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Abstract

The amplifi cation refractory mutation system (ARMS), which has also 
been described as allele-specifi c PCR (ASP) and PCR amplifi cation 
of specifi c alleles (PASA), is a PCR-based method of detecting 
single base mutations (Newton et al., 1989). ARMS has been applied 
successfully to the analysis of a wide range of polymorphisms, germ-
line mutations and somatic mutations. The technique has the ability to 
discriminate low-levels of the mutant sequence in a high background 
of wild-type DNA (Billadeau et al., 1991). In an ARMS PCR the 
terminal 3'nucleotide of one of the PCR primers coincides with the 
target mutation. Most applications of the method rely on ‘end-point  ̓
analysis, utilising the classic gel-electrophoresis method. However, 
end-point analysis can only assess the presence or absence of mutant 
or wild-type sequences and does not give an indication of the ratio 
of mutant to wild-type in a mixed population of DNA. Here we 
describe a real-time PCR adaptation of ARMS, quantitative ARMS, 
that allows measurement of the size of the population of each variant 
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in a mixture. A method for the detection of human hepatitis B virus 
mutations that confer resistance to the antiviral lamivudine is described 
as an example.

Introduction

PCR can be adapted in many ways to facilitate the analysis of DNA. 
Several different strategies are used for the detection of single point 
mutations. Current methods rely on target amplifi cation, usually by 
PCR, followed by the identifi cation of DNA variants using probes, 
restriction endonucleases, ligases or polymerases.

In ARMS, the primer pair is designed so that one of the 3' ends 
coincides with a variant nucleotide in the target sequence. When 
the primer mismatches the template the frequency of extension is 
very low and consequently the effective number of sequence copies 
available for amplifi cation is greatly reduced. ARMS PCR exploits a 
thermostable polymerase that lacks 3' exonuclease activity (usually 
Taq polymerase). Such enzymes extend primers bound to their target 
sequences very ineffi ciently when the 3' base is mismatched. Because 
the 3' exonuclease activity required for mismatch repair is not present, 
the extension of such primers in PCR is a rare event and amplifi cation 
is retarded (Figure 1). However, once mismatch extension has occurred 
amplifi cation proceeds normally from the newly synthesised target 
strand. Thus an important principle of ARMS is that non-matching 
(i.e. non-matching at only the 3' end of one primer) template may 
be amplifi ed. The factors that contribute to this apparent ‘failure  ̓of 
ARMS are that when very high numbers of template molecules are 
added to the reaction, amplifi cation is likely to proceed because the 
small proportion of mismatched primer extensions reach the sensitivity 
threshold of the reaction. Second, certain mismatches are extended 
more effi ciently than others so that proportion extended in each PCR 
cycle varies.

Detection of a single nucleotide mutation at a predetermined point in 
a target sequence can be achieved by running the ARMS PCR with 
a single primer pair and then scoring the production of amplicon as 
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positive or negative. To provide a suitable control two PCR reactions 
are run in parallel, one with a primer matching the variant at the 3' end, 
and the other with the primer matching the parent sequence (Figure 1). 
When ARMS reactions are run in real-time instruments the difference 
in reaction kinetics between matching and non-matching templates 
contribute to large variations in the observed crossing thresholds (Cts). 
This has the signifi cant advantage that it is possible to obtain clear 
results over a wider range of reaction conditions, than is possible when 
end-point analysis is used. For example, at high template concentrations 
a product may be produced in reactions including either set of primers. 
Positive and negative reactions will therefore be diffi cult to distinguish 
at the end-point but will have quite different Cts. The use of real-time 
instruments also allows quantitative ARMS assays to be designed. 
These assays can be used to determine the proportions of mutant and 
parent sequences present within a mixture with high sensitivity.

Effi cient and sensitive methods are required to analyse gene sequence 
variants and quantitative ARMS therefore has many potential 
applications. For example, it can be used to identify genetic disease 
risk factors, to screen subjects for genetic susceptibility to certain 

Figure 1. The principle of ARMS. Primers are designed to amplify wild-type and 
mutant sequence. The difference between these two primers is the 3' base, where 
one matches wild-type sequence and the other the mutant. A primer common to both 
reactions is present, and both reactions are run in parallel. The reaction containing 
the mutant primer will only extend mutant template and wild-type template will not 
be extended by this primer.
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environmental agents of disease and identify persons at high risk 
of having a child with a genetic disorder. Quantitative ARMS is 
particularly appropriate for monitoring the emergence of drug resistant 
pathogens when single nucleotide polymorphisms are appropriate 
markers of the resistant phenotype. The method should also be useful 
for the detection of residual disease in cancer. In this chapter the use 
of quantitative ARMS for the detection of very small quantities of 
lamivudine resistant human hepatitis B virus in a background of a 
much larger amount of sensitive virus will be used as an example.

Selection of Primers for Quantitative ARMS

In order to achieve the highest level of specifi city in ARMS reactions 
the ideal situation would be that the mismatching primers are not 
extended. In reality, however, amplifi cation of the mismatched template 
cannot be avoided when high levels are present in the reaction mixture. 
Quantitative ARMS depends upon the fact that amplifi cation of 
mismatched template is less effi cient than the matching PCR so that 
many more amplifi cation cycles are needed to generate detectable 
levels of product. Primer design is important in order to maximise 
ARMS specifi city.

Effects of the 3' Terminal Base

Previous studies on the extension of 3' base mismatched primers have 
all shown that the rate is dependent on the structure formed at the 
mismatch site. However, the different studies have not agreed on the 
relative rates of extension for the possible mismatch pairs. Results of 
fi ve of these studies are presented in Table 1.

The discrepancies in the data obtained in these investigations can 
be explained by the infl uence of bases adjacent to the mismatched 
pair since these were not identical in the different studies. It should 
perhaps not be surprising that the local environment in which the 
mismatch extension is poised to occur will have a signifi cant effect 
on the reaction rate. The fi nding that certain mismatches are extended 
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Table 1. Summary of prior studies reporting effects on PCR of mismatch between 
the primer 3'-nucleotide and complementary template DNA sequence.$

Primer 3' nucleotide

Template 
nucleotide

A T G C

(Kwok et al., 1990)

T ++++ +++ +++ +++
A + ++++ +++ +++
C +++ +++ ++++ ++
G ++ +++ ++ ++++

(Okayama et al., 1989)
T ++++ - - ++++
A - ++++ +++ +++
C - +++ ++++ ++
G ++++ +++ ++ ++++

(Huang et al., 1992)*
T ++++ + ++ +++
A - ++++ - ++
C ++ + ++++ -
G - ++ - ++++

(Day et al., 1999)**
T ++++ +++ ++++ +++
A ++ ++++ +++ +++
C ++++ +++ ++++ +++
G ++ +++ +++ ++++

(Ayyadevara et al., 2000)***
T ++++ + +++ ++
A + ++++ + +
C + + ++++ ++

G + ++ + ++++
$The results from fi ve papers are summarised (Okayama et al., 1989, Kwok et al., 1990, Huang et al., 
1992, Day et al., 1999). If the 3' primer:template mismatch resulted in no detectable PCR amplifi cation 
it is shown as -. When a PCR product was produced the relative band intensities have been converted 
into a 4-class scale (+ to ++++), where products generated by perfect match are assigned to ++++.
*For Huang et al. (1992) the quantitative reduction in Taq DNA polymerase extension of mismatched 
primer:template base pairing is represented as + when primer extension was reduced by 10-4-10-5 
relative to correct base pairing (++++), ++ when reduced by 10-3-10-4 , and +++ when extension is 
reduced by ~10-2.
**For Day et al. (1999) if product was detected by ethidium bromide staining after 10 cycles of PCR 
amplifi cation, it is shown as ++++, after 20 cycles, +++; and if detectable only after 30 cycles, it is 
shown as ++.
***For Ayyadevara et al. (2000) quantity is given as percentage comparison of fi rst round PCR band 
intensities, where: + represents 0-1% of anchor primer band intensity; ++ represents 1-2%; +++ 
represents 2-3% and ++++ represents 3+%.
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more effi ciently than others is not as helpful in assay design as it 
might at fi rst appear. Clearly the 3' end of any ARMS primer is set 
by the particular mutation under investigation. One area of fl exibility 
is that two different mismatch primers can be designed for each 
mutation i.e. one annealing to one strand and one to the other. The 
structures resulting from hybridisation of these primers to their target 
sequences are completely different and may therefore be expected to 
have different rates of mismatch extension.

Effects of Mismatched Bases Close to the 3' End

Allele specifi c primers can be further destabilised by including bases 
that mismatch the template. The effect of these mismatches increases 
with proximity to the 3' terminus. It has been reported (Kwok et al., 
1990, Newton et al., 1989) that the inclusion of a mismatched base 
adjacent to the 3' base (the n-1 base) can increase the specifi city of 
ARMS primers. This depends upon the idea that the n-1 mismatch will 
have a disproportionate effect (decrease) on priming effi ciency when 
the terminal base is also a mismatch. We have found that some n-1 or 
n-2 mismatches have a large effect on priming effi ciency while others 
appear to have little infl uence (P. Punia, unpublished). Furthermore, 
the effect on ARMS specifi city is also variable. The precise structures 
formed at the priming site are clearly important and it is not yet possible 
to formulate any rules that might guide the design process. However, 
it seems probable that mismatches close to the 3' terminal will cause 
the greatest effect on primer extension. Bases that are remote from 
the terminal exert their effects by destabilising the primer/template 
complex. This reduces the effi ciency of priming by limiting the time 
that the complex is available to interact with the polymerase. It seems 
likely that primers with 3' ends rich in Gs and Cs are less likely to 
be destabilised by additional mismatches. Empirical evaluation of 
different structures in ARMS assays is required.
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Design of the Common Primer

The primer paired with ARMS primers specifi c for the sequence 
variants is selected on the basis of the usual considerations used in 
primer design. The GC content should be approximately 50%, there 
should be no repeat or palindrome sequences and it should not be 
complementary with any of the specifi c primers.

Selection of PCR Conditions

Careful optimisation is required to maximise the specificity of 
ARMS. The tolerance of the PCR process to mismatches between 
the primer and the target sequence is dependent on the reaction 
conditions. Optimisation is aimed at maintaining the effi ciency of 
matching template amplifi cation while minimising the amplifi cation 
of mismatching template.

PCR accommodates mismatched primers better when the annealing 
temperature is lower (Christopherson et al., 1997). Variations in the 
length of time allowed for annealing also effect the effi ciency of 
amplifi cation by mismatched primers. The appropriate temperature 
and length of time used for the annealing step depends on the length, 
base composition and concentration of the amplifi cation primers. 
Increasing annealing temperatures should have a greater destabilising 
effect on primers with lower melting temperatures. Raised annealing 
temperatures should therefore enhance the discrimination of ARMS 
reactions by reducing the extension of primers that do not match the 
template. Stringent conditions (i.e. annealing temperatures close to 
the primer:template duplex melting temperature) are essential for 
maximum ARMS specifi city especially during the early cycles of PCR. 
The length of the annealing step hold time is of crucial importance 
since this is proportional to the likelihood of primer extension. Real-
time machines such as the Lightcycler® that allow rapid cycling are 
extremely advantageous for ARMS PCR. These instruments allow the 
annealing temperature to be applied momentarily. This is followed 
by rapid transition to an extension temperature that is too high for 
significant primer annealing. This allows minimal time for the 
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polymerase to extend any primers and in theory, mismatch extension 
is reduced to a negligible level.

Polymerases for ARMS

Thermostable DNA polymerases such as Vent and Pfu that have 
proof-reading exonuclease activity are unsuitable for ARMS PCR. 
These enzymes are able to remove 3' mismatched bases allowing 
extension to proceed from the matched n-1 base. Previous studies 
(Tada et al., 1993) have reported that the Stoffel fragment of Taq DNA 
polymerase enhances discrimination in ARMS PCR. This enzyme lacks 
5'-3' exonuclease activity and has lower processivity than native Taq 
polymerase. We have confi rmed a modest increase (>1 log10) in ARMS 
specifi city when using Stoffel fragment compared to the native enzyme 
(P. Punia, unpublished). The mechanism for this remains unclear but 
it is possible that it is related to the lower affi nity of the modifi ed 
enzyme for the primer/template complex which is also the reason for 
the impaired processivity of Stoffel.

The synthesis of extraneous products arising from non-selective 
primer/template hybridisation may occur during PCR set up at low 
temperatures, since thermostable polymerases retain partial activity 
under these conditions. Taq polymerase is active over a broad range of 
temperatures and primer extension occurs both during reaction set-up 
and during the temperature transition to the fi rst denaturation hold. For 
effi cient ARMS it is essential that these opportunities for mismatch 
extension are minimised. A ‘hot-start  ̓ is therefore recommended. 
Classically ‘hot-start  ̓ is used to reduce non-specifi c annealing of 
primers and minimise the amplifi cation of non-specifi c products. 
The most effi cient systems for ensuring that the polymerase remains 
inactive until the fi rst denaturation step are to use either an anti-Taq 
antibody (TaqStart, Clontech, Palo Alto, CA) that abolishes polymerase 
activity or a modifi ed polymerase such a TaqGold (Perkin Elmer, 
Boston) that requires heat activation. The activity of the antibody 
bound enzyme (Taq polymerase or Stoffel) is restored rapidly when 
the antibody is denatured by heat during thermal cycling. The modifi ed 
Taq polymerases generally require exposure to heat for several minutes 
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for complete activation and this is achieved by extending the fi rst 
denaturation hold, usually for several minutes.

Probes for Quantitative ARMS

In common with other quantitative real-time PCRs the reliability of 
quantitative ARMS is improved if a gene-specifi c probe is used to detect 
the amplicon. For the HBV ARMS described here the ResonSense® 
(Lee et al., 2002) system is employed. The probe has a 5' Cy5 label 
and is biotinylated on the 3' end to prevent extension and competion 
with the primers for PCR reagents which could lead to false positive 
results. However, probe manufacturers have stated that biotinylation is 
only 95-99% effi cient and that probe extension can occur. To overcome 
the problem, in addition to biotinylation, extra bases that mismatch 
the target can be added onto the 3' end of the probe. The 3' terminal 
bases act as a loose ‘tail  ̓ensuring that the 3' end of the probe does not 
bind to the target and eliminates any possibility of probe extension. 
The probe can vary in length and position within the target amplicon 
and can be complementary to either strand.

Potential Effects of the Low Fidelity of Taq 
Polymerase on ARMS Specifi city

Specifi city of ARMS depends on the extension or non-extension of 
the 3' selective primer. However, the effect of mis-incorporation of 
bases in the strand synthesised from the non-selective primer must be 
considered. The quoted infi delity rate of Taq polymerase in PCR is in 
the region of one base per ten thousand incorporated. The high rate of 
base misincorporation in PCR is determined by the rate of incorrect 
base addition, the rate of mismatched base extension and the time 
allowed for elongation. If this rate occurs during the fi rst elongation 
step of the ARMS reaction and assuming an equal probability of all 
possible mismatches, it can be calculated that one template copy in 
every 4x104 replicated will have any particular base change. Thus 
after one elongation step starting with 4x104 identical copies of a 
wild-type template a single copy of any particular mutant will have 
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been produced. On this basis, replication of 4x108 copies of wild-
type template would produce 1x104 copies of any particular mutant 
template. This cannot be the whole story since as already discussed 
the effi ciencies of extension of different mismatched bases varies very 
greatly. However, it is worth noting the theoretical limit that Taq fi delity 
places on the specifi city of quantitative ARMS.

Detection of HBV Polymerase YMDD Motif 
Variants Associated with Resistance to 
Lamivudine

Lamivudine is an antiviral drug that is used to treat hepatitis B virus 
(HBV) infection. Treatment usually suppresses viral replication 
and interrupts liver damage. However, long-term therapy does not 
completely eliminate the virus and resistant mutants emerge in a 
large proportion of cases. Resistance is mediated by changes in the 
YMDD motif of the polymerase gene catalytic site (Allen et al., 1998, 
Chayama et al., 1998).

The YMDD (tyrosine-methionine-aspartate-aspartate) motif is situated 
centrally in the C domain of the DNA polymerase gene close to the 
putative lamivudine binding site and is highly conserved in drug 
naive virus. Two mutations are seen at this site. In the fi rst, valine is 
substituted for methionine at residue rt204 (YVDD) and, in the second, 
the rt204 methionine is replaced by an isoleucine residue (YIDD). The 
YVDD mutation is usually accompanied by an upstream substitution 
of leucine (at residue rt180) by methionine. The rt180 mutation is 
also found with the YIDD variant but less frequently. There is good 
evidence that the rt204 mutation confers lamivudine resistance 
while the rt180 mutation, which usually appears later, is important 
in ameliorating the deleterious effect on virus replication rates. In 
summary, three sequence variants must be detected at residue 204, 
these are the wild-type (ATG) and the mutants (ATT and GTG). The 
variants at amino acid 180 are the wild type (TTG and CTG) and the 
ATG (mutant) (Pillay et al., 1998) (Figure 2).
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Real-time quantitative ARMS PCRs were developed for each of the 
key sequence variants. These assays are designed to measure the levels 
of each of the sequence types in the serum of patients treated with 
lamivudine. This information is useful in the management of antiviral 
therapy. For example, early warning of the emergence of lamivudine 
resistance might indicate the need for immediate changes to the drug 
regime including the introduction of combination anti-viral therapy.

The detection system for the HBV lamivudine resistance-associated 
mutations requires that data from two pairs of primers be employed in 
the quantifi cation of each base (Figure 2). For example, the primer used 
to detect the ATT mutant has a terminal A base while the corresponding 
primer that detects the ATG wild-type has a C terminus. In the same 
way the primer for quantifi cation of the GTG triplet ends in a C residue 
complementary to the G in the fi rst position of the codon. This primer 
is paired with another that ends with a T base complementary to the 

Figure 2. Diagram representing ARMS PCR method for the detection of mutants 
at residues a) rt204 and b) rt180. A) For the detection at rt204 a common forward 
primer on the sense strand is used in all reactions and the anti-sense primers have 
the terminating base corresponding to the mutant base on the HBV DNA. Primer to 
detect the GTG mutant also has an additional mismatch at the n-1 position to further 
destabilise PCR of wild-type DNA, without affecting amplifi cation of mutant DNA. 
All reactions are done in parallel with the corresponding wild-type primers (not 
shown). B) Detection at rt180 is performed with the common primer designed to 
the anti-sense strand and three forward primers to detect the two known wild-types 
(CTG and TTG) and one mutant type (ATG). The CY5 labelled fl uorescence probe 
is common for all reactions.
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fi rst base of the ATG codon. A common primer, complementary to a 
conserved region of the virus, is used in all reactions.

HBV Mutation Detection Methods

HBV DNA Extraction from Serum

DNA for ARMS analysis can be extracted by any method known 
to be compatible with PCR. For HBV work serum samples (100µl) 
can be extracted using the Qiagen Viral DNA kit (Qiagen, Crawley, 
UK) according to the manufacturerʼs protocol. The DNA is eluted in 
100 µl water.

ResonSense® Probe ARMS PCR Detection of YMDD 
Variants

The sequences of the probe and primers used for detection of the HBV 
mutants are given in Table 2. The primers amplify two separate loci 
(amino acids rt204 and rt180) associated with lamivudine resistance. 
The four ARMS primers that are directed at the rt204 codon each have 
different 3' ends. Two of these primers are complementary to the wild-
type ATG codon with 3' ends at either the fi rst or third base. The two 
mutant specifi c primers also target these positions. The three rt180 
codon primers each target a different base at the fi rst position of the 
codon. The rt204 and rt180 ARMS primer sets are complementary to 
different strands and consequently the ‘common  ̓primers are different 
at the two loci.

Reaction Conditions

Standard PCR buffers are suitable for use in quantitative ARMS assays. 
The HBV assays contained the following components: 50mM Tris-
HCl pH8.3, bovine serum albumin (5µg/µl), 3mM MgCl2, 400µM 
dNTPs, 2.5 pmol of each primer (Table 2), 2.5 pmol of Cy5-labelled 
probe, SYBR Green I at a fi nal concentration of 1:10000 (BioGene 
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Ltd, Cambs, UK) and 5 units of Amplitaq DNA Polymerase Stoffel 
Fragment (Applied Biosystems, Foster City, CA) that had been pre-
bound to 2.2µg Taqstart Antibody (Sigma-Aldrich Co, Dorset, UK ) 
for 1hr at room temperature. HBV DNA or diluted fi rst round PCR 
product (2µl) was added to each 10µl reaction.

Cycling Conditions

Denaturation at 94°C for 10 s was performed followed by; 40 cycles 
of 60°C for 0 s (fl uorescence measurement), 74°C for 10 s and 92°C 
for 0 s. Melt analysis was done immediately following cycling by 
rapid cooling to 50°C and then increasing the temperature to 94°C 
at a ramp rate of 0.2°C per second with continuous fl uorescence 
measurement.

Standards

A plasmid carrying a section of the polymerase gene including the rt204 
and rt180 codons was purifi ed by standard methods and linearised by 
PstI digestion. Linear plasmids were serially diluted 1:10 in 0.5 µg/µl 
BSA (Bovine Serum Albumin, Life Technologies, Invitrogen Ltd, 
Paisley, UK) to give a dilution range of 5 to 5x109 copies. To 
determine the selectivity level of the primers, reactions containing 
109 copies of wild-type DNA template (ATG at codon 204) and from 
109 to 0 copies of mutant virus template were tested. Two series of 
samples were prepared representing the ATT and GTG mutant in 
the wild-type background. When high levels of mutant sequence 
(109 copies – 105 copies) were mixed with a constant number of 
wild-type copies (109), the mutant sequence specifi c primers clearly 
detected its matching template as judged from a decrease in the crossing 
threshold. Mixed sample reactions containing 104 or fewer copies of the 
mutant template together with 109 copies of the wild-type template had 
indistinguishable crossing thresholds. Therefore, the mutant primers 
selectivity level was 1:10000 mutant:wild-type (Figure 3).
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Quantitative ARMS

For the quantitative ARMS assays the concentrations of the standards 
were chosen to match the expected concentration range of the samples. 
Standard curves were prepared using at least fi ve standards. The DNA 
concentrations for the external standards were 5x10 9, 5x10 7, 5x10 6, 
5x10 5, 5x10 3, 50 and 0 plasmid copies. Quantitative ARMS assays 
were performed in parallel reactions, one with a primer matching the 
variant at the 3' end, and the other with the primer matching the wild-
type at the 3' end. All reactions were also run in parallel with standards 
of known DNA concentration.

Final Comments

In the HBV example, the rapid detection and quantitation of lamivudine 
resistant mutants can contribute to therapy management and the 
introduction of alternative treatments. The real-time ARMS PCR 
system is adaptable to detect other mutations, although the design of 
primers and simple PCR optimisation is required for each assay.

Figure 3. A mixture of the dilution series of mutants with fi xed concentration of 
wild-type DNA was assayed with mutant primer to establish the concentration at 
which the mutant primers would detect the wild-type DNA. The above graph shows 
the log fl uorescence versus crossing point cycle number.
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