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Abstract

The polymerase chain reaction (PCR) is fundamental to molecular biology and is the most important 
practical molecular technique for the research laboratory. The principle of this technique has been further 
used and applied in plenty of other simple or complex nucleic acid amplification technologies (NAAT). In 
parallel to laboratory “wet bench” experiments for nucleic acid amplification technologies, in silico or 
virtual (bioinformatics) approaches have been developed, among which in silico PCR analysis. In silico 
NAAT analysis is a useful and efficient complementary method to ensure the specificity of primers or 
probes for an extensive range of PCR applications from homology gene discovery, molecular diagnosis, 
DNA fingerprinting, and repeat searching. Predicting sensitivity and specificity of primers and probes 
requires a search to determine whether they match a database with an optimal number of mismatches, 
similarity, and stability. In the development of in silico bioinformatics tools for nucleic acid amplification 
technologies, the prospects for the development of new NAAT or similar approaches should be taken into 
account, including forward-looking and comprehensive analysis that is not limited to only one PCR tech-
nique variant. The software FastPCR and the online Java web tool are integrated tools for in silico PCR of 
linear and circular DNA, multiple primer or probe searches in large or small databases and for advanced 
search. These tools are suitable for processing of batch files that are essential for automation when working 
with large amounts of data. The FastPCR software is available for download at http://primerdigital.com/
fastpcr.html and the online Java version at http://primerdigital.com/tools/pcr.html.

Key words Polymerase chain reaction, Isothermal amplification of nucleic acids, DNA primers nucleic 
acid hybridization, Primer binding site, PCR primer and probe analysis, Degenerate PCR, Probe, 
Genetic engineering tools, DNA fingerprints

1 Introduction

The polymerase chain reaction (PCR) is a nucleic acid amplifica-
tion method fundamental to molecular biology and is the most 
important practical molecular technique for the research labora-
tory. Currently, a variety of thermocycling and isothermal tech-
niques for amplification of nucleic acids exist. Thermocycling 
techniques use temperature cycling to drive repeated cycles of 
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DNA synthesis to generate large amounts of newly synthesized 
DNA in proportion to the original amount of template DNA. 
The template DNA strands are amplified by the repeated cycles of 
two or three temperature steps including (1) heat denature (dena-
turation of a double-strand DNA template into single strands), (2) 
annealing (annealing of primers on a single-strand DNA template), 
and (3) extension reaction (elongation of primers by DNA poly-
merase) [1, 2].

A number of isothermal techniques have also been developed 
that do not rely on thermocycling to drive the amplification reac-
tion. Isothermal techniques, which utilize DNA polymerases with 
strand-displacement activity, have been used as a nucleic acid 
amplification method that can obviate the need for the repeated 
temperature cycles. For example, in loop-mediated isothermal 
amplification (LAMP) [3], the nucleic acid strands of the template 
are mixed with oligonucleotide primers, strand displacement-type 
DNA synthetase, and nucleic acid monomers, and this mixture is 
held at a constant temperature (in the vicinity of 65 °C) to pro-
mote the reaction. Some other techniques are also dependent on 
the strand displacement activity of certain DNA polymerases, such 
as strand displacement amplification (SDA) [4], chimeric displace-
ment reaction (CDR), rolling circle amplification (RCR) [5], iso-
thermal chimeric amplification of nucleic acids, smart amplification 
process (SMAP) [6], transcription-based amplification system 
(TAS) [7], self-sustained sequence replication reaction (3SR) [8], 
helicase-dependent amplification (HDA) [9], single primer iso-
thermal amplification (SPIA) [10], and cross-priming amplifica-
tion (CPA) [2, 11–15].

Other homogeneous techniques for detecting target sequences 
involve a probe (quantitative PCR) or microarrays that have been 
modified such that they can be detected during the course of an 
amplification reaction. TaqMan and Molecular Beacons assays 
both use a reporter and a quencher dye attached to the probe. 
TaqMan assay is an example of homogeneous nucleic acid detec-
tion of a target sequence technique that employs a modified probe. 
TaqMan probes hybridize to the target sequence while it is being 
amplified. The enzyme responsible for amplifying a target sequence 
also degrades any hybridized probe in its path. Among the tech-
nologies developed for target detection and quantification, the 
most promising one is probably molecular beacons. Conventional 
molecular beacons are single-stranded oligonucleotide hybridiza-
tion probes that form a stem-and-loop structure. The loop portion 
contains the sequence complementary to the target nucleic acid 
(either DNA or RNA). The stem is formed due to hybridization of 
the complementary sequence of the 3′ end with the 5′ end. The 
ends of a molecular beacon are self-complementary and are not 
designed to hybridize to a target sequence.

Implementation of a PCR reaction requires a pair of different 
or the same oligonucleotides (primers). Primer design is a critical 
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step in all types of PCR methods to ensure specific and efficient 
amplification of a target sequence. The first (forward primer) binds 
to one strand of DNA and the second (reverse primer) binds to the 
complementary strand. If the pair of sites that match the primers 
are separated by an appropriate distance, then the DNA fragment 
between those sites (known as the PCR product or amplicon) is 
copied by the polymerase, approximately doubling in abundance 
with each cycle. An implicit assumption is that stable hybridization 
of a primer with the template is a prerequisite for priming by DNA 
polymerase. Thus, the correct selection of primers is a key step of 
the PCR procedure; and the accuracy of in silico calculations of the 
interaction between primers and DNA template is critical for the 
prediction of the virtual PCR results.

As most PCR techniques requires two primer molecules to 
amplify a specific piece of DNA in one reaction, the melting tem-
peratures of both primers need to be very similar in order to allow 
proper binding of both at a similar hybridization temperature. 
Ideally, all sequences in the target set would exactly match the 
primers and be amplified, while no sequence in the background 
set would match the primers. In other words, primers have to be 
very specific, in order to only amplify those pieces of DNA that are 
the target.

The specificity of the oligonucleotides is one of the most 
important factors for good PCR. Optimal primers should hybrid-
ize only to the target sequence, particularly when complex genomic 
DNA is used as template. Amplification problems can arise due to 
primers annealing to repetitious sequences (retrotransposons, 
DNA transposons or tandem repeats) [16]. Alternative product 
amplification can also occur when primers are complementary to 
inverted repeats and produce multiple bands. This is unlikely when 
primers have been designed using specific DNA sequences (unique 
PCR). Primers complementary to repetitious DNA may produce 
many nonspecific bands in single-primer amplification and com-
promise the performance of unique PCRs. However, the genera-
tion of inverted repeat sequences is exploited in generic DNA 
fingerprinting methods. Often, only one primer is used in these 
PCR reactions, the ends of the products should consist of an 
inverted repeat complementary sequence of primer.

In eukaryotes, the inter-repeat amplification polymorphism 
techniques such as inter-retrotransposon amplified polymorphism 
(IRAP), retrotransposon microsatellite amplification polymor-
phisms (REMAP) or inter-MITE amplification have exploited the 
highly abundant dispersed repeats such as the LTRs of 
 retrotransposons and SINE-like sequences [17, 18]. The associa-
tion of these sequences with each other makes it possible to amplify 
a series of bands (DNA fingerprints) using primers homologous to 
these high copy number repeats. One, two, or more primers are 
used, pointing outwards from an LTR, and therefore amplifying 
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the tract of DNA between two nearby retrotransposons. IRAP can 
be carried out with a single primer matching either the 5′ or 3′ end 
of the LTR but oriented away from the LTR itself, or with two 
primers. The two primers may be from the same retrotransposon 
element family or may be from different families. The PCR prod-
ucts, and therefore the fingerprint patterns, result from amplifica-
tion of hundreds to thousands of target sites in the genome. 
Retrotransposons generally tend to cluster together in “repeat 
seas” surrounding “genome islands,” and may even nest within 
each other. Hence, the pattern obtained will be related to the TE 
copy number, insertion pattern, and size of the TE family [19, 20].

The development of the DNA sequencing technology and, in 
particularly, the emergence of high-throughput sequencing (next 
generation sequencing) methods have led to progressive accumu-
lation of huge amounts of raw data about the primary structure of 
genomes. Currently, many prokaryotes and eukaryotes genomes 
have been sequenced and annotated in databases. For this reason, 
the use of in silico approaches is widely demanding for extracting 
useful information from the input data set and for their further 
processing using virtual tools to prepare and predict experimental 
results on the planning stage. One of such methods is the virtual 
PCR. During in silico PCR the set of primers is tested on target 
location and amplicon size in one or multiple DNA templates. 
Although the main goal of in silico PCR is the prediction of the 
expected products during amplification of the DNA template by 
the specified primer set other associated tasks are frequently 
required, such as primer or probe searches, target location, and 
oligonucleotides design and analysis (for example, evaluation of 
the melting temperature, prediction of secondary structures 
including G-quadruplexes detection, hairpins, self-dimers, and 
cross-dimers in primer pairs) [21, 22].

Currently, several web-based methods of in silico PCR have 
been implemented [21–30]. Electronic PCR is a web server allow-
ing heuristic searches of predefined genomes with up to two mis-
matches. UCSC in silico PCR (http://genome.ucsc.edu/cgi-bin/
hgPcr) is a web server that uses an undocumented algorithm to 
search a predefined genome [24]. Primer-BLAST [31] is a web 
server that uses BLAST [26] as the underlying search method. To 
the best of our knowledge, all available published search algorithms 
are heuristic and hence can fail to report some valid hits. It should 
be noted that none of them is available as stand-alone software, 
except our FastPCR software [21]. Furthermore, the adaptation of 
some commonly used sequence similarity search methods to in 
silico PCR is not entirely successful. In fact, BLAST creates local 
alignments which may fail to cover the full primer sequence and it 
does not support searching for pairs of queries separated by arbi-
trary sequence with variable length. Besides, degenerate primers 
cannot appear in alignment seeds and therefore require special 
handling to avoid further false negatives. Also, parameters sensitive 
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enough to find an acceptable number of matches will tend to gen-
erate very large numbers of false positives. Significant postprocess-
ing is required to identify valid hits. Primer-BLAST uses a word 
length of 7, so sites must have an identical 7-mer match to a primer 
(this can result in false negatives). Therefore, if one consider a 15 
nt long primer with differences in the fifth and tenth positions at a 
given site, the longest identical K-mer at that site would be 5 nt, 
and BLAST would fail to find the match.

The in silico PCR program must also handle degenerate prim-
ers or probes, including those with 5′ or 3′ tail sequences and sin-
gle nucleotide polymorphisms (SNPs). Additionally, bisulfite 
treated DNA, which contains no cytosine other than the methyl-
ated cytosine in a CG dinucleotide, or highly degraded and modi-
fied DNA from ancient herbarium and mummies may be used as 
template. Therefore, an additional task that in silico PCR can per-
form is the identification of multiple binding sites, including mis-
matched hybridization, by considering the similarity of the primer 
to targets along the entire primer sequence.

Furthermore, an in silico PCR program must also handle multi-
plex, nested, or tilling PCR, which are approaches commonly used 
to amplify several DNA target regions in a single reaction. In silico 
PCR aims to test NAAT applications specificity, including the target 
location and amplicon size in one or multiple target genome(s).

Therefore, the use of primers is not limited to PCR nucleic 
acid amplification but extends to all standard molecular biology 
methods. These considerations motivate the development of a 
new, high-throughput, desirable non-heuristic algorithm that has 
been implemented as a stand-alone software that includes the vir-
tual PCR possibilities. In developing the FastPCR and the online 
Java web tools, our aim was to create practical, efficient, and easy- 
to- use software to multiple primers or probes searches for linear 
and circular DNA sequences and predict amplicons by in silico 
PCR of large or small local databases (Table 1) [21]. This in silico 
tool is useful for quick analysis of primers or probes against target 
sequences, for determining primer location, orientation, efficiency 
of binding, and calculating their Tm’s. It is also useful to validate 
existing primers, probes, and their combinations. Probable PCR 
products can be found for linear and circular templates using stan-
dard or inverse PCR as well as multiplex PCR.

This chapter describes the FastPCR software as a complete 
solution for in silico PCR assay. In particular the interface, con-
figuration, and main capabilities of the program are character-
ized. The basic and advanced algorithms of primer and probe 
binding sites searches are discussed in detail. As an example, we 
demonstrate the use of FastPCR for high-throughput in silico 
PCR assay of large amounts of data. We also provide the quick 
start guide for immediate application of FastPCR for in silico 
investigation of genomes during planning of experiments and for 
prediction of expected results.

In Silico PCR Tools for a Fast Primer and Probe Searching
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2 Software

The online FastPCR software (http://primerdigital.com/tools/
pcr.html) is written in Java with NetBeans IDE (Oracle) and 
requires the Java Runtime Environment (JRE 8) on a computer. It 
can be used with any operating system (64-bit OS preferred for 
large chromosome files).

The FastPCR software (http://primerdigital.com/fastpcr.
html) is written in Microsoft Visual Studio 6.0 and compiled to an 
executive file that, after installation, can be used with any version 
of Microsoft Windows. For Linux and Mac it requires “Wine” 
(http://www.winehq.org/) as a compatibility layer for running 
Windows programs, which is a free alternative implementation of 
the Windows API that also allows the use of the native Windows 
DLLs (Dynamic Link Library).

Alternatively, FastPCR software for Windows can run in Linux 
and Mac using VirtualBox (https://www.virtualbox.org/). 

2.1 Supported 
Platforms 
and Dependencies

Table 1 

Summary of the FastPCR software features for in silico PCR facilities

     The possibilities of searching that were included in software for   
virtual PCR

    Finds all possible primer pairings, which are predicted for singleplex or 
multiplexed primers and probes with potential mismatches, located 
within specified primer and target;

    Against whole genome(s) or a list of chromosomes or circular sequences 
for prediction of probable PCR amplicons and primer location;

    Advanced (complex) search, when two or more sequences linked with 
each other within a certain distance

    Using of oligonucleotides with both standard and degenerate bases for 
specified primer and target

    Additional short or long not complementary sequences at the 5′-termini 
for primers or both termini for probe allowed

    The parameters, controllable either by the user or automatically, are 
primer length longer than 4 nt

    The annealing and the melting temperature for oligonucleotide–target 
duplex calculated with standard and degenerate oligonucleotides, with 
the possibility of viewing stable guanine mismatches

   The result is presented in the form of alignment of the primers with a 
target, including the location and similarity of matches and probable 
PCR amplicons with its constituent primers, length of amplicons and 
their annealing temperatures
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VirtualBox allows user to run more than one operating system at a 
time. This way, the user can run software written for one operating 
system on another (for example, Windows software on Linux or 
Mac) without having to reboot to use it.

The FastPCR software for Windows is available for download at 
http://primerdigital.com/fastpcr.html. To install the program, 
save the FastPCR.msi file in your computer. Run the FastPCR.
msi file that starts the installation wizard. Follow all steps 
suggested by the wizard. This is a “local” software installation and 
requires administrator rights to install.

The program manual, licence agreement, and files for installa-
tion are available on the internet at http://primerdigital.com/
fastpcr/ and the YouTube tutorial videos at http://www.youtube.
com/user/primerdigital.

The online FastPCR (jPCR) software requires the Java Runtime 
Environment (http://www.oracle.com/technetwork/java/javase/
downloads/). Oracle strongly recommends that all Java users 
upgrade to the latest Java 8 release.

Before using the online FastPCR software the user needs to 
add the URL (http://primerdigital.com/) of this application to 
Exception Site List  (https://www.java.com/en/download/faq/
exception_sitelist.xml), which is located under the Security tab of 
the Java Control Panel (http://www.java.com/en/download/
help/appsecuritydialogs.xml). The addition of this application 
URL to this list will allow it to run after presenting some security 
warnings. By adding the application URL to the Exception list the 
users can run Rich Internet Applications (RIAs) that would nor-
mally be blocked by security checks. The exception site list is man-
aged in the Security tab of the Java Control Panel. The list is shown 
in the tab. To add, edit, or remove an URL from the list, click Edit 
Site List:

●● Click on the Edit Site List button.
●● Click the Add in the Exception Site List window.
●● Click in the empty field under Location field to enter the 

URL: http://primerdigital.com/.
●● Click OK to save the URL that you entered. If you click 

Cancel, the URLs are not saved.
●● Click Continue on the Security Warning dialog.

In order to enhance security, the certificate revocation check-
ing feature has been enabled by default starting in Java 7. Before 
Java will attempt to launch a signed application, the associated cer-
tificate will be validated to ensure that it has not been revoked by 
the issuing authority. This feature has been implemented using 
both Certificate Revocation Lists (CRLs) and Online Certificate 
Status Protocol (OCSP) mechanisms.

2.2 Downloading 
and Installing
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Optionally, the user can download the self-signed certificates 
file (http://primerdigital.com/j/primerdigital.cer) and import it 
to “Signer CA” (Certificate Authority) from Java Control Panel.

Finally, the user needs to set "Security Level" to “High” under 
the Security tab of the Java Control Panel (as it is shown on the  
picture: http://primerdigital.com/image/primerdigital_certificate_
big.png).

Run and download online FastPCR software from desktop 
computer using Java Web Start (JavaWS) command:

javaws http://primerdigital.com/j/pcr.jnlp
or
javaws http://primerdigital.com/j/pcr2.jnlp
Alternatively, the user can run the software directly from the 

WEB site: http://primerdigital.com/tools/pcr.html

The FastPCR software is available for download at http://primer-
digital.com/fastpcr.html and the online version at http://primer-
digital.com/tools/pcr.html. The program manual, licence 
agreement, and files for installation are available on the Internet at 
http://primerdigital.com/fastpcr/ and the YouTube tutorial 
videos at http://www.youtube.com/user/primerdigital.

3 Methods

For predicting the sensitivity and specificity of a primer pair it is 
necessary an algorithm that searches for pairs of sites matching the 
primers with certain differences, where the sites are separated by a 
certain distance that represents the range of possible amplicon 
lengths.

An implicit assumption is that stable hybridization of a primer 
with the template is a prerequisite for priming by DNA polymerase. 
Binding occurs if a primer is complementary to the nucleotide 
sequence of the target. The stable binding of the primer to the 
target is very important for PCR efficiency, being especially impor-
tant the stability and complementarity in the 3′-termini of primer 
from where the polymerase will extend. Mismatches at the 3′ end 
of the primers affect target amplification much more than mis-
matches at the 5′ end. A two base mismatch at the 3′ end of the 
primer prevents amplification, while several mismatches at the 5′ 
end of the primer allow amplification, although with reduced 
amplification efficiency.

Therefore, the FastPCR software pays particular attention to 
the 3′ end portion of the primer and calculates the similarity of the 
3′ end of the primer to the target (the length is chosen by the user) 
to determine the stability of the 3′-terminus. A few mismatches 
may be tolerated, typically at the expense of reduced amplification 
efficiency. The parameters adopted are based on our experimental 

2.3 Availability

3.1 In Silico PCR 
Searching Algorithm
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data for efficient PCR and are translated into algorithms in order 
to design combinations of primer pairs for optimal amplification.

Modeling the hybridization of primers to targeted annealing 
sites is the only way to predict PCR products. The last 10–12 bases 
at the 3′ end of primers are important for binding stability, as single 
mismatches can reduce PCR efficiency, the effect increasing with 
the proximity to the 3′ end.

The FastPCR is a quick heuristic search algorithm, designed 
for PCR primers and probes. FastPCR is computationally efficient, 
achieving effective complexity that can approach linear time in the 
database size and constant time in (i.e., independent of) the num-
ber of queries. This in silico tool is useful for quickly analyzing 
primers or probes against target sequences, for determining primer 
location, orientation, and efficiency of binding, and for calculating 
their melting and annealing temperature. Moreover, there may be 
other situations where the PCR product formation can occur with 
a single primer that is complementary to inverted repeats placed 
near to each other. Besides, the PCR primers may additionally uti-
lize one or more oligonucleotides (known as probe) for detection 
of the formed PCR product.

Initially, the FastPCR software creates a hash-table for all 
K-mers (words of fixed length K) to the primer set. The K-mers’ 
length can be equal to 7, 9, or 12 nt, depending on the sensitivity 
of the search, type of task and length of the primer. For each 
K-mers, up to one mismatch inside is stipulated. Therefore, the use 
of long K-mers (= 12 nt) does not result in loss of sensitivity and 
does not lead to false negatives. In addition, the software allows 
the use of a primer sequence shorter (down to 4 nt) than the mini-
mum K-mers (= 7 nt). The FastPCR algorithm searches for a 
match to a forward primer by enumerating all K-mers in a database 
sequence. The software offers flexible specificity stringency options. 
The user can specify the number of mismatches that primers may 
have to unintended targets at the 3′ end region and where these 
mismatches may be present. The default specificity settings are that 
at least one mismatch exists in the last seven bases of the 3′ end of 
the primer. The parameters adopted are based on our experimental 
data for efficient PCR and are translated into algorithms in order 
to design combinations of primer pairs for optimal amplification. 
The nucleotide sequence of the 3′ end region of the probe may not 
necessarily be completely complementary to the target. For 
instance, both termini of the probe “molecular beacon” have not 
complementary regions to the target.

The parameters for quick alignment can be set to allow differ-
ent degrees of mismatches at the 3′ end of the primers: 0–5 mis-
matches, being the default number of mismatches 2. Furthermore, 
the program can handle degenerate primer or probe sequences, 
including those with 5′ or 3′ tail. The program includes the detec-
tion of the alternative hydrogen bonding to Watson–Crick base 
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pairing, as stable guanine mismatches: G·G, G·T and G·A, during 
the primer binding site searching.

In the sequence analysis by the consistent screening the soft-
ware does not create a hash table for the analyzed sequence, just 
runs through the beginning to the end of the whole sequence and 
analyses potential sites using a hash-table to match forward and 
reverse primers or probes. During databases screening for each K- 
mer, the program allows one mismatch at all locations and accepts 
additional degenerate bases for both target and primer. In the tar-
get sequence, the program ignores long gaps, extended unfinished 
areas with N. For each primer, the match is extended to the full 
length of the primer or until >d mismatches and the local similarity 
for the whole primer sequence is calculated. This procedure is 
guaranteed to find all valid matches.

Finally, having found the matches to the forward primer and to 
the reverse primer, the amplicon length can not exceed the maxi-
mum length specified by the user. Predicted PCR products can be 
obtained for linear and circular templates using standard or inverse 
PCR as well as multiplex PCR or bisulfite treated DNA sequence. 
The software allows simultaneous testing of single primers or a set 
of primers designed for multiplex target sequences. The program 
collects information about sites, found by the primer-specific 
sequence analysis. The analysis reports contain both the list of the 
hybridization sites and the amplicon details.

The Tm for short oligonucleotides with normal or degenerate 
(mixed) nucleotide combinations are calculated in the default 
setting using nearest neighbor thermodynamic parameters. The Tm 
is calculated using a formula based on nearest neighbor thermody-
namic theory with unified dS, dH, and dG parameters:

 

T
H

S R
c
f

L
m C)

d

d K
(

ln . ln
. ,° =

+
æ

è
ç

ö

ø
÷ + -( ) éë ùû( )

-
+0 368 1

273 15

 

where dH is enthalpy for helix formation, dS is entropy for helix 
formation, R is molar gas constant (1.987 cal/K mol), c is the 
nucleic acid molar concentration (250 pM), [K+] is salt molar con-
centration (default value is 50 mM). The f = 4 when the two 
strands are different and f = 1 when self-hybridization takes place.

The Tm for mixed bases is calculated by averaging nearest 
neighbor thermodynamic parameters (enthalpy and entropy val-
ues) for each mixed site, and the extinction coefficient is similarly 
predicted by the averaging nearest neighbor values of mixed sites.

Mismatched pairs can also be taken into account [32, 33]. 
The melting temperature for in silico PCR experiments with oligo-
nucleotides with mismatches to the target is calculated using values 
for the thermodynamic parameters for a nucleic acid duplex.

3.2 Melting 
temperature ( Tm) 
calculation
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Tools calculate Tm for primer dimers with mismatches for pure, 
mixed, or modified (inosine, uridine, or locked nucleic acid) bases 
using averaged nearest neighbor thermodynamic parameters pro-
vided for DNA–DNA duplexes [33]. Besides Watson–Crick base 
pairing, there is a variety of other hydrogen bonding configura-
tions possible such as G/C-quadruplexes or wobble base pairs that 
the FastPCR software detects [34, 35].

The programme includes the detection of the alternative 
hydrogen bonding to Watson–Crick base pairing and in silico PCR 
primer binding site detection. The mismatches stability follows the 
trend in order of decreasing stability: G-C > A-T > G·G > G·T ≥ 
G·A > T·T ≥ A·A > T·C ≥ A·C ≥ C·C. Guanine is the universal 
base, since it forms the strongest base pair and the strongest mis-
matches. On the other hand, “C” is the most discriminating base, 
since it forms the strongest pair and the three weakest mismatches. 
Therefore, the tools are also looking at stable guanine mismatches: 
G·G, G·T, and G·A [33].

The optimal annealing temperature (Ta) is the range of tempera-
tures where the efficiency of the PCR amplification is maximal 
without nonspecific products. The most important values for esti-
mating the Ta is the primer quality, the Tm of the primers and the 
length of the PCR fragment. Primers with high Tm’s (>60 °C) can 
be used in PCRs with a wide Ta range compared to primers with 
low Tm’s (<50 °C). The optimal annealing temperature for PCR is 
calculated directly as the value for the primer with the lowest Tm 
(Tm

min):

 T C T La m( ) ln ,min° = +  

where L is length of the PCR fragment [22].

4 The Interface

The software has a user-friendly interface, containing the menu, 
toolbars, ribbon, and three text editor tabs. Getting started with a 
basic project in FastPCR software is as easy as opening a new or 
existing file, copy-paste, or starting to type. The ribbon is designed 
to help the user to quickly find the commands that are needed to 
complete a task. Commands are organized in logical groups, which 
are collected together under tabs. Each ribbon relates to a type of 
activity, such as “PCR Primer Design,” “In silico PCR,” or “Primer 
Test.”

There are three independent text editors at different tabs: 
“Sequences,” “Additional sequence(s) or Pre-designed primers 
(probes) list,” and “Result report.” The two first text editors are 
necessary for loading sequences for analysis: the text editor 

3.3 Calculation 
of Optimal Annealing 
Temperature

4.1 The Program 
Interface

In Silico PCR Tools for a Fast Primer and Probe Searching
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“General Sequence(s)” editor is designed for working with the 
project sequences, and the “Additional sequence(s) or pre-designed 
primers (probes) list” text editor is applied for special and addi-
tional sequences, such as pre-designed primers, multiple query 
sequences or the numbers for input. To save a file from the current 
text editor, the users must select the file format they want to save 
the file in (for example, Rich Text Format (.rtf), Excel worksheet 
(.xls), or text/plain format (.txt)). Furthermore, the FastPCR 
clipboard allows users to copy and paste operations of text or table 
from Microsoft Office documents, Excel worksheet or other 
programs and paste them into another Office document. For this, 
it is important that the entire target sequences are prepared with 
the same format.

The sequence data file should be prepared using a text editor 
(Notepad, WordPad, Word), and stored in the ASCII format as 
text/plain or Rich Text Format (.rtf). The software accepts a num-
ber of different types of input formats and automatically deter-
mines the format of the input. To allow this feature there are 
certain conventions required with regard to the input of identifiers. 
The formats accepted as input data can be a single or multiple sepa-
rate DNA sequences in FASTA format, bare sequence, sequence 
identifiers, tabulated format (two columns from Excel sheet or 
Word table), EMBL, MEGA, GenBank and MSF, DIALIGN or 
simple alignment formats, and Blast Queue web alignments result 
format. The template length is not limited. NCBI Genbank acces-
sion records can be retrieved by querying with an accession num-
ber or NCBI sequence identifier through the File menu (Fig. 1).

The software allows opening files in several ways:

 – The original file can be opened as read-only for editing with 
text editors.

 – The larger files can be opened directly to memory without 
using text editors.

 – Multiple files can be selected within a folder and opened to 
memory during task execution.

Furthermore, users can type or import from file(s) into 
“Sequences” or “Additional sequence(s) or pre-designed primers 
(probes) list” editors. The entire target sequences to be used for in 
silico PCR search should be pasted in the “Sequences” tab text 
area and the primers list sequences should be pasted in the 
“Additional sequence(s) or pre-designed primers (probes) list” tab 
text area.

Once a sequence file is open, the software displays the informa-
tion about opened sequences and sequences format. The informa-
tion status bar shows the amount of sequences, total sequences 
length (in nucleotides), nucleotide compositions, purine, pyrimi-
dine, and CG% contents.

4.2 Input Data

Ruslan Kalendar et al.
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The input DNA sequence can contain degenerate nucleotides 
accepted as IUPAC code, which is an extended vocabulary of 11 
letters that allows the description of ambiguous DNA code [36]. 
Each letter represents a combination of one or several nucleotides: 
M (A/C), R (A/G), W (A/T), S (G/C), Y (C/T), K (G/T), V (A/G/C), 
H (A/C/T), D (A/G/T), B (C/G/T), N (A/G/C/T), and also 
U (T) and I (Inosine).

The software automatically generates results to the “Result report” 
text editor in a tabulated format, ready for transferring to a 
Microsoft Excel sheet with copy-paste. Alternatively, output results 
can be easyly saved as .XLS or .RTF Text files compatible with 
Excel or Open Office.

The separated output of the primer design comprises a list of 
primers, a set of primer pair sequences with their theoretical PCR 
products, and for multiplex PCR, the result of the calculation of 
multiple PCR primers for given target sequences. The output 
shows optimal annealing temperature for each primer pair, the size 
of the PCR product and complete information for each designed 
primer and for multiplex PCR product set.

4.3 Program Output

Fig. 1 Input of FastPCR online Java version, primer sequences editor, and user interface

In Silico PCR Tools for a Fast Primer and Probe Searching
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The in silico PCR program can be initiated by clicking on the 
ribbon “in silico PCR.” The required input items can be grouped 
into three parts. (1) The entire target sequences should be pasted 
in the “Sequences” tab text area. Target sequences can be either 
multiple separate DNA sequences or opening files from the entered 
folder. For in silico PCR against whole genome(s) or a list of chro-
mosome, user must specify a directory for input. The program will 
be consistent, and file-by-file will look for the DNA sequence posi-
tion of the primers. (2) Single or primer list sequences to be tested 
can be typed in or pasted as pre-existing primer’s list into the sec-
ond tab of the “Additional sequence(s) or pre-designed primers 
(probes) list” text editor. The amount of preexisting primers is not 
limited to one primer pair, it can be as much as the user needs. (3) 
The searching parameters into the tab of “Parameters for PCR 
Product Analysis” contain:

 – The box of “Maximal PCR Product length (bp),” which has 
the default value of 5000 bp—allows the user to define the 
maximal size of the expected PCR product; any amplicons 
larger than a defined value will be filtered out.

 – “PCR product prediction,” which has the default value of 
checked—to search for primer binding sites without further 
analysis of potential PCR fragments this option should be 
disabled.

 – “Circular sequence”—in the analysis of circular molecules 
(plasmid, mitochondrial or plastid DNA, etc.) the primers can 
produce one or two amplicons.

 – “C >> T bisulphite conversion”—design of specific PCR 
primers for in silico bisulphite conversion for both strands of 
bisulphite modified genome sequences; only cytosines not 
followed by guanidine (CpG methylation) will be replaced by 
thymines.

 – “Restrict analysis for F/R primer pairs”—this option is used 
for analysis of primer lists, where each primer pairs are united 
by the common name. Similar analysis can be carried out for 
primers with the same names or with names that differ in the 
last letter—F/R. The program will recognize paired primers 
(Forward as F and Reverse as R). For this type of analysis, 
primers from the same pair(s) must have identical names and 
finish with “R or F” (e.g., “seq1R” and “seq1F” form a pair). 
The name length and structure (including “F” and “R” inside 
names) are not important. Moreover, the program is not lim-
ited in one unique pair per primer: for one “Forward” primer, 
there can be several “reverse,” and the same for the “Reverse” 
primer. The searching of potential amplicons will be carried 
out only for these primer pairs, while other primers from list 
will be ignored.

4.4 In Silico PCR 
Application Settings

Ruslan Kalendar et al.
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The additional configuration settings allow optimizing the primer or 
probe binding site search and increasing the representativeness of the 
results. This is mainly determined by the following parameters:
 – “Show all matching for primers alignment,” checked by 

default—the software shows all matches of stable binding 
primer to the target. Not in all cases the combinations of prim-
ers are able to produce the PCR products in the current assay 
conditions, but the user can examine the stability of primer 
binding sites, orientation and coordinates in the target.

 – “Show alignment only for matching primers for PCR prod-
uct”—in the previous option all primer binding sites were rep-
resented, while in this case the analysis of primer and target 
alignment will be shown only for matching primers.

 – “Show only amplicons lengths”—checking this option allows the 
user to collect only amplicons’ lengths without analysis of primer 
and target alignment. This option is recommended for in silico 
PCR of whole genomes, including analysis of all chromosomes 
with highly abandoned repeated sequences (in silico PCR for 
techniques based on repeats: iPBS, IRAP, ISSR, or RAPD).

The main search criteria for primer binding sites that the users 
can select into the “Pre-designed Searching Options” tab are:

 – “Default criteria searching”—K-mers = 9 nt with up to a single 
mismatch at the 3′ termini (single mismatch within K-mers) 
and at least 15 bases complementarity for primers longer than 
14 nucleotides. The “Default criteria searching” is recom-
mended for searching of primer binding sites, because this pro-
vides the most effective and fastest searching and minimizes 
false positives. This criterion is also recommended when using 
degenerated target DNA or/and primers.

 – “Strong criteria searching”—K-mers = 12 nt with a single mis-
match at the 3′ termini and at least 15 bases complementarity for 
primers longer 14 nucleotides. The “Strong criteria searching” is 
recommended when it is necessary the fast searching of primer 
binding sites with minimum mismatches at the 3′ termini. 
Seldom, when primer sequences or target DNA are degenerate 
and when using the “Strong criteria of searching” no primer 
binding sites are revealed. In this case, it is necessary to use the 
“Sensitive criteria searching” and “Degenerated sequence.”

 – “Sensitive criteria searching”—K-mers = 7 nt with a maximum 
of two mismatches at the 3′ termini (single mismatch within 
K-mers) and at least 15 bases complementarity for primers lon-
ger than 14 nucleotides.

 – “Degenerated sequence”—K-mers = 7 nt with a maximum of 
three mismatches at the 3′ termini and at least 15 bases com-
plementarity for primers longer than 14 nucleotides.

4.5 Additional 
Options Relating 
to Representation 
of Results

In Silico PCR Tools for a Fast Primer and Probe Searching
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In some cases, the user can use the option of “Probe search” 
or “Advanced (Linked) search.”

The “Probe search” helps the user to execute searching of 
binding sites not only for primers but also for probes (TaqMan, 
molecular beacon, microarrays, etc.). By default, the K-mers value 
is set equal to 9 with up to a single mismatch within K-mers. 
However, if the probe length is less than 9 and more than 3, the 
length of the K-mers will be set equal to the probe’s length. This 
option is recommended when primer binding sites were not found 
or for searching of binding sites of probes for which the comple-
mentarity is expected only for part of the sequence (e.g., in “molec-
ular beacon,” where both termini do not have complementary 
regions to the target).

The “Linked (Associated) search” is a programmable search-
ing that can be used when binding sites for primers or probes are 
searched within a determined distance. This criterion is described 
in detail below.

Running in silico PCR analysis with the FastPCR is a stepwise pro-
cess. The user has the ability to set all possible parameters required 
to run in silico PCR analysis interactively:

 1. Select a task type at the ribbon—“in silico PCR”.
 2. Input user data.
 (a)  The entire target sequences to be used for in silico PCR 

search should be pasted in the “Sequences” tab text area.
 (b)  The entire primers list sequences should be pasted in the 

“Additional sequence(s) or pre-designed primers (probes) 
list” tab text area.

 3. Choose an algorithm.
 (a)  By default—standard algorithm for matching of stable 

binding primer to the target searching.
 (b) Probe search.
 (c) Linked search.

 4. Set parameters.
 5. Run.
 6. Visualize results.

5 FastPCR as a Complete Solution for In Silico PCR Assay

To validate the software, the NCBI Eucariota database of genome 
sequences (https://www.ncbi.nlm.nih.gov/genome/browse/) was 
used as a target set to measure search performance and accuracy 
(false negatives and false positives). Primer and probe sequences 
from the retrotransposons sequence were obtained as query sets. 

4.6 In Silico PCR 
Analysis Steps

5.1 Example 
for Software 
Validation

Ruslan Kalendar et al.
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Primer combinations were extracted by using lengths between 12 
and 30 nt for the primers and probes, and a maximal length of 5,000 
nt for the “amplicon,” i.e., the distance between the start of the 
forward primer and end of the reverse primer.

The memory required depends only on the analyzed sequence 
length, because the program loads the entire sequence into RAM. The 
number of hybridization sites and amplicons produced relate directly 
to the time needed to perform the simulation (Table 2).

The time and memory have been tested using Intel® Core™ 
i7-4700HQ (2.4 Ghz) processor machine by running the software 
using complete genomic DNA sequences of different sizes with a 
list of primers with standard and degenerate bases, both for speci-
fied primers and targets.

The execution time is linearly proportional to the target 
genome size, from instant (for Arabidopsis thaliana genomes) to 
minutes (for the 3 Gb complete human genome). The RAM 
required is minimal (4 GB) for the complete human genome.

For in silico PCR analysis, the Java Web-based application or 
Windows FastPCR software is suitable, allowing the analysis of a 
set of sequences. Several simple in silico PCR examples may be 
found from the menu File: “in silico PCR example 1 & 2” and “in 
silico PCR, complex search.”

 1. Launch the jPCR server through http://primerdigital.com/
tools/pcr.html or from the desktop using the Java Web Start 
(JavaWS) command:

  javaws http://primerdigital.com/j/pcr.jnlp.

5.2 In Silico PCR 
Application:  
Example 1

Table 2 

Search times and total numbers of hits for degenerate primer pair corresponding to highly conserved 
peptide sequence of plant copia-type reverse transcriptase (RT) for several eukaryotic genomes from 
EMBL-EBI database

Genome

Size in Mb, 
(total amount 
of files) Time (s)

Number of 270–281 bp amplicons, which were 
found based on optimal searching criteria with 
400 bp limit

Arabidopsis thaliana 126 (9) 10 1

Brachypodium distachyon 275 (6) 17 5

Oryza sativa 380 (12) 25 13

Sorghum bicolor 545 (10) 35 10

Glycine max 965 (20) 60 18

Solanum pennellii 1006 (14) 70 14

Zea mays 2100 (18) 135 22

Homo sapiens 3140 (24) 195 0

In Silico PCR Tools for a Fast Primer and Probe Searching
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 2. Prepare the target sequences. The FASTA format is recom-
mended as the most convenient for storage and use of genomic 
sequences.

For the beginning, the list of query primer(s) should be pre-
pared in FASTA format or as a table (table from Microsoft Office 
documents or Excel worksheets) or only as bare sequences without 
spaces between letters:

ITS1 TCCGTAGGTGAACCTGCGG

ITS2 GCTGCGTTCTTCATCGATGC

ITS3 GCATCGATGAAGAACGCAGC

ITS4 TCCTCCGCTTATTGATATGC

ITS5 GGAAGTAAAAGTCGTAACAAGG

KAN2-FP ACCTACAACAAAGCTCTCATCAACC

KAN2-RP GCAATGTAACATCAGAGATTTTGAG

L_SP6 TCAAGCTATGCATCCAACGCG

L_T7 TAGGGCGAATTGGGCCCGACG

The first column indicates primers’ name, while the second 
column contains primers’ sequence. This is the most convenient 
format for storage and use of primers in such studies. Within 
 primers’ sequence, spaces and no DNA letters are allowed. The 
primers’ name can contain any characters, including only space. 
Furthermore, the names of the primers can be the identical.

FASTA format, which has a description line starting with the 
“>” sign followed by a plain DNA sequence, is the widespread 
format for storage and processing of DNA sequences:

>ITS1
TCCGTAGGTGAACCTGCGG
>ITS2
GCTGCGTTCTTCATCGATGC
>ITS3
GCATCGATGAAGAACGCAGC
>ITS4
TCCTCCGCTTATTGATATGC
>ITS5
GGAAGTAAAAGTCGTAACAAGG
>KAN2-FP
ACCTACAACAAAGCTCTCATCAACC
>KAN2-RP
GCAATGTAACATCAGAGATTTTGAG
>L_SP6
TCAAGCTATGCATCCAACGCG
>L_T7
TAGGGCGAATTGGGCCCGACG

Ruslan Kalendar et al.
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 3. Upload the FASTA file from the selected location, copy and 
paste, type or import from file(s). The entire target sequences 
to be used for in silico PCR search should be entered in the 
“Sequences” tab text area and the primers list sequences should 
be pasted or loaded from a file in the “Additional sequence(s) 
or pre-designed primers (probes) list” tab text area. If the tar-
get sequences or primers list are recognized by the program, 
the software will rapidly indicate features for these sequences, 
such as format, length, СG% content and Tm.

 4. Select the “in silico PCR” ribbon. Optionally, users can specify 
searching options: stringency and PCR product detection 
options. At the stringency options, users can specify the number 
of mismatches that primers are allowed at the 3′ end. The default 
specificity settings are for a maximum of two mismatches within 
the 3′ end of the primer. These mismatches within the 3′ end of 
the primer should not be located close to each other.

 5. To execute the searching task click F5 or Run in the drop- 
down menu.

Once the in silico PCR analysis is complete, the result will appear 
in the third Result text editor tab, In silicoPCR Result, when any 
targets have been found from the designated genome or sequences.

The results in the In silico PCR Result text editor reports the 
specificity of the primers (locations, including target position, simi-
larity, and Tm), summary of primer pairs in relation to the PCR 
template, as well as detailed information on each primer pair, their 
length and Ta (Fig. 2).

The description line of a primer begins with “In silico Primer(s) 
search for:” followed by the target name and the FASTA descrip-
tion of the target genome sequence. The description line of a 
 template begins with a “>” sign followed by its identification. A 
query primer begins without a “>” sign followed by its identifica-
tion, including their original sequence. It will show target-specific 
primers if found, and the actual targets will be listed along with 
detailed alignments between primers and targets.

Features of the individual reports of the query primers include 
representation of their alignments with the target sequence. The 
actual target fragments will be listed along with detailed align-
ments and linked query sequences, as well as with detailed infor-
mation on each query sequence, including locations on target 
position and its similarity (Fig. 2).

The alignment of query primers to their target template will be 
shown along with their starting and ending coordinates. Nucleotides 
on the template which perfectly match with the aligned query are 
embodied by a vertical bar and those mismatched nucleotides are 
given as a colon (at least similarity 60%) or by a space.

The products are grouped by the target template where they are 
found in. One or multiple products can be found with product size 

5.3 Results 
Interpretation

In Silico PCR Tools for a Fast Primer and Probe Searching
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and annealing temperature (Ta), including original primer sequences 
in FASTA format and position and orientation on the target.

Depending on the task, the user can get full information about 
all potential primer binding sites within the DNA target and PCR 
template. For whole genome analysis, a similar approach can be 
redundant. In this case, the summary of each primer pair and the 
length of amplicons will be enough.

Fig. 2 In silico PCR detailed result for example 1 is shown. The primer-template binding is shown with the 
presence of mismatches, coordinates on target DNA and its similarity and Tm. It will show target-specific prim-
ers if found, the actual targets will be listed along with detailed alignments between primers and targets. If the 
potential amplicons for primer pairs in relation to the PCR template were found, the detailed information on 
each primer pair, its length and Ta would be shown

Ruslan Kalendar et al.
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Results can be saved using the “Save as” function in the menu 
File or can be copied and paste to any text editor, such as 
Notepad++ (https://notepad-plus-plus.org/), for further study.

In silico Primer(s) search for: 1
1 5'-gcttgtcctcaagcgaaaassa

Position: 251->272    89% Tm = 57.8°C

5-gcttgtcctcaagcgaaaassa->
||||||||||||||||:::::|
tcgcttgtcctcaagcgarrrnnaagtg

Position: 285->306    86% Tm = 57.8°C

5-gcttgtcctcaagcgaaaassa->
||||||||||||||||::::::
tcgcttgtcctcaagcgawrwnnratcc

2 5'-cgcagcgttctcataaggtcr

Position: 1074<-1094    95% Tm = 58.5°C

<-rctggaatactcttgcgacgc-5
::|||||||||||||||||||
cgssaccttatgagaacgctgcgacgc

>1 251->272
5'-gcttgtcctcaagcgaaaassa
>2 1074<-1094
5'-cgcagcgttctcataaggtcr
PCR product size: 844bp Ta=66°C

>1 285->306
5'-gcttgtcctcaagcgaaaassa
>2 1074<-1094
5'-cgcagcgttctcataaggtcr
PCR product size: 810bp Ta=66°C

To obtain genome sequence data, the entire genome sequence 
content of the EMBL-EBI database or any other genome data-
bases source has to be downloaded in a FASTA format into local 
folders on your computer.

 1. Access the EMBL-EBI database through http://www.ebi.
ac.uk/genomes/eukaryota.html or collect a plant genome 
sequence from publicly available databases, such as NCBI 
(https://www.ncbi.nlm.nih.gov/genome/browse/).

 2. Select the download format and, optionally, customize the 
FASTA header.

5.4 In Silico PCR 
Application:  
Example 2

In Silico PCR Tools for a Fast Primer and Probe Searching
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 3. Click on any file from the folder in the File Menu or select 
Working with all files from folder (Ctrl-J) to enter the entire 
target genome sequences in the “Sequences” tab without 
opening to Editor.

 4. The degenerate primer pair corresponding to highly conserved 
peptide sequence of plant copia-type reverse transcriptase (RT):

>RT+(QMDVK)
5′-CARATGGAYGTNAARAC
>RT-(YVDDML)
5′-CATRTCRTCNACRTA

should be pasted into the “Additional sequence(s) or pre- 
designed primers (probes) list” tab text area.

 5. Select the “in silico PCR” ribbon. The default specificity settings 
are set to a maximum of two mismatches within the 3′ end of 
the primer. These mismatches should not be located close to 
each other. Set the “Maximal PCR product length (bp)” equal 
to 1000 and select the “Show only amplicons lengths.”

 6. To execute the searching task click F5 or Run in the drop- 
down menu.

Results from the analysis of the human and of some plant 
genomes are represented in Table 2. For the human genome, these 
primers cannot be used due to strong differences in the sequence 
of the Reverse Transcriptase gene from animals and plants, which 
explains the absence of amplicons for the human genome.

The analysis’ summary information, including amplicons, their 
length and Ta, will be presented for each file separately (nuclear 
DNA, plastid and mitochondrial DNA) (Fig. 3). For the present 
example, the length of the amplicons ranged from 270 to 281 bp, 
which corresponds to the expected value.

Similar to this example, the in silico PCR can be carried out for 
whole genome analysis as well as for any other tasks, such as in 
silico RAPD or other methods, based on using repeat DNA 
sequences. Also, it is likely to be suitable for genotyping or DNA 
fingerprinting, by using random primers for retroelements from 
published genomes.

Furthermore, a similar analysis can be carried out for detecting 
sequences inserted into plasmid vectors after DNA sequencing. 
based on the ends of the inserted sequence. For this, instead of 
using primers, one may use small sequences flanking the insertion 
or within the insertion. In this case, the “Probe search” option 
should be applied.

The in silico PCR is one example of sequence similarity searching, 
in which primer sequences are placed at a certain distance and ori-
ented to each other.

5.5 Programmed 
(Linked, Associated) 
Searching

Ruslan Kalendar et al.
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Programmed (also known as Linked or Associated) searching 
(LS, Linked search) allows us to carrying out the advanced search-
ing of primer-template binding sites for any cases, including in 
silico PCR primers or probes searching. In this kind of analysis, the 
primer-template binding sites search (for single or more primers or 
probes) is performed based on a predetermined distance between 
primer annealing sites. The Linked search is able to solve any 
problems that are associated with primer-template binding sites 
searching, and the in silico PCR is only one of these tasks. For simi-
lar tasks, the only difference between in silico PCR primers or 

Fig. 3 In silico PCR detailed result for example 2 is shown

In Silico PCR Tools for a Fast Primer and Probe Searching
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probes searching and the Programmed searching is the representa-
tion of the results. Also, in contrast to in silico PCR, the Linked 
search is unspecified and allows sequences of different length (from 
4 nt up).

In the in silico PCR example 2, two degenerate Copia-type reverse 
transcriptase RT primers were used for in silico PCR search with 
expected amplicons from 200 to 300 bp:

>RT+(QMDVK)

5′-CARATGGAYGTNAARAC
>RT-(YVDDML)
5′-CATRTCRTCNACRTA

This task can also be solved by Linked search. For this, the 
sequences of both primers should be rewritten in a single line with 
indication of the expected distance between them:

>RT+(QMDVK)_RT-(YVDDML)

CARATGGAYGTNAARAC [200–300] TAYGTNGAYGAYATG

In this example, the Forward primer (5′-CARATG-
GAYGTNAARAC) is written on the left, followed by the expected 
distance between primer-template binding sites ([200–300]) and 
then the Reverse primer (5′-CATRTCRTCNACRTA) represented 
in the complementary sequence (TAYGTNGAYGAYATG).

After the Linked search is performed, the local alignment of 
query sequences (primers) and target DNA sequence between 
primer-template binding sites is presented (Fig. 4):

atcaaatggatgtcaagtcggccttct/../tgatcgcat-
gcttatatgtagatgacttgat

In silico Primer(s) search for:

C:\Users\Genomes\Arabidopsis\AE005172. 
fasta//arabidopsis thaliana chromosome 1 top 
arm, complete sequence:

>RT+(QMDVK)_RT-(YVDDML)
CARATGGAYGTNAARAC[200-300]TAYGTNGAYGAYATG

Position: 3783885->3784160    75%
5-CARATGGAYGTNAARAC  TAYGTNGAYGAYATG->
||||||||:|| ||: | ||:|| ||:||| ||

atcaaatggatgtcaagtcggccttct/../ 
tgatcgcatgcttatatgtagatgacttgat

This way, the complete sequence of the target DNA fragments 
between primer-template binding sites can be obtained, a feature 
that is unavailable in the in silico PCR. For the presented example, 

5.6 Example 
of an Alternative Way 
of In Silico PCR 
by Linked Search

Ruslan Kalendar et al.
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the complete sequence of the Arabidopsis reverse transcriptase 
pseudogene could be obtained, with the primer-template binding 
sites highlighted in bold:

atCAAATGGATGTCAAGTCggccttcttaaatggagatctt-
gaagaagaagtttacattgagcaaccacaaggctacatagt-
caaaggtgaagaagacaaagtcttgaggctaaaaaaggtgctt-
tatggattaaaacaagccccaagagcttggaatactcgaatt-
gacaagtatttcaaggagaaagatttcatcaagtgtccatat-
gagcatgcactctatatcaaaattcaaaaagaagatatatt-
gatcgcatgcttaTATGTAGATGACTTGat

Fig. 4 In silico PCR Linked search detailed result for the search of two degenerate Copia-type reverse tran-
scriptase (RT) primers in Arabidopsis genome is shown

In Silico PCR Tools for a Fast Primer and Probe Searching
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In the prediction of possible PCR amplicons obtained with 
two primer pairs, there are tasks required for when two or more 
different sequences are linked together. For the in silico PCR, the 
necessary condition to form a PCR amplicon is the existence of 
two primer binding sites on complementary DNA strands, which 
are located at a certain distance and orientation relative to each 
other. However, primers can be different or equal nucleotide 
sequences, with complete or partial complementarity.

In LAMP, strand displacement-type DNA amplification, tem-
plate nucleic acid strands are mixed with three or four nested 
primer pairs [3, 25]. The analysis of LAMP primers/template 
match is necessary to control eff icient assay amplification. The 
Linked search can be used to predict the match of existing primer 
sets and to determine if a newly discovered sequence variant can be 
amplified with the existing primers. Linked search of primers 
allows users to quickly determine if designed primers will work 
with genome homologically related sequences, consensus or 
repeated sequences. Therefore, the LAMP assay with three or four 
nested primer sets cannot be easily analyzed with conventional 
PCR simulation software.

In Linked search, the complementarity of primer-template 
binding sites searching criteria are determined by the features of a 
given region and type of searching (template). Therefore, in con-
trast to the primer-template binding sites search, the strong com-
plementarity of the 3′-termini of the sequence is not required for 
the probe-template binding sites searching.

The in silico searching and extraction from the plant genomes of 
the LTR-retrotransposon Cassandra sequences is as an example of 
Linked search utilization. The Cassandra retroelement LTR- 
retrotransposon, universally carries conserved 5S rRNA sequences 
and associated RNA polymerase III promoters in their long termi-
nal repeats (LTR), and are found in all vascular plants investigated. 
The use of conservative sequences for all LTR-retrotransposon 
Cassandra allowed us to find new copies of this retrotransposon in 
plant genomes, and revealed the presence of the Cassandra LTR- 
retrotransposon in plant species not previously identified.

5S rRNA sequences from the Cassandra LTR-retrotransposon 
contains two conservative regions—boxA (RGTTAAGYRHGY) 
and boxC (RRRATRGGTRACY), separated by 18 nt. Furthermore, 
in the center of the Cassandra LTR-retrotransposon, it is located a 
conserved segment, the PBS sequence (TGGTATCAGAGC). 
Within PBS (primer binding site), located near to the 3′ end of the 
5′ LTR, there is a 12–18 bp sequence, complementary to the 3′ tail 
of some tRNA.

The PBS of the Cassandra LTR-retrotransposon is located in 
the LTR at 8 bp from the sequence encoding the 5S rRNA for 
ferns and 173 bp or longer for Brassica species. For this reason, the 

5.7 Linked Search 
Example: Cassandra 
LTR Retrotransposon 
Searching
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search for the Cassandra LTR-retrotransposon sequence in plant 
and ferns genomes can be specified like:

>Cassandra_LTR_PBS
RGTTAAGYRHGY [15–25] RRRATRGGTRACY 
[5–200] TGGTATCAGAGC

To run the Linked search of the Cassandra 
LTR-retrotransposon:

 1. Click on any file from the folder or in the File Menu Working 
with all files from folder (Ctrl-J) to enter the entire target 
genome sequences in the “Sequences” tab without opening to 
Editor.

 2. The query degenerated sequences (5′ → 3′) corresponding to 
highly conserved sequence of plant the Cassandra TRIM LTR- 
retrotransposon in FASTA format:

>Cassandra_LTR_PBS
RGTTAAGYRHGY [15–25] RRRATRGGTRACY [5–200] 
TGGTATCAGAGC

should be pasted into the “Additional sequence(s) or pre- 
designed primers (probes) list” TAB text area.

 3. Select the “in silico PCR” ribbon and check “Linked 
(Associated) search”, no need to specify any other parameters.

 4. To execute the searching task click F5 or Run in the drop- 
down menu. The output results will be displayed in a new “In 
silico PCR result” tab. The running time for Linked search 
query can last up to a few minutes, depending on the length of 
the target genome.

Once the Linked search analysis is complete, the results will 
appear in the third Result text editor tab, In silicoPCR Result, if 
any targets have been found from the designated genome or 
sequences. Detailed results are reported in the Linked search text 
editor.

The actual target fragments will be listed along with detailed 
alignments, linked query sequences, as well as detailed information 
on each query sequence, including locations on the target and sim-
ilarity (Fig. 5).

The description line for a template begins with “In silico 
Primer(s) search for:”, followed by the file name and the FASTA 
description of the target genome sequence (chromosome number, 
version of the assembly, and GenBank accession number). A query 
sequence begins without a “>” sign followed by its identification, 
including their original sequence.
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The alignment of the query sequence to the target template 
will be shown along with its starting and ending coordinates. 
Nucleotides on the template that match perfectly with the aligned 
query are embodied by a vertical bar and mismatched nucleotides 
are given as a colon (at least similarity 60%) or by a space.

These result can be saved using the “Save as” function in the 
menu File or can be copied and paste to any text editor for further 
data analysis.

Fig. 5 In silico PCR Linked search detailed result for the example Cassandra LTR retrotransposon searching 
is shown

Ruslan Kalendar et al.
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atagttaagcgtgcttgggctagagtagtttcacgataggt-
gaccttccggga/../gggcgttacaagtggtatcagagccaaa

In silicoPrimer(s) search for: AE005173.
fasta//ENA|AE005173|AE005173.1Arabidopsis 
thalianachromosome 1 bottom arm, complete 
sequence.

1 5'-RGTTAAGYRHGY[15–25]RRRATRGGTRACY[5-200]
TGGTATCAGAGC

Position: 1172475<-1172249    83%

5-RGTTAAGYRHGY RRRATRGGTRACY TGGTATCAGAGC->
||||||||: || |::||||||:||| ||||||||||||

atagttaagcgtgcttgggctagagtagtttcacgataggt-
gaccttccggga/../gggcgttacaagtggtatcagagccaaa

6 Perspectives for Further Development

Like the Linked search example represented above (Cassandra 
LTR retrotransposon searching) similar investigations can be per-
formed to reveal closely related sequences of genes or genetic ele-
ments in eukaryotic and prokaryotic species.

The possibilities of this analysis have a wide application and can 
be useful to solve many different tasks. The results can be directly 
used for analysis or for further steps of investigation. The above 
examples disclose the basic idea, possibilities, potential and limita-
tions of this approach.

For further development, the approach should consider all 
possible research directions and methodological techniques. For 
example, the tools for DNA sequence analysis after restriction 
digestion or nickase treatment should be added.

For this reason, more tools should be developed to increase 
opportunities of the programmable searching, with addition of 
functions and subtasks, such as the use of advanced features of 
language LINQ (Language-Integrated Query) that extend query 
capabilities, and provide easily learned patterns for querying and 
updating data. Furthermore, this technology can be extended to 
support potentially any kind of data stored.
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