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Abstract

Summary: Designing PCR primers for amplifying regions of eukaryotic genomes is a complicated
task because the genomes contain a large number of repeat sequences and other regions unsuit-
able for amplification by PCR. We have developed a novel k-mer based masking method that uses
a statistical model to detect and mask failure-prone regions on the DNA template prior to primer
design. We implemented the software as a standalone software primer3_masker and integrated it

into the primer design program Primer3.

Availability and implementation: The standalone version of primer3 _masker is implemented in
C. The source code is freely available at https://github.com/bioinfo-ut/primer3_masker/ (standalone
version for Linux and macOS) and at https://github.com/primer3-org/primer3/ (integrated version).
Primer3 web application that allows masking sequences of 196 animal and plant genomes is avail-

able at http://primer3.ut.ee/.
Contact: maido.remm@ut.ee

Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction

Second generation sequencing technologies have tremendously increased
the list of sequenced genomes. Consequently, specific PCR primers are
frequently needed for amplifying certain regions from a wide range of
organisms. Increasingly popular is sequencing of various non-model or-
ganisms such as marine invertebrates and various plants (Cannarozzi
et al., 2014; Picq et al., 2014; Sanseverino et al., 2015; Suresh et al.,
2014). Most of these organisms have large genomes with a high fraction
of repetitive sequences. When amplifying regions from large eukaryotic
genomes, the PCR primer failure rate is a notable problem. In our previ-
ous work, we have shown that the best predictor for PCR failure is the
number of potential primer binding sites (Andreson et al., 2008). To ad-
dress the problem of non-specific binding sites, the primer design for
large genomes typically requires executing independent software (Fig. 1,
paths A and B) that either masks the unsuitable genomic regions prior
to primer design (Andreson et al., 2006a,b; Bedell ez al., 2000; Morgulis
et al., 2006) or runs a homology search after the design process to ex-
clude primers with non-specific binding sites (Ye ez al., 2012). However,

running two or more different programs is inconvenient and often does
not justify itself. Also, generic homology search software is not opti-
mized for searching primer binding sites from large genomic sequences
and do not account for the asymmetric properties of primer sequences
(matches to primer 3'-end are scored similarly to primer 5'-end despite
their different binding properties on template DNA).

Other possible approaches for avoiding primers with non-specific
binding sites are the use of species-specific mispriming libraries, which
are integrated into Primer3 for a handful of model organisms (human,
rodent and Drosophila; Fig. 1, path C), or the use of a built-in search
for mispriming on template DNA while inputting the whole genome
as the template. Neither of those choices is optimal since the former
takes account only the repeats that have previously been discovered
and the latter is very inefficient and time-consuming, particularly if
the thermodynamic modelling of binding sites is enforced. Thus, a
more efficient solution is required.

We have created a k-mer based software primer3_masker that
masks the regions of template DNA that correspond to the binding sites
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Fig. 1. Alternative methods for primer design and validation. Previous solu-
tions for designing genomic primers require multiple steps (paths A-B) or
species-specific mispriming library (path C). Primer3 with the novel masking
function (path D) allows designing of PCR primers in only one step (for spe-
cies that are covered with pre-made lists)

of the primers likely to fail in PCR reaction and integrated this function-
ality into Primer3 source code. We also provide pre-generated k-mer
lists for 196 fully sequenced animal and plant genomes. We can provide
help with generating lists from user-provided genome sequences.

2 Implementation

In our current work, we simplified our previously developed statis-
tical model for prediction of PCR primer failure rate (Andreson
et al., 2008) by including only the frequencies of k-mers in a given
genome as predictors. We implemented it in a software that can
mask regions in DNA sequences based on their predicted failure rate
in PCR. Using k-mers for modelling PCR primer binding sites pro-
vides a good compromise between speed, model complexity and
model accuracy. The predictive value of the model was tested on the
same experimental dataset and the same methodology as used previ-
ously (Andreson et al., 2008) and found to perform similarly to pre-
viously described models (Supplementary Fig. S1).

The probability of PCR failure Py for a given position in a gen-
ome sequence is calculated with the formula

6—4.336 +0.1772 x K114 0.239 x K16

= 1+ e—4.336+0.1772 x K11+0.239 x K16

Py

where K16 and K11 are natural logarithms of the respective genome-
wide frequencies of the 16-mer and the 11-mer overlapping with the
given position in their 3’-end (see Supplementary Fig. S2). K16 and K11
are retrieved from pre-built sorted k-mer frequency lists. Building of
k-mer lists for newly sequenced genomes can be easily automated using
the previously published GenomeTesterd software package (Kaplinski
et al., 2015). We have prepared k-mer lists for 196 genomes.

For masking, the sliding window with step 1 and length 16 is
used. The k-mer frequencies K16 and K11 are retrieved from the lists
and Py is calculated for each window. If P, exceeds the cut-off (de-
fault=0.10), then by default the 3’-end nucleotide in a given window
is masked (Supplementary Fig. S3). All parameters including the full
failure rate model can be adjusted. The standalone masker can mask
up to 200 000 nucleotides per second on mid-range server hardware.

The same algorithm was integrated into the source code of a popular
primer design software Primer3 (Untergasser ez al., 2012), allowing tem-
plate masking and primer designing as a single-step process. Primer3 al-
ready has the functionality that allows using soft-masked template in
the primer design (Koressaar and Remm, 2007). We added the function-
ality of masking the template DNA, as well as ordering the primer pairs
in the final output according to their P values. All other design steps re-
mained unchanged. In the integration process, we introduced six new

global parameters to Primer3 (Supplementary Table S1). The masking
feature is available from Primer3 core version 2.4 and web version 4.1.

3 The extent of masking in different genomes

The fraction of nucleotides that are masked is dependent on the or-
ganism and the cut-off value of Py At the default value Py = 0.10,
44% of human genome is masked, whereas plant genomes are
masked even more excessively: 76% of nucleotides in wheat and
71% in maize genomes are masked (Supplementary Table S2). The
effect of Pyon masking of different genomes is shown in Supplementary
Table S3 and Supplementary Figure S4. Standalone primer3_masker
allows masking more than one nucleotide per window. This option can
increase the reliability of designed primers at the expense of decreasing
the usable fraction of the genome. Masking the entire window of 16
nucleotides increases the fraction of masked nucleotides typically by
10-20% (Supplementary Table S4). Examples of the masking ex-
tent and style of primer3_masker and RepeatMasker are shown in
Supplementary Table S2 and Supplementary Figure S5.

4 Conclusions

The main strengths of primer3_masker are: (i) repeat detection is
based on a statistical model, designed specifically for the identification
of regions that might be problematic in PCR; (ii) repeat detection is
based on k-mer frequency and can be easily applied for any sequenced
genome; (iii) integration with web-based primer design software.
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