability

Limits of quantification
Lowest amount quantified with (stated)
acceptable precision and accuracy

55T slo 519 5 Camolais| (g p Jol 50 51 (Silod 1Y JSb
Fig 13. Schematic of the stages of examining the specificity and characteristics of primers
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Fig 14. An intron inclusion primer designing for gene expression studies
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Figl7. A) Gene sequence search results in NCBI. b) View of Primer3 online software. c)
Selection of direct or reverse Primer

TTTCTGCCTCATGACTCTGCGGRATTTTGGGAT GGGGAAGAGGAGCATCGAGGACCGTGTTCAAGAGGAR
GCCCGCTGCCTTGTIGGAGGAGTTGAGAARMACCAATGCCTCACCCTGTGATCCCACTTITCATCCTGGGCT
GIGCTCCCTGCARTGTGATCTGCTCTGTTATTTTCCATGAT CGATTTIGATTATAARGATCAGAGGTTICT
TAACTTGATGGAR A A A TTCAATGAAA A CCTCAGGATTCTGAGCTCTCCATGGAT CCAGGTCTGCAATAAT

TICCCTGCTICTCAT [ CGATTATCTCCCAGGARGTCATARTAARATAGCTGARARTTTTIGC ] TTRCATT

GTTATGTATTGGAGAGAATAAAAGAACATCAAGAATCCCTGGACATGAACAGTIGCTCGGGACTITATTGA
TIGITICCTIGATCAARATGGARCAGGARARGCACART CAACAGTCTGARTTTACTGTIGARAGCTTGATA
GCCACTGTAACTGATATGTITGGGGCTGGAACAGAGACAACGAGCACCACTCTGAGATATGGACTCCTGC
TCCTGCTIGAAGTACCCAGAGGTCACAGCTARAGTCCAGGARGAGATIGARTGTGTAGTTGGCAGRARCCE
GAGCCCCTGTATGCAGGACAGGAGTCACATGCCCTACACAGATGCTGTGGTGCACGAGATCCAGAGATAC
ATTGACCTCCTCCCCACCARCCTGCCCCATGCAGTGACCTIGTGATGTTARATTCARRRACTACCTCATCC
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Fig 18. Prepareing the sequence to enter in the primer3 software. In the above figure, the last
exon is shown in black and the exon before it is shown in red. The symbols [and] are used to
mark the border of two exons. In the next step, the above sequence is copied and pasted in the
software along with [and] signs. In the above figure, placing the brackets means that the area

between the two brackets must be inside the amplified fragment, and in other words, the
primers must be designed as intron inclusion.
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General Primer Picking Conditions

b og5 dly3ds S @b ool oot 5 e SSbee

—all

Ipload the settings from a file| Choasa Fila :I Na file chasen

Primer Size Min[18 | Opt |20 | Macx 23 |
PomerTm Min[570  |Ope[590  |Max[620 | MaxTmDifference(50 | Table of thermodynamic parameters
Preduct T Min [-1000000| Opt [0.0 | Macx | 1000000, |
Primer GC% Min [30.0 | Opt 500 | Miace [70.0 |

Product Size Ranges | 150-250 100-300 301-400 401-500 501-600 601-700 701-850 £51-1000

Number ToRewm(s | Max ¥ Stabiliry (9.0
Max Library Mispopung (1200 | Pair Max Library Misproming | 20.00
Thermodynamic Secondary Structure Alignments Old Secondary Structure Alignments
f vnamic Oligo Alignment
TH: Max Self Complementarity 450 Max Self Complementarity
TH: Max 3' Self Complementarity 350 Max 3 Self Complementarity 3.00
TH- Max Pair Complementarity [45.0 ||| Mk Pair Complementarity: a.00
TH: Max ¥ Pair Complementarity 30 || Max 3' Pair Complemenarity
TH: Max Primer Hairpin |240
Pick Primers |D<nwrlb.ld5-a|1jng.-.| Reset Farm
Primer3 Output
PRIMER PICKING RESULTS FOR g
ADDITIONAL OLIGOS
start _len tm g% _any_th _3'_th hairpin seq
1 LEFT PRIMER 84 @ 58.88 50.089 a.8a .80 B89 AGAAGCACCTCTGAACCCAA
RIGHT PRIMER 246 28 59.1@ 55.88 ©.80 ©.88  0.80 GCTGACACCATCTCCAGAST
PRODUCT SIZE: 163, PAIR ANY_TH COMPL: ©.8@, PAIR 3°_TH COMPL: @.2¢
2 LEFT PRIMER 52 28 58.82 55.88 9.80 ©.80  0.0¢ GTTGCCCCAGAAGAACATCC
RIGHT PRIMER 233 238 S58.BE 608.88 12.25 12.35  0.88 CCATCTCCAGAGTCCAGGAC
PRODUCT SIZE: 188, PAIR ANY_TH COMPL: ©.09, PAIR 3°_TH COMPL: .09
3 LEFT PRIMER 237 38 59.18 55.088  4.40 9.80  0.80 ACTCTGGAGATGGTGTCASC
RIGHT PRIMER 378 20 59.23  58.00 8.80 0.80  0.00 AGCTOTOOTOGTGAAGGAAT
PRODUCT SIZE: 152, PAIR ANY_TH COMPL: .89, PAIR 3°_TH COMPL: 9.8@
4 LEFT PRIMER 174 20 5$9.38 5£.00 14.43 Q.80  0.00 CCAGGCTETTCTTTCCCTET
RIGHT PRIMER 357 28 58.84 58.88 ©.890 ©.88  0.80 GOCACGCTCAGTCAAGATTT
PRODUCT SIZE: 184, PAIR ANY_TH COMPL: @.8@, PAIR 3°_TH COMPL: @.8¢
statlstics
eon  tea  in Gn net s ke tm high high high high
sid many tar excl ok bad [ too too any_th 3'_th hair- poly end
ered Ns get reg reg GCX clamp low high compl compl pdn X stab ok
Laft 4422 a 3 o a 82 & 2174 584 2 a 12 [ o 1560
might 4422 a @ 8 e 41 @ 20985 tEs @ e 13 @ & 1er7e

Pair stats:
considered 835, unacceptable product size 826, primer in pair overlaps 8 primer in & better pair 158, ok 9
libprimerd releases 2.4.0

{primerd_results.cgi release 4.1.8)

Primer3 jl38le 5 b )3T olhb axis (.5 5LT olhb 10 cavbin byl b bl (W1-18 S
Fig 19. a) Selection of suitable parameters in primer designing. b) Primer designing results with

Primer3 software.
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Figure 27. The results of the operation of checking the specificity of the primers.
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