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Single nucleotide polymorphisms (SNPs) are DNA sequence variations of a single base pair. They are the underlying
mechanism of most human genetic variation and etiology of many heritable human diseases. SNPs can be reliably de-
tected by amplification refractory mutation system PCR (ARMS-PCR). ARMS-PCR is based on allele-specific PCR

;?’EIL:E'PCR) primers that only amplify DNA samples with the target allele and do not amplify DNA samples without the

PR primer design target allele. In addition to the allele-specific mismatch at the 3’ end, ARMS-PCR introduces additional deliberate mis-
matches near the 3’ end of the allele-specific primers to further destabilize the non-specific binding and priming on
non-target alleles. This modification increases the specificity for SNP detection, but also increases the complexity of
PCR primer design. We developed ARMSprimer3, a Python program to automate the ARMS-PCR primer design pro-
cess. The validity of ARMSprimer3 was confirmed by successfully using it to develop diagnostic tests in our clinical mo-
lecular diagnostic lab. ARMSprimer3 is open-source software and can be freely downloaded from https://github.com/
PCRPrimerDesign/ARMSprimer3.

Introduction the specificity of SNP detection, but also increases the complexity of the

Single nucleotide polymorphisms (SNPs) are DNA sequence variations
of a single base pair (bp), with each nucleotide variation giving rise to an
allele. They are the underlying mechanism of most human genetic variation
and etiology of many heritable human diseases. When they are associated
with disease, the major allele (the more frequent allele) is also called wild
type allele, and the minor allele (the less frequent allele) is also called the
mutation allele. SNPs can be classified into common SNPs and rare SNPs,
based on the minor allele frequency. Common SNPs have minor allele fre-
quencies of no less than 1%, whereas rare SNPs have minor allele frequen-
cies of under 1%. SNPs can be reliably detected by many molecular
methods, such as sequencing, digital PCR, primer extension, and
amplification refractory mutation system PCR (ARMS-PCR). Although
next-generation sequencing is becoming popular for massive parallel SNP
detection, PCR is still a more cost-effective technology for SNP detection
when massive parallel detection is not the goal.

ARMS-PCR is based on allele-specific PCR primers that amplify DNA
samples with the target allele and do not amplify DNA samples without
the target allele.™> In addition to the allele specific mismatch at the 3
end, ARMS-PCR introduces additional deliberate mismatches near the 3’
end of the allele-specific primers to further destabilize the non-specific
binding and priming on non-target alleles.® This modification increases

PCR primer design process. Although a free web-hosted computer program,
Primerl,* was developed to ease the burden for a special ARMS-PCR, tetra-
primer ARMS-PCR, there are currently no computer programs to facilitate
general ARMS-PCR primer design.

In our molecular diagnostic labs, our old workflow relied on manually
designing ARMS-PCR primers. It was a tedious process and required exten-
sive knowledge of molecular biology, PCR primer design, and multiple bio-
informatics tools. It took an experienced molecular biologist about 2 days to
design one set of ARMS-PCR primers. The manual process also tended to in-
troduce human error. Therefore, our goal was to develop an automatic com-
puter software to facilitate general ARMS-PCR primer design.

Software design and implementation

Software design

The design goals of ARMSprimer3 were to: (1) be a general and flexible
ARMS-PCR primer design software for broad applications; (2) be immune
to primer binding interferences by neighboring common SNPs; (3) require
minimal end user input through maximal automation; (4) be easy to modify
and maintain. ARMSprimer3 achieved the design goals by: (1) imple-
menting the ARMS specific additional mutation mechanism in the core
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program’; (2) avoiding designing primers on neighboring interfering com-
mon SNP loci; (3) integrating with the flexible and reliable free primer de-
sign software (primer3_core6’7) and UCSC genome browser online
databases®; (4) being open source and implemented in Python 3 for its ac-
cessibility and popularity among bioinformaticians. In the following text
and figures, Factor V Leiden mutation (SNP ID: rs6025) is used to illustrate
the software usage and outputs.

ARMSprimer3 input

ARMSprimer3 is a Python program running from the UNIX command
line (see Fig. 1A). A target human SNP ID is the only mandatory input
from the end user. The provided default primer design parameters, such
as preferred primer/product length and primer melting temperature (T,),
are tailored for SYBER green-based real-time ARMS-PCR. However, they
can be optionally modified to tailor to other variants of ARMS-PCR, such
as florescent probe-based real-time ARMS-PCR and tetra-primer ARMS-
PCR. The parameters used by ARMSprimer3 are identical to primer3_core
and details can be found in the documentation of primer3_core.

ARMSprimer3 workflow (see Fig. 2)

ARMSprimer3 downloads the detailed information of the target SNP
from the UCSC Genome Browser MySQL database. From the same database,
it then downloads a 1001-bp genomic sequence centered on the target SNP,
with 500-bp upstream and 500-bp downstream of the target SNP (Fig. 1A).
ARMSprimer3 also downloads detailed information of all neighboring com-
mon SNPs located in the downloaded genomic sequence (Fig. 1B). The cor-
responding location of the neighboring common SNPs are masked with “n”
characters in the genomic sequence (yellow arrows in Fig. 1C, D, E, and F).
The masking prevents designing primers on the neighboring common inter-
fering SNP loci, thereby ensuring maximal primer binding strength and ac-
curacy of the predicted primer Tp,,.

Based on the masked genomic sequence, ARMSprimer3 generates four
variants of the sequence (Fig. 3): (1) wild type allele of the target SNP
with additional mutations at — 2 positions; (2) wild type allele with addi-
tional mutations at — 3 positions (comparing capitalized nucleotides indi-
cated by pink arrows in Fig. 1C and E); (3) mutation allele with
additional mutations at — 2 positions; and (4) mutation allele with addi-
tional mutations at — 3 positions (comparing capitalized nucleotides indi-
cated by pink arrows in Fig. 1D and F). Then, ARMSprimer3 drives
primer3_core program to design ARMS primers around the target SNP
locus based on all four templates. For each template, ARMSprimer3 tries
two ways to design ARMS-PCR primers: (1) force the 3’ end of the left
primer to be at the target SNP position (Fig. 1E and F); (2) force the 3’
end of the right primer to be at the target SNP position. The two ways are
referred to as force-left and force-right, respectively.

ARMSprimer3 output

In addition to primer files containing designed ARMS-PCR primers,
ARMSprimer3 saves additional intermediate files: (1) genomic sequence
file, (2) a list of all SNPs in the genomic sequence, (3) masked genomic se-
quence where the loci of common interfering SNPs are replaced with char-
acter “n”, (4) masked wild type or mutation sequences with additional
mutations at —2 or — 3 locations, (5) parameters used by primer3_core,
and (6) ARMSprimer3 screen output. These intermediate files can be used
for debugging and other purposes.

Results

We developed an open-source Python program, ARMSprimer3, to auto-
mate the ARMS-PCR primer design process. ARMSprimer3 requires a UNIX
operating system, Internet connection, and three free computer programs
to be in the executable path, i.e. primer3 core (primer3.org), UCSC
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(University of California, Santa Cruz) twoBitToFa, and MySQL client mysql
(mysql.com). ARMSprimer3 takes a human SNP ID as the mandatory
input and a primer-design parameter file as an optional input. It automati-
cally retrieves all necessary information and designs ARMS-PCR primers
around the target SNP.

Before we developed ARMSprimer3, we manually designed ARMS-
PCR primers for factor V Leiden mutation. Our molecular biologist
spent 1 h downloading the reference genomic sequence (1001-bp) con-
taining the wild type target allele and then created a mutation sequence
containing the mutation target allele. After that, he spent 7 h
downloading all related common SNPs and manually annotating their
locus with an “n” in each sequence template. He spent another 3 h creat-
ing additional mutations in each sequence template at the —2 and —3
positions by following ARMS-PCR rules.® Finally, he spent 2 h running
primer3_core to design primers. A total of 13 h was spent by a person
with expertise in molecular biology and bioinformatics to design
ARMS-PCR primers for a single target SNP. During the tedious sequence
editing processes to do “n” masking and additional mutating at —2 and
—3 positions, at least five errors were introduced into the sequence tem-
plates. All errors were corrected by manual double and triple checks. In
contrast, it typically takes ARMSprimer3 20-50 s (depending on the
speed of the Internet connection and the response time of the UCSD
Genome Browser database) to design primers for one target SNP, with
no errors as per a manual check. Because ARMSprimer3 automates the
manual process with identical steps, the primers designed are identical,
but time savings are significant.

The validity of ARMSprimer3 was confirmed by successfully develop-
ing four diagnostic tests using ARMSprimer3 in the molecular diagnostic
laboratory at Saint Louis University. The PCR primer sequences designed
are as follows. For factor V Leiden mutation (rs6025), see Fig. 1E and F
(pink boxes). For prothrombin G20210A mutation (rs1799963), the
common forward primer is “ttgtgtttctaaaactatggttccca”, the wild type re-
verse primer is “gcactgggagcattgaggAtc”, and the mutation type reverse
primer is “gcactgggagcattgaggAtT”. For hereditary hemochromatosis-
related C282Y (rs1800562) mutation, the common reverse primer
is “ccagatcacaatgaggggct”, the wild type forward primer is
“tggggaagagcagagatatacTtg”, and the mutation type forward primer is
“tggggaagagcagagatatacTtA”. For hereditary hemochromatosis-related
H63D mutation (rs1799945), the common reverse primer
is “tggaaacccatggagttcgg”, the wild type forward primer is
“cagctgttcgtgttctatgGte”, and the mutation type forward primer is
“cagctgttcgtgttctatgGtG”. By using the default primer-design parameter
file, all primers designed have T, values close to 60 °C, and all PCR prod-
ucts are shorter than 150-bp. This enabled us to use a standard two-step
SYBER green real-time PCR cycling condition for all four diagnostic tests,
i.e., 95 °C for 15 s, followed by 60 °C for 60 s, for a total of 50 cycles. For
each test sample, we ran two PCR reactions: one reaction with the com-
mon primer and the wild type primer to amplify the wild type allele, and
the other reaction with the common primer and the mutation primer to
amplify the mutation allele. Therefore, after PCR amplification, each
test sample produced two Ct (Cycle Threshold) values: one for the wild
type allele, and the other for the mutation allele. The allele status of
the test sample was determined by comparing the two Ct values. All
four diagnostic tests achieved 100 % accuracy by testing 30 reference
DNA samples (30 DNA samples with known genotype for each genetic
locus) from reference laboratories. All four diagnostic tests required
only a minimum of 5 ng of input DNA. After the validation data were ap-
proved by the Collage of American Pathologists (CAP), we began rou-
tinely testing patient samples, and the tests were monitored by CAP
proficiency testing programs twice a year. The four diagnostic tests
achieved 100 % accuracy for all CAP proficiency test programs.

By default, ARMSprimer3 designs primers by downloading SNPs and
genomic DNA sequences from the UCSC genome database of Homo sapiens.
To design primers for other species, the database source can be modified to
point to the UCSC genome databases of other species.


http://primer3.org
http://mysql.com
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$ python3 armsprimer3.py rs6025
Directory 'rs6025' is created and will contain output files

Details of your targeted SNP:

name strand refNCBI refUCSC observed
rs6e25 - C C A/G le

class  func

missense

chromEnd
169549811

chromSt
169549810

chrom
chrl

alleleFreqgs
0.020882,0.979118,

Genome sequence around rs6025 (1001 bp) = tcactaggaactatgtctctaaatttggttgctttcagagaatctctectctgtctecctattgecaggtctctaaaaatagcaaagactggtaag)
agctttatacttttaccagatggtatctcactgaacccccaaacagacctgtaacatttttaggagggttattacccatttgataaaaggaagaaattaggaaaggctaatcaacttgectcaacacatccaataccy)
cagacctggaatttgaaactaagacaaaatatgttatcacactctagacttgccttcggcagtgatggtactgataaaaatagacaagacaaaaaaaaaaaaagaataaatgttatcacactggtgctaaaaaggac
acttgacaattactgttctcttgaaggaaatgccccattatttagccaggagacctaacatgttctagccagaagaaattctcagaatttctgaaaggttacttcaaggacaaaatacctgtattcCTCGCctgtec
gggatctgctcttacagattagaagtagtcctattagcccagaggegatgtctctcatgatgtccacgtcactgtagtatggtcttgttaagcactgggecatcattttctgtgggttcatcaaactc atgttc
acttataagtataggtttcccctggttgaactgctctgatcatggtgttgttcctgectgaaagaaaatatattcaaaattgttttcatttgcaaagttatttcatgataataaataaataaataacfttegcetgg]
accaattaatattgcaaaaggaattcttttatttttattttttttaaattatactttaagttctagggtacatgtgcacaacgtgcaggtttgttacatatgtatacatgtgtcatgttggtgtgetgjacccattal
cttgtcattaacattaggtatatctcctaatgctatccctccccccgecccccaccccccccccccgacaggecccg

Central 5 bp = CTCGC

chromStart chromEnd name strand refNCBI refUCSC observed class func
169549464 169549465 rs58875232 + single intron
169549536 169549537 rs1@808455 + A single intron
169549581 169549583 rs72248387 + C deletion intron
169549810 169549811 rs6e25 - c single missense
169549873 169549874 rs6020 £ single missense
169558065 1695580866 rs9332693 A single intron
G
T
C
G

alleleFregs
.264577,0.735423,
.805911,0.194089,
257388,0.742612,
.020882,0.979118,
117956,0. 882044,
818725,0.981275,
.436302,0.563698,
130591,0.869409,
583333,0.416667,
.263978,0.736022,

169550178 169550179 rs7537742 + single intron
169550269 169550270 rs1988607 + single intron
169550298 169550299 rs9332587 - single intron
16955e31@ »

T
A
L
=
c
A
(<]
T
c
<]

Toocovosoo®

169558311 rs1988608 single intron

tcactaggaactatgtctctaaatttggttgctttcagagaatctctcctetgtctecctattgeaggtctctaaaa
atagcaaagactggtaaagagctttatacttttaccagatggtatctcactgaacccccaaacagacctgtaacatt
nttaggagggttattacccatttgataaaaggaagaaattaggaaaggctaatcaacttgctcaacacatccnatac
cEicagacctggaatttgaaactaagacaaaatatgttatcncactctagacttgccttcggcagtgatggt ga
taaaaatagacaagacaaaaaaaaaaaaagaataaatgtta cactggtgctaaaaaggactacttgacaattac
tgttctcttgaaggaaatgccccattatttagccaggagacctaacatgttctagccagaagaaattctcagaattt
ctgaaaggttacttcaaggaca tacctgtattcCTCGCctgtccagggatctgectcttacagattagaagtagt
cctattagcccagaggcgatgtctntcatgatgtcca cactgtagtatggtcttgttaagcactgggcatcatt
ataggtttcccctggttg}gctgctctgatcatgg
tgttgttcctgectgaaagaaaatatattcaaaattgtjttcatttgcaaagttatttcatgntaataaataaataa
ataagctttcgctggaaccaqftaatattgcaaaaggaljttcttttatttttattttttttaaattatactttaagt
tctagggtacatgtgcacaacntgcaggtttgtigcatatgtatacatgtgtcatgttggtgtgetgecacccattaa
cttgtcattaacattaggtatatctcctaatgefanccctccccccgecccccacceccccccencgacaggeccc

PRIMER PICKING RESULTS FOR r‘56075/ma<kx=d.fﬂnplate.mTPmplats.minus?.hd‘I
No mispriming library specified

Using 1-based sequence positions

OLIGO start len tm gc% any_th 3'_th hairpin

LEFT PRIMER LYE] 29 60.13 34.48 vl A

RIGHT PRIMER 542 27 59.72 40.74 0.00 0.00
SEQUENCE SIZE: 1001

INCLUDED REGION SIZE: 1001

PRODUCT SIZE: 70, PAIR ANY_TH COMPL: .00, PAIR 3'_TH COMPL: ©.00

1 tcactaggaactatgtctctaaatttggttgctttcagagaatctetectetgteteect
attgcaggtctctaaaaatagcaaagactggtaaagagetttatacttttaccagatggt
atctcactgaacccccaaacagacctgtaacattnttaggagggttattacccatttgat
aaaaggaagaaattaggaaaggctaatcaacttgetcaacacatccnataccaacagace
tggaatttgaaactaagacaaaatatgttatencactctagacttgecttcggeagtgat
getactgataaaaatagacaagacaaaaaaaaaaaaagaataaatgttatcacactggte
ctaaaaaggactacttgacagttactgttctcttgaaggaaatgecccattatttageca
ggagacctaacatgttgagllcaghagaaattctcagaatttctgaaaggttacttcaag

>3>53>>>

gacaaaatacctgtattcATCGACtgtccagggatetgctcttacagattagaagtagte
P22 200D DO22222 00D D 3 <LLLLLLLLLLLLLLLLLLLLLKLKLL

ctattagcccagaggegatgtetntcatgatgtecacgtcactgtagtatggtcttgtta
L 24

agcactgggcatcattttctgtgggttcatcaaactctaagatgttccacttataagtat

tcactaggaactatgtctctaaatttggttgctttcagagaatctctectetgtcteccctattgecaggtctctaaaa)
atagcaaagactggtaaagagctttatacttttaccagatggtatctcactgaacccccaaacagacctgtaacatt]
nttaggagggttattacccatttgataaaaggaagaaattaggaaaggctaatcaacttgctcaacacatccnatac|
cagacctggaatttgaaactaagacaaaatatgttatcncactctagacttgccttcggeagtgatggtactga
taaaaatagacaagacaaaaaaaaaaaaagaataaatgttadsﬁcactggtgctaaaaaggactacttgacaattac
tgttctcttgaaggaaatgccccattatttagccaggagacctaacatgttctagccagaagaaattctcagaattt
ctgaaaggttacttcaagga(a%gFtacctgtattcCTTGCctgtccagggatctgctcttacagattagaagtagt
cctattagcccagaggcgatgtctntcatgatgtcc cactgtagtatggtcttgttaagcactgggcatcatt
ttctgtgggttcatcaaactctaagatgttccact#atfaataggtttcccctggttgdyctgctetgatcatgg|
tgttgttcctgecctgaaagaaaatatattcaaaattgtttcatttgecaaagttatttcatgntaataaataaataa)
ataagctttcgetggaaccagftaatattgcaaaaggalttcttttatttttattttttttaaattatactttaagt
tctagggtacatgtgcacaacntgcaggtttgthgcatatgtatacatgtgtcatgttggtgtgctgeacceatsga
cttgtcattaacattaggtatatctcctaatgetanccctccccecgecccccacccccccccecncgacaggeccc

PRIMER PICKING RESULTS FOR r‘56825/masked.teﬂlplate.mutationTemplatE.minus}.txtl
No mispriming library specified

Using 1-based sequence positions
OLIGO start len tm

g% any_th 3'_th hairpin s
LEFT PRIMER LYE] 29 59.83 31.03 0.00 0.00 34.90|ac aggacaaaatacctgtattcATT
RIGHT PRIMER 542 27 50-7> 40.74 0.00 0.00 37.81|aggactacttctaatctgtaagagcag
SEQUENCE SIZE: 1001

INCLUDED REGION SIZE: 1001

PRODUCT SIZE: 70, PAIR ANY_TH COMPL: ©.00, PAIR 3'_TH COMPL: 0.00

1 tcactaggaactatgtctctaaatttggttectttcagagaatctctectetgteteect
attgcaggtctctaaaaatageaaagactggtaaagagctttatacttttaccagatggt
atctcactgaacccccaaacagacctgtaacattnttaggagggttattacccatttgat
aaaaggaagaaattaggaaaggctaatcaacttgctcaacacatcenataccaacagace
tggaatttgaaactaagacaaaatatgttatencactctagacttgectteggeagtgat
getactgataaaaatagacaagacaaaaaaaaaaaaagaataaatgttatcacactggtg
ctaaaaaggactacttgacagttactgttctcttgaaggaaatgceccattatttageea
geagacctaacatgttegagficagpagaaattctcagaatttctgaaaggttacttcaag

>333333>

gacaaaatacctgtattcAl IGGctgtccagggatctgctcttacagattagaagtagte
>3333553333535555335% <LLLLLLLLLLLLLLLLLLLLLLLL

ctattagcccagaggcgatgtctntcatgatgtecacgtcactgtagtatggtettetta

Fig. 1. A sample UNIX command line input to run ARMSprimer3 and selected outputs of ARMSprimer3. Factor V Leiden mutation (SNP ID: rs6025) is used to illustrate the
software usage and outputs. Screenshot (A) shows the UNIX command line input to run ARMSprimer3 and the screen output of ARMSprimer3, including the retrieved
detailed information of the target SNP and its genomic sequence around the target SNP (500 base pairs on each side of the target SNP, total of 1001 base pairs). The
central five nucleotides are capitalized with the target SNP wild type allele in the center (pink arrows). ARMSprimer3 retrieves detailed information of all common SNPs
located in the downloaded genomic sequence (B). The common SNPs in the wild type (C) and mutation (D) genomic sequences are masked with “n” characters (yellow
arrows) to prevent designing primers on them. To introduce additional deliberate mismatches into the PCR primers, additional mutations are generated at the —3
position on both sides of the target SNP (pink arrows in yellow boxes, also see Fig. 3) on the masked wild type (E) and mutation (F) genomic sequences. The ARMS-PCR
primers (pink boxes and “/<” characters in yellow boxes) are designed based on the “n” masked and additionally mutated DNA sequence templates (yellow boxes). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Discussion

We developed ARMSprimer3 to replace the time-consuming manual
primer design process. In contrast to our previous 2-day manual process,
ARMSprimer3 automatically designs multiple sets of ARMS-PCR primers
within seconds. It can be run by lab personnel without expertise in molec-
ular biology and PCR primer design or familiarity with multiple bioinfor-
matics tools.

ARMSprimer3 is not the only computer software that designs primers
for ARMS-PCR. Primer1* is a web-based software that designs primers for
tetra-primer ARMS-PCR. To use Primer1, users need to manually download
the genomic DNA sequence including the target SNP, annotate the position
of the target SNP, annotate the wild type and mutation allele nucleotides of
the target SNP, and upload them through the Primerl web-interface. In
contrast, ARMSprimer3 automates the whole process. The other limitation
of Primer1 is that it can only design primers for tetra-primer ARMS-PCR. In
contrast, ARMSprimer3 can design primers for most variations of
ARMS-PCR: (1) it defaults to design primers for SYBR Green real-time
ARMS-PCR; (2) by changing the parameter file, it can design primers for
probe-based real-time ARMS-PCR or electrophoresis-based tetra-primer
ARMS-PCR.

One limitation is that ARMSprimer3 sometimes may not be able to
find appropriate primer sets with the default setting. This might be
due to either the PCR design parameters being too stringent or the

Mandatory input:
target SNP ID
(such as “rs6025”)

Optional input:
Primer3_core

Journal of Pathology Informatics 17 (2025) 100442

Position: -3 -2 -1 -2 -3

CT(C/T)G

Target SNP with surrounding nucleotides

CT(C)GC

Wild type allele

7 N

CG(C)IC AT(C)GA

-2 additional mutation

CT(T)GC

Mutation allele

74"

CG(T)IC AT(T)GG

-3 additional mutation -2 additional mutation -3 additional mutation
Fig. 3. Diagram showing additional mutations generated by ARMSprimer3 to
further destabilize the non-specific binding and priming on non-target alleles.
Factor V Leiden mutation (SNP ID: rs6025) is used to illustrate the positions and
nucleotides of the additional mutations. Notes: (1) The target locus is in
parentheses. (2) Additional —2 or — 3 mutations are underlined. (3) There are
two —2 mutations or two — 3 mutations on either side of the target locus. (4)
Also see Fig. 1 for more sequence context of Factor V Leiden mutation.

common interfering SNPs being too dense in the region near the target
SNP. The solutions to this problem are to either relax the primer design
parameters or to turn the common interfering SNP mask off.

UCSC Genome

parameters Browser MySQL
\ 4 databse
Download detailed
information of target i
SNP, such as <t MySQL client
mutation allele and
genome location .
UCSC twoBitToFa
¢ M + MySQL client
Download the I?ownloaq detailed
e information of all
7l
(500-bp on each side) <« Com'm:)r? Sli\lonJsllc:)catEd -
around the target SNP n (_3 P
(total 1001-bp) genomic sequence
v Generate PCR
The common SNPs templates for
in the genomic wild type allele and
sequence are >

masked with “n”

additional

mutation allele with ﬁ

characters

mismatches at -2
and -3 position

Drive “primer3_core”
program to design Real

Output: PCR Primer
sets, PCR templates,

Time ARMS PCR primers

A

and all SNPs around
the target SNP

Fig. 2. Diagram of the ARMSprimer3 workflow.
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