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1. Introduction to Amplicon

Amplicon is a software package for designing PCR primers on known DNA sequences (Jarman, 2003).  Its main feature that distinguishes it from most other primer design software is that it allows the user to design primers on multiple sequence alignments.  This is useful when PCR primers are being designed to amplify from one sequence, but not from homologous sequences.  Example applications include the designing of allele-specific PCR primers, species-specific PCR primers, or group-specific PCR primers that generate an amplicon from taxa in a given group, but not from taxa in other groups (e.g. Jarman et al., 2002).  Amplicon can also be used to design primers on single sequences just like any other primer design software.

      To use Amplicon to compare an allele for a gene to be PCR amplified with alleles that explicitly should not be amplified, a multiple sequence alignment containing aligned DNA sequences for 'target' and 'non-target' alleles should be generated.  The aligned data can then be viewed in Amplicon, which highlights regions of the target allele that may form good primer binding sites and which are different from homologous regions in the non-target alleles.  An example of this kind of primer design is included in section 2 and the file in the Amplicon package ('Amplicon Example 1.aln').   Once potential primer binding sites are chosen, the appropriate oligonucleotide primers can be checked for Tm, excessive self-complementarity, hairpin loop formation and primer - primer complementarity.

An especially useful feature of Amplicon is its ability to handle 'degenerate' sites in DNA sequences.  These sites allow for the possibility that different bases could occur at a given position in a DNA sequence (see http://www.chem.qmul.ac.uk/iupac/misc/naabb.html for details).  For example, the character 'Y' indicates that either pyrimidine base, 'C' or 'T' could occur at that site.      

      Amplicon deals with these possibilities by calculating all possible combinations of real sequence that could occur for regions of DNA sequence that have degenerate sites.  Degenerate sequence handling is especially useful when designing 'group specific' PCR primer sets.  An additional feature of Amplicon that makes this possible is that it can process sequences with ‘gaps’ in them, such as those generated by multiple sequence alignments.  Amplicon reads multiple sequence alignment files, which are a good way of comparing orthologous DNA regions found in different groups of organisms.

      Degenerate site handling is necessary when PCR primers are being designed for amplifying orthologous DNA regions from different species because they may have to be placed at sites which vary between species in the target group.  If it is also necessary to design primers that exclude from amplification the DNA of non target groups, then representation of the possible DNA sequences at the orthologous site in the excluded group is also required.  An example would be where a species-specific PCR primer set is being developed in order to detect DNA from a target species.  In this case, none of the possible primer binding sites in taxa related to the target species should bind the primers.  Amplicon can allow an assessment of this and an example of this sort of PCR design is given in section 3 and the file 'Amplicon Example 2.aln.'

      Amplicon can interact with other molecular biology software via saved files.  The most useful package to have as well as Amplicon is ClustalX  (Thompson et al., 1994; Thompson et al., 1997; http://www-igbmc.u-strasbg.fr/BioInfo/ClustalX/Top.html).  This package produces multiple sequence alignments (.aln files) for sets of homologous DNA sequences.  Amplicon can then read and display these alignments for primer designing.  Amplicon can write Clustal files after the user has altered them, which may be useful for realigning sequences.  This feature is also useful for generating multiple sequence alignment files that contain only a portion of the original alignment.  This allows determination of the inter-species information  content of the amplicon produced by a primer set for a given group of taxa if the amplicon is intended for use as a species identification tag.  An example of this kind of analysis is given in section 4 and with the accompanying file 'Amplicon Example 3.aln'.  The portion of the alignment that falls between the primers can be saved and read by a phylogenetic analysis program such as MEGA (Kumar et al., 2001; http://www.megasoftware.net/), Phylip (Felsenstein, 1989,1993; http://evolution.genetics.washington. edu/phylip.html) or PAUP* (Swofford, 2003; http://paup.csit.fsu.edu/).  These programs will allow the user to determine whether the DNA region that is being targeted has enough information in it to distinguish between species in a target group.

      Amplicon includes a search functions for finding primers.  However, the sort of situations for PCR primer design that Amplicon is intended for normally reduce primer binding sites to a small number of possibilities and you will be better at choosing between these options than a computer can possibly be.  It is very useful to do a lot of reading about PCR primer design and strategies for choosing good primers.  Some useful reading that may help you to make good decisions are Hillis et al. (1996);  the PCR Jump Station (http://highveld.com/f/fpcr.html); and any other current molecular biology texts.

Amplicon is similar to some other software packages.  The only other package that is explicitly designed to assist with group-specific primer design is the web-based software PROBEmer (Emrich et al., 2003; http://probemer.cs.loyola.edu).  The standalone, freely available package FPCR (http://www.biocenter.helsinki.fi/bi/bare-1_html/manual.htm) is one of the few other programs that  handles degenerate sites.  The commercial software Oligo (http://www.oligo.net/) is similar to Amplicon in that it provides a graphical interface.  It has several nice features, but it does not handle group-specific primer design or degenerate codes and, of course, is not cheap to buy.   The website Primer 3 (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi) is good for general purpose PCR primer design.  The website ‘MELTING’ calculates oligonucleotide Tm from nearest neighbour base sequence (http://www.pasteur.fr/recherche/unites/neubiomol/meltinghome.html).

Amplicon was written in the language Python 2.2. (http://www.python.org/) This is an open source, freely-available, cross-platform language.  Amplicon should run on any Windows, Linux or Mac platform that has the python interpreter and the Tkinter GUI package installed.  For Windows users, I have used Thomas Heller's py2exe program (http://starship.python.net/crew/theller/py2exe/) to bundle the python interpreter and Tkinter libraries into one package that can be run like any other Windows executable (.exe) program.  

2. A Simple Example: Allele-Specific PCR

As a simple case illustrating the use of Amplicon, the file 'Amplicon Example 1.aln' included with the Amplicon distribution can be opened.  The file contains sequences for two alleles of the human beta globin gene.  Inheritance of one leads to development of thallasemia, while the other is the wild type allele.  Imagine that the user wants to design a simple PCR test for amplifying the thallasemia allele.  To start using Amplicon, you generally need to open a Clustal (.aln) file.  To do this, go to the File menu on the main screen and choose Open Alignment File: 
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This brings up a window for opening files.  The default file format that Amplicon searches for is .aln, but it also reads .meg (MEGA) and .fas (FASTA) files or .txt files in FASTA format.  Options for showing only these files within a folder can be selected from the Files of Type: menu.   In this case, the file 'Amplicon Example 1.aln' is opened once the Open button is selected:
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Once a file is selected and opened, Amplicon will place the sequences and their names in the top two windows of its screen.  The user can then scroll through the list of taxa if it is longer than the space in the display using the vertical scrollbar.  The sequences can be scrolled using the horizontal scrollbar if longer than the display area.  Sequences can be selected by clicking on their names in the list.  In the example below, sequence 1 (B-thallasemia_L48220) has been selected and is highlighted by its blue background:
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If the user wanted to design a PCR primer set with one primer that would amplify from the B-thallasemia allele of human beta globin, but not from wild-type alleles, theB-thallasemia allele should be selected as the Target Group using the yellow button beneath the list of sequence names.  To get the wild type comparison, the wild type allele should be selected with the Excluded Group button.  This transfers each sequence into its appropriate analysis window, as shown below:
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The analysis window for the excluded group sequence display shows only the sense strand of the DNA (as given in the alignment file).  The target group sequence display shows the sense strand at the top and the antisense strand at the bottom.  Differences between the sense strands are highlighted.  The sequences in the analysis windows scroll along with the sequences in the alignment display.  In this case, there is only one difference between the sequences, which can be found by scrolling to the 3’ end of the start:
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The difference between the sequences highlighted by an orange background is a possible site for an allele-specific primer to bind.  A primer that binds across this indel in the B-thallasemia sequence at its 3' end is unlikely to efficiently prime from the wild type sequence in the excluded group window.  To select a primer binding site, the user uses the mouse and its cursor to select a region in the target group sequence (the region can be selected from either strand).  Holding down the select button on the mouse allows a range of sites to be selected.  Once the region is selected, clicking on the Primer for Forward Site button will highlight the region in green (for the forward primer), display the position in the alignment where the primer would bind, and copy the primer sequence into the forward primer entry box.  Sequences in this entry box can be edited if necessary before continuing with primer analyses.  For example, the potential binding of the primer to the excluded group site and the Tm of the primer when bound to its target site can be selected from the Analyses menu with the options Forward Primer / Excluded Binding and Forward Primer Tm: 
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The binding of the primer to the excluded group is clearly good except for the 3’ position.  This mismatch will normally be enough to stop efficient PCR priming if a stringent Tm is selected.  Note that the Forward Primer / Excluded Binding option scans the region around the primer binding site in the excluded group if there are gaps in the alignment.  This is to ensure that possible primer binding sites that were not properly aligned are not missed.  Other tests that can be done to ensure a primer will work well are to use the Analysis Menu options Forward Primer Self Complementarity and Forward Primer Hairpins:
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In this case, no significant hairpins or primer self complementarity were discovered, so the next step is to choose a reverse primer.  For an allele-specific PCR, we want the Tm of the oligos to be closely matched so that finding an optimal annealing temperature for the reaction will be easier.  One way to do this is to search for primer binding sites that would bind an oligo of similar Tm.  To do this, the Search Parameters option in the Settings menu is used.  We know from the previous analysis that the forward primer Tm is predicted to be about 65 – 68 ºC .  To find a compatible reverse primer, we would first change the search parameter for Tm of oligos to 65 (from a default of 60):
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Selection of Search for Reverse Primer Binding Sites from the Search Menu highlights the 3’ positions of sites that meet the search criteria.  These are highlighted on the sense strand in red for reverse primers and on the antisense strand in green for forward primers:
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There was only one compatible reverse primer binding site highlighted by this search.  An appropriate reverse primer can then be selected:
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Once the reverse primer is selected, the same tests for hairpin formation and self complementarity that were performed for the forward primer can be executed.  In this case, no significant results were found.  Options then also become available to analyse primer-primer complementarity and characteristics of the fragment that should be amplified:
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In this case, there are no significant primer dimmers or hairpins for either or both primers and the primers themselves are well matched in having a high predicted Tm, so this is likely to be a good primer set.  In this case, where a primer is being designed to be allele-specific, careful empirical optimization of Tm and magnesium conditions would be necessary to ensure discrimination between the beta-thallasemia and wild-type alleles. 

3. Example: species-specific PCR

PCR can be a powerful too for identifying tissues belonging to any given species.  A good strategy for developing species-specific PCR primer sets is to gather DNA sequences for one region from the target species and its near relatives.  Primers that should only bind to sequences unique to the species of interest can then be designed.  Amplicon can assist with this process by combining the sequences from the excluded group into one ‘possibilities’ sequence that uses IUPAC-IUB codes for the possible nucleotides occurring at given positions in the sequence.  Note that Amplicon also uses lower case characters here to denote sites that have a gap for some species.
      In the example below, aligned mitochondrial small subunit rDNA sequences from the Patagonian Toothfish Dissostichus eleginoides and a range of its near relatives are used to design primers for identifying D. eleginoides tissue.  The sequences were aligned in ClustalX and the .aln file created by ClustalX opened in Amplicon.  Once the alignment is opened, the sequences in the ‘excluded group’ can be combined into one degenerate sequence using the Create Possibilities Sequence option in the Sequences menu:
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This generates one sequence that represents the possible bases that can occur at any position in species other than the target species.  The possibilities sequence is then entered into the blue excluded group window with the Excluded Group button, while the sequence for Dissostichus eleginoides is entered into the target group window:
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Differences between the target and excluded group sequences form the basis for finding species-specific PCR primers.   Absolute differences are highlighted in orange.  Differences where one base may be a subset of another base, such as ‘C’ in one group and ‘Y’ (‘C’ or ‘T’) in the other group are highlighted in pink.  To search for primers that are different between groups, choose the appropriate option from the Search Parameters menu.  In this case, we also would prefer the 3’ end of the primers not to be degenerate:
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After searching for primer binding sites using both the Search for Forward Primer Binding Sites and Search for Reverse Primer Binding Sites, potential sites are indicated on each strand, the 3’ ends of the sites being indicated in green on the antisense strand and reddish on the sense strand:
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If fewer choices are preferred, the search conditions could be altered to make the minimum Tm higher, or the GC% range more stringent.  In this case, two good-looking primers were selected.  Both have 3’ ends that are unique to Dissostichus eleginoides as far as can be determined from this alignment.  The primer hairpin formation and complementarity tests described in the previous example did not reveal any likely problems, so this primer pair has a good chance of being useful to identify D. eleginoides mitochondrial DNA.

4. Example: group-specific PCR

There are circumstances in which PCR primers are required to amplify DNA from a group of organisms, but not from excluded groups.  Amplicon allows design for these types of primer sets by comparison of ‘possibilities sequences’ from both the target group and the excluded group.  In this example, group-specific PCR primers are being designed to amplify a DNA region from gammarid amphipods.  This is an enormously diverse group, so species-specific PCR primers for their identification would be unfeasibly laborious to develop.  The region of the nuclear LSU rDNA that is aligned here varies among species of amphipod (numbers 1 - 8 in the alignment) as well as having more major differences between all amphipods and related Crustacea from the orders Thermosbaenacea, Isopoda and Cumacea (sequence numbers 9-14). The first step in designing group-specific PCR primers with Amplicon is to use the Create Possibilities Sequence option in the Alignment menu to create target and excluded group possibilities sequences.  These are then transferred to the target and excluded group windows with the Target Group and Excluded Group buttons:  
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Searches for primer binding sites can then be performed from the Search menu.  It is always better to not have degenerate sites in the 3’ end of the primer, so option 4 from the Search Parameters section of the Settings menu is chosen:
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Gaps in alignments unique to a group are good indications of positions that make good primer binding sites for group-specific PCRs.  In the alignment shown below, there is a region which is unique to the target group of sequences (1 – 8) at its 3’ terminus and with many likely differences in the 3’ region as indicated by pink background.  A forward primer has been selected that should only amplify from gammarid amphipod DNA:
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At the other end of the alignment, a similar region is present for the reverse primer to bind to:
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Analysis of primer self complementarity and hairpin formation found these primers to be good.  Minor forward primer self complementarity was detected, but is unlikely to be detrimental to PCR efficiency.  In this case, primer complementarity was examined with the default option of detecting G:T 'wobble' double H-bond base pairings, indicated by the '≈' character, whereas G:C triple H-bonds and A:T double-bonds are indicated by '≡' and '=' characters, respectively.  The amplified fragment contains sequence variation, as shown by the number of degenerate sites in it:
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In this case, the variation in sequence of the region of gammarid DNA that is to be amplified can be very useful.  It may allow species identification of a wide range of species if the sequence of the target amplicon can be determined from PCR products.  To assess this,  Amplicon allows the portion of the alignment between the 3’ ends of selected primers to be saved for sequence similarity analysis in other programs.  If the ‘Save part of alignment’ option is selected after choosing Save Alignment from the File menu then only this region is saved.  The region can be saved in five formats, including three that can be loaded directly into phylogenetic analysis programs.  It is best to delete excluded group sequences and possibilities sequences from the alignment with the Cut Sequences option in the Sequences menu first.  In this case, the data is to be analysed by MEGA (Kumar et al., 2001):
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Neighbour joining analysis (Saitou and Nei, 1987) using the Kimura 2-Parameter model was performed on the aligned data for the gammarid fragment.  Bootstrap support (Felsenstein, 1985) for nodes was generated from 2,000 pseudoreplicate datasets.  This analysis shows that congeneric species are grouped reliably (although the genus Gammarus is apparently paraphyletic) and that there are sequence differences between congenerics.  This indicates that the sequence of this region may be useful for identifying gammarid amphipods:
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      Products of group-specific PCR may be used for denaturing gradient gel electrophoresis (DGGE) or  temporal temperature gradient gel electrophoresis (TTGGE) to separate PCR products from an environmental sample that have different sequences.  It is often desirable to add a 'G-C clamp' to one primer to improve the separation of fragments.  This is best added to the primer nearest the lower melting temperature regions of the fragment.  To decide which primer to add a G-C clamp to, a Tm plot of the fragment can be generated.  The Plot option in the settings  menu allows the length of the region over which Tm is to be calculated along the fragment to be set.  Regions larger than those for primer binding sites may better estimate the melting tendency of different parts of the fragment.  In the graph below, the 'sliding window' length in which Tm is calculated has been set to 40 and the Tm is plotted at the 5' end of each window position.  The plot is for a consensus sequence made for all eight of the gammarid amphipod sequences.  Minimum and maximum possible Tm for each position is shown:
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For a comparison, the other end of the amplified fragment is shown below, after choosing a scan in the opposite direction.  This 3' end has a lower Tm regions than the 5' end immediately adjacent to the reverse primer, so this may be the better primer to add a G-C clamp to in this case.  Note that Tm is not given for all sites in the graphs because some are too degenerate, even after setting the threshold for degeneracy to the highest limit.  Analysing the sequences individually might be more informative in such situations.
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5. The File Menu

Open Alignment File

Opens files of aligned DNA sequences.  Names are inserted into a list at the top-left of the screen.  The corresponding sequences are inserted into a scrollable text screen at the top-right.  Currently supported alignment file formats are: .aln,.meg,.fas and .txt(as FASTA format). 

Save Open Primer Analyses

Saves the contents of all open analysis windows into a single text file.  Saving this as a .txt file allows the analyses to be opened by any text editor or word processor for editing and printing.

Save Group Comparisons

Saves the contents of the target group and excluded group analysis windows to a .txt file.

Save Alignment

Saves the alignment seen on the screen of Amplicon.  The default is to save the whole alignment as a Clustal file.  If there are primer binding sites selected and the option for saving a portion of the alignment is chosen, then the defaut range values are automatically set to the positions of the 3' end of each primer

Quit Amplicon

Makes the program quit.

6. The Sequences Menu

Cut Sequences

Removes sequences from the display that are selected from the list.  If multiple sequences are to be selected, the <shift> can be held down to select a continuous range.  The <ctrl> key can be held down to select sequences from different parts of the list.

Paste Sequences

Inserts sequences removed fro the list with the Cut Sequences command.  Sequences are pasted just below the selected sequence.  

Create Possibilities Sequence

Creates a degenerate sequence from several selected sequences.  The sequence is appended to the end of the list of sequences. 

Create Consistencies Sequence

Creates a sequence containing only consistently present sites from several selected sequences.  The sequence is appended to the end of the list of sequences.  Non-conserved sites are dentoed with a '*'.

Tm plot

Plots the Tm of primer binding sites along the length of a sequence selected from the alignment display.  The length of the ‘sliding window’ and the direction in which it slides can be selected from the Plots option of the Settings menu.

GC% plot

Plots the GC% of primer binding sites along the length of a sequence selected from the alignment display.  The length of the ‘sliding window’ and the direction in which it slides can be selected from the Plots option of the Settings menu.

Return to alignment

Leaves either the Tm plot or GC% plot screen and returns the display to the alignment screen.

7.  The Search Menu

Options are provided for searching for primer binding sites.  The default parameters are fairly liberal, so it is may be useful to open the search settings at the same time to refine searches until a small number of binding sites are provided to choose among.

Search For Forward Primer Binding Sites

Searches for positions in the antisense strand of the target group that fit the criteria set in the Search Parameters dialogue of the Settings menu.  Primer binding sites that are within the set parameters are highlighted on the antisense strand only at their 3' end in green.

Search For Reverse Primer Binding Sites

Searches for positions in the sense strand of the target group that fit the criteria set in the Search Parameters dialogue of the Settings menu.  Primer binding sites that are within the set parameters are highlighted on the antisense strand only at their 3' end in a reddish colour.

8. The Primers Menu

This menu includes four options for analysing each primer by itself and two options for analysis of both primers.  Each analysis is presented in a separate window.  All forward primer analysis windows are green.  All reverse primer analysis windows are reddish.  Analyses for both primers are yellow.  The contents of analysis menus can be saved to a text file with the File menu's Save Open Primer Analyses option.

Forward Primer Tm

Calculates the Tm of the forward primer sequence in the forward primer entry box.  The Tm calculation method can be chosen in the Settings menu.  If a binding site is selected, the position of the primer in the alignment is given.  

Forward Primer / Excluded Site Binding

Compares the forward primer with complementary sites in the excluded group.  If there are an unequal number of gaps in the primer and the complementary site, then sites to either side of the direct binding position are also analysed in case the alignment process has skewed the position of sites that may bind the primer.  Binding effectiveness is estimated from the number of possible H-Bonds that can form becuase there is no reliable way to determine the Tm of mismatched oligonucleotides.  Apart from the normal Watson-Crick base pairs, G-T ‘wobble’ pairings are allowed.  These are currently given a ‘weight’ of one H-bond [make this user selectable ?].

Forward Primer Self Complementarity

Asseses the potential complementary binding formations of the forward primer.  The criterion for recognition of complementarity is the number of H-Bond that can form relative to the maximum possible number (complete complementarity).  Degenerate oligos are regenerated as single sequences and all possible combinations of each single sequence against itself and the other single sequences are tested.  Settings for the number of complementary pairs to return and the threshold for significant complementarity can be found in the Settings menu.   

Forward Primer Hairpins

Assesses the postential for the forward primer to loop back on itself, forming 'hairpin loops.'  The number of H-Bonds relative to the potential maximum is the criterion for recognition.  The minimum and maximum lengths of the unbound loop in the hairpin can be set in the Settings menu, along with threshold and number of hairpins to return.  All component sequences of degenerate oligos are analysed.

Reverse Primer Tm, Reverse Primer Self Complementarity, Reverse Primer / Excluded Site Binding, Forward Primer / Excluded Site Binding and Reverse Primer Hairpins as for their forward primer counterparts.

9. Settings Menu

Many parameters for the functions of Amplicon can be changed by selecting the appropriate section from the settings menu.  The dialogs from the settings menu each have an 'Enter' button, which must be pressed to change the settings to those entered in the boxes.  This design was chosen because it is often useful to have the settings dialogue for the function you are using open at the same time as accessing the function.  For example, if you wanted to see the effect of changing the Tm calculation algorithm for determining your primer's Tm, you can open the settings menu, Tm calculation and analyse your primer Tm with each of the possible algorithms.

Search Parameters

This menu allows the user to stipulate parameters for searches for primer binding sites on both strands of the target group sequence.  It is useful to keep this setting menu open, perform a search, and then refine whatever parameter you like (usually Tm) to reduce the number of primer binding sites returned.

Tm Calculation

The Tm of a DNA region is the temperature at which half of the DNA molecules in solution are present as double helices and half as single strands.  This is known to relate to the base composition of the DNA sequence and Tm can be determined empirically for any given sequence.  However, predicting the Tm of any untested sequence is surprisingly difficult.   Substantial effort has gone into developing universal models for  oligonucleotide Tm prediction because of its importance for PCR and oligonucleotide hybridisation design and no current method appears to be universally accurate.

      The best available methods are those that look at each base in a sequence and allow for its neighbour's effect on how that region of the double helix 'stacks.'  Several sets of parameters have been proposed for these 'Nearest Neighbour' calculations (Breslauer et al., 1986).  I have chosen the Allawi and Santa lucia (1997) set for Amplicon because it is the one with the best support from empirical evidence (Owczarzy et al., 1998).  Nearest neighbour Tm calculations with this set of parameters are the default option in Amplicon.  Tm is calculated by:



Tm = H /  S + R ln(c) – 273.15 + 12.0 log [Na+]


where: 
H = enthalpy (kcal / mol)



S = entropy (cal / K per mol)



R = gas constant (1.987 cal / deg / mol)



c =  molar concentration of the strands (set to 0.00025 in Amplicon)


 and H and S are calculated for each of the possible ten pairs of nucleotides, the

values having been determined experimentally by Allawi and Santa lucia (1997).

      The equation of  Howley et al. (1979) allows the effect of formamide concentration on oligo Tm to be calculated, so this option is included.  This formula is only accurate for oligos that are relatively long (> 25  bp).  Tm is calculated by:



Tm = 81.5 + 16.6 x log M + (41 x CG) - 500/L - 0.62  x F


where: 
M =  cation molarity



F  = formamide molarity



CG = the proportion of CG base pairs



L = oligo length



      The equation of Wallace (1979) is only accurate for short (17-22 mer) oligos.  It is very computationally quick, however, so if you need to analyse large numbers of individual oligos for a very degenerate sequence, this option will speed up the results.  Tm is calculated by:



Tm = 2(A + T) + 4(G + C)

Hairpin Tests

Allows the minimum and maximum length of hairpin loop to search for.  The number of hairpins to return and the threshold at which they are detected can also be set.

Primer Complementarity Tests

Settings for primer self complementarity, primer-primer complementarity, primer-excluded group binding and searches.  The maximum allowable degeneracy setting is important.  This can go as high as 256, but this is not recommended unless you are very patient or have a very fast computer.  For example, a 128-fold degenerate primer being tested for self-complementarity has to be checked in all 128 combinations as single sequences and all 128 primers are checked against all 127 other primers in the solution as well, leading to 16,512 combinations to check in what is a fairly slow process anyway (each combination is ‘slid’ past each other to look for H-bond combinations).  In practice, primers any more than 64-fold degenerate are not very useful anyway, so any setting above this is indicated in red.

      ‘Wobble’ base pairings between G and T residues can be recognized or not as chosen by the user.
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