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ABSTRACT. Primer-introduced restriction analysis is widely
used in molecular genetics. However, several studies have reported
inconsistent data regarding sequencing, mainly among heterozygous
samples. This discrepancy may be related to the bias towards a 1:1 ratio
typically observed in heterozygous digestion products. In this study,
we investigated the mechanism and minimization of this observed
bias. Three mismatched polymerase chain reaction (PCR) models were
analyzed by testing different PCR conditions and reaction mixtures.
For EPHXI gene rs1051740 single-nucleotide polymorphism PCR,
DNA concentration, denaturation and elongation time, annealing
temperature, and cycle number significantly influenced product ratios.
For SERPINAI gene PIMmalton deletion (APhe52) and CHRNA3 gene
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rs1051730 single-nucleotide polymorphism PCRs, significant bias
fluctuations were observed only for the annealing temperature and cycle
number conditions. The relevance of these results to the amplification
efficiency parameter is discussed. Rather than reducing the observed
bias, our data provide evidence of a counterbalance for preferential
amplification, depending on cycle number, annealing temperature,
and amplification efficiency alteration. Our results are relevant for
application to primer-introduced restriction analysis PCR assays.

Key words: Amplification efficiency; Bias; Mismatched PCR;
Primer-introduced restriction analysis PCR

INTRODUCTION

Primer-introduced restriction analysis (PIRA) polymerase chain reaction (PCR),
also known as mismatched PCR, is a PCR method in which one or more mismatches are
introduced into the primer sequence in order to create a restriction site for detecting a poly-
morphism/mutation. Although widely used in association studies and in the diagnosis of
monogenetic diseases, many of the mismatched PCR genotyping assays reported show in-
consistent data regarding sequencing, mainly among heterozygous genotypes (Hodanova et
al., 1997; Keicho et al., 2001; Simsek et al., 2001). These discrepancies may be related to
the bias toward the 1:1 ratio frequently observed in heterozygous digestion products, so that
heterozygous samples may be mistaken as homozygous. The main cause at the origin of the
observed bias is the amplification of different templates with mismatched primers. Indeed,
it is well known that degenerate primers are associated with amplification bias, which is
mainly related to the different primer binding energies in the non-perfectly matched priming
sites of the mixed template (Kanagawa, 2003). However, in the case of mismatched PCR,
different priming sites are not present in the templates, but the flanking region at the 5' end of
the mismatched primer contains different allelic versions [single-nucleotide polymorphisms
(SNP) or others], which are likely responsible for the observed bias. Some previous studies
have reported that primer hybridization efficiency may be influenced by sequence regions
adjacent to the priming site (Zheng et al., 1996; Polz and Cavanaugh, 1998). Furthermore,
primer-template secondary structure known as the dangling-end, which involves the first
template nucleotide flanking the primer, has been shown to induce different primer-binding
energies depending on the oligonucleotide sequence and the type of flanking nucleotide pres-
ent (Bommarito et al., 2000). In PIRA PCR, the stability of secondary structures formed be-
tween a mismatched primer and a template may cause the observed bias. The duplex formed
between a perfectly matched primer-template appears to be more stable. No amplification
bias is observed in this case. However, other bias occurs in non-mismatched restriction frag-
ment length polymorphism-PCR assay as the lower intensity of the digested band because of
the smaller DNA content.

Different PIRA PCR assays described in previous studies did not show an apparent
preference towards amplifying a particular type of polymorphism (A, T, C, and G), as in-
consistent data were obtained. Furthermore, rather than involving the entire primer-template
sequence in the pre-elongation step, different factors appear to be relevant in the over-repre-
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sentation of a particular sequence.

In this study, 3 mismatched PCR models were examined based on observed higher
intensity of the non-digested band and compared to that of a digested band. Different PCR
conditions and reaction mixtures were tested. Digestion products ratios were assessed. In this
analysis, we examined the mechanism of observed PCR bias. We also investigated bias mini-
mization in order to provide more accurate results by PIRA PCR.

MATERIAL AND METHODS
Materials

Three PIRA PCR assays for genotyping the EHPXI gene rs1051740 SNP (Wong et
al., 2000), the CHRNA3 gene rs1051730 SNP (this study), and the SERPINAI gene PIM-
malton deletion (ATTC) (Denden et al., 2013) were chosen based on their generated band
unconformities: non-digested bands were predominant among heterozygotes. Two non-mis-
matched PCR assays for the CYP/A2*1F gene rs762551 SNP (Cornelis et al., 2004) and the
CHRNA3/5 locus rs8034191 SNP (this study) genotyping were used as controls. Three hetero-
zygous samples for each locus were selected under classical genotyping conditions to assess
the effect of PCR conditions on the observed bias.

Genotyping

In all assays, PCR components for the 25-uL. reaction mixtures included: 0.4 pM
of each primer, 50-200 ng genomic DNA, 200 pM dNTP mix, 1.5 mM MgCl,, 0.5 U GoTaq
flexi DNA polymerase (Promega; Madison, WI, USA), and 1X buffer. PCR cycling conditions
were also similar, except for the hybridization temperature (T,) used. Amplification was
carried out in a DNA Thermal Cycler (Multigene; Labnet; Edison, NJ, USA) according to the
following program: 7 min at 94°C; 35 cycles of: 30 s at 94°C, 30 s at T, and 30 s at 72°C;
final extension for 7 min at 72°C. The primers and T, used at each locus were (introduced
mismatch is underlined): rs1051740 EHPXI SNP: 5-GATCGATAAGTTCCGTTTCACC-
3' and 5-ATCTTAGTCTTGAAGTGAGGAT-3, T, = 56°C; rs1051730 CHRNA3 SNP:
5-GATGACGATGGACAAGGTTAC-3' and 5-TCATCAAAGCCCCAGGITTA-3, T, =
56°C; PIMmalton mutation SERPINAI: 5'-ACACCAGTCCAACAGCACCAATAAC-3" and
5'-TCTCCGTGAGGTTGAAATTCAGGCC-3', T, = 58°C; 15762551 CYPIA2*1F gene SNP:
5'-CCCAGAAGTGGAAACTGAGA-3' and 5-GGGTTGAGATGGAGACATTC-3'; T, =
60°C; 158034191 CHRNA3/5 locus SNP: 5-GAGCAGGTTCATAATTCCAAGTG-3' and
S“TGTAGTCCCAGCTACTCAGCAG -3'; T, = 56°C. Next, 10 uL PCR products were digested
overnight at 37°C with 2.5 U of the corresponding restriction enzyme to each locus [EcoRV, Aanl,
Mboll (Fermentas; Vilnius, Lithuania), Apal, and Hpy188I (New England Biolabs; Ipswich, MA,

USA), respectively] and electrophoresed on a 3% agarose gel stained with ethidium bromide.
Variables tested

The PCR components and cycling conditions, previously assessed to show bias to-
ward 1:1 ratio reduction, were evaluated. Each parameter was tested individually, while other
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conditions were maintained as in classical genotyping assays. The reaction mixture variables
tested included: DNA amount [initial concentration (IC); IC x 2; IC / 2; IC / 4] and primer
concentrations (0.2, 0.4, and 0.8 uM). Different cycling parameters were analyzed, including
denaturation time (30 s, 1 min, 1.5 min), annealing time (30 s, 1 min, 1.5 min), extension time
(30 s, 1 min, 1.5 min), cycle number (25, 27, 30, and 35), and annealing temperature (43°-
66°C gradient).

The investigation of mismatch and type effects on the observed bias was possible for
the PIMmalton heterozygous genotype. Three primers sets were tested. The difference be-
tween the primers described above for PIMmalton genotyping was in terms of nucleotide type
at the mismatched position (T, C, and G). PCR products were then analyzed on a 15% (19:1)
non-denaturant polyacrylamide gel to distinguish between amplified templates.

Data analysis

PCR and digestion products band intensities were quantified using the ImagelJ soft-
ware version 1.46r (available at http://imagej.nih.gov/ij/download.html). Digested/undigested
products ratios were assessed through restriction fragment length polymorphism-PCR analy-
sis. For PIMmalton PCR product analysis, deletion allele/normal allele ratios were used. Data
are reported as means + standard deviation and compared using the Student #-test.

RESULTS

Digestion product ratio variations, according to variables tested, are shown in Figure
1. For the EPHXI gene PCR, DNA concentration, denaturation and elongation times, anneal-
ing temperature, and cycle number significantly influenced the product ratios. Lower DNA
concentrations only reduced the product ratios (IC x 2: ratio of 0.504 + 0.02; IC / 4: ratio of
0.703 = 0.02; P < 0.001), whereas ratios were completely inverted for other variants: denatur-
ation time (30 s: ratio of 0.595 = 0.04; 1.5 min: ratio of 1.113 £ 0.19; P < 0.001), elongation
time (30 s: ratio 0of 0.595 £ 0.04; 1.5 min: ratio of 1.604 £ 0.21; P <0.001), annealing tempera-
ture (60°C: ratio of 0.176 = 0.01; 43°C: ratio of 2.990 + 0.26; P < 0.001), and cycle number
(35: ratio 0f 0.595 £ 0.04; 25: ratio 0f 4.030 = 0.33; P < 0.001). For the SERPINAI gene PCR,
significant bias fluctuations were only observed for annealing temperature and cycle number
conditions. The product ratios were reduced at lower cycle numbers (35: ratio 0of 0.225 + 0.01;
25: ratio of 0.858 £ 0.04; P < 0.001) and inverted at low annealing temperatures (65°C: ratio
0f0.106 + 0.01; 48°C: ratio of 1.570 £ 0.16; P <0.001). For the CHRNA3 gene PCR, only bias
reduction, occurring when lowering annealing temperature and cycles number, was observed
(annealing temperature 57°C: ratio of 0.077 + 0.006; 47°C: ratio of 0.419 + 0.01; P < 0.001),
cycle number (35: ratio of 0.083 = 0.007; 27: ratio of 0.411 £ 0.01; P <0.001). No significant
variation in product ratios was observed for any of the non-mismatched PCR assays.

Mismatch and type effects in bias extent analysis using PIMmalton heterozygous
PCR is shown in Figure 2. The results revealed a significant deviation towards a 1:1 ratio
among mismatched PCRs (ratio mean of 0.228 + 0.01) compared with non-mismatched assays
(ratio of 1.02 = 0.03, P < 0.001). However, there was no significant difference between the
mismatches tested (A:A, ratio of 0.225 £ 0.01; A:G, ratio of 0.216 £ 0.01; A:C, ratio of 0.243
+0.02; P> 0.05).
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Figure 1. Digestion product ratio variations according to primers and DNA concentrations, denaturation, annealing
and extension times, annealing temperature, and cycle number. IC = initial concentration.

non-
Mismatched PCRs Mismatched

Figure 2. Mismatch and type effects on bias extent analysis using the PIMmalton heterozygous PCR. The
amplification of normal allele (non-deleted) showed a 134-bp band whereas the PIMmalton allele (3-bp deletion)
was shown as a 131-bp band. Heteroduplex bands are artifacts of small-deletion PCR amplification.
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DISCUSSION

Amplification bias observed using PIRA PCR may be related to primer-template ther-
modynamic fluctuations. No apparent preference in the amplification of a type of polymor-
phism was observed. Indeed, differences in primer-binding energies, which is at the origin
of the observed bias, are target- and flanking region sequence context-dependent (Zheng et
al., 1996; Polz and Cavanaugh, 1998; Bommarito et al., 2000). In the present study, the as-
signment of primer mismatch as an essential condition in bias occurrence was confirmed; the
non-mismatched PCR assay showed no deviation towards a 1:1 ratio (ratio of 1.02 £ 0.03),
whereas bias was observed in all mismatches tested (ratios of 0.228 + 0.01). However, the
mismatch type showed no significant effect on bias extent (A:A, ratio of 0.225 + 0.01; A:G,
ratio of 0.216 + 0.01; A:C, ratio of 0.243 = 0.02; P > 0.05). Several reports demonstrated that
different internal mismatch types may influence, to different extents, duplex thermodynamics
(Allawi and Santalucia, 1997, 1998; Peyret et al., 1999). However, they also reported that the
contribution to duplex stability is context-dependent. In contrast, any mismatch type inducing
thermodynamic fluctuation may not have a significant influence on the observed bias.

According to previous studies, amplification bias depends on a number of variables,
both intrinsic and extrinsic to the PCR. One of the most important is amplification efficiency,
a parameter that depends on template quality, concentration, primer length, binding energy,
replicate length, and PCR reagents availability, among others (Suzuki and Giovannoni, 1996;
Polz and Cavanaugh, 1998; Santal.ucia, 2007; Gonzalez et al., 2012). The alteration of this
parameter may lead to controversial results. In our study, this condition was tested at lower
concentrations (0.08 uM) of one primer. In addition to obtaining a weaker yield, the over-
amplified alleles were reversed in the cases of EHPX1 (ratio of 2.306 £ 0.22) and SERPINA1
(ratio of 1.438 + 0.11) PCRs. No yield was obtained for the CHRNA3 PCR under these condi-
tions. Amplification efficiency may also be altered, to different extents, by lower DNA con-
centrations or expanding denaturation and elongation times, explaining the deviation in the
product ratios observed with EHPX1 PCR. Polz and Cavanaugh (1998) reported bias reduc-
tion using high template concentrations. This finding does not contradict our results, as low
DNA concentration-induced amplification efficiency alterations can cause stronger bias com-
pared to higher DNA amounts. In another study, Kurata et al. (2004) observed unexplained
PCR bias when using a longer extension time (180 s), which may be attributable to amplifica-
tion efficiency alteration.

Under optimal PCR conditions, PCR selection may favor one of the alleles from the
beginning of the amplification. However, it has been demonstrated that the bias mechanism
can vary during amplification and according to amplification efficiency. Suzuki and Giovan-
noni (1996) suggested a kinetic model to explain the observed bias. They reported that in
multitemplate reactions with higher amplification efficiency, the favored template will reach
saturation concentration (a plateau phase resulting from the inhibitory template reannealing
effect) earlier than the other templates, which are still increasing. Based on this observation,
the final over-amplified product may correspond to the actual favored allele or to which am-
plification is still occurring, depending on the amplification cycle number. This may explain
the results obtained for EPHX1 PCR. Our experiments showed that the over-amplified allele
at 35 cycles (non-digested allele) was not observed for less than 27 PCR cycles. However, this
finding was not observed for CHRNA3 and SERPINA 1 PCR, and bias reduction was observed
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when the number of PCR cycles was lowered. Suzuki and Giovannoni (1996) also reported
that PCR with lower amplification efficiency does not show an inhibitory template reanneal-
ing effect. This observation agrees with our data. The CHRNA3 and SERPINA1 PCRs showed
lower yield compared to that of the EPHXI gene, performed under the same reaction and
cycling conditions. However, one limit of the technique used in this study for bias quantifica-
tion (ethidium bromide staining) should be considered. This technique does not allow for bias
quantification of PCR involving fewer than 25 cycles, which is needed for further investiga-
tion of the CHRNA3 and SERPINAI PCRs. Several studies investigating bias in PCR ampli-
fication of mixed templates also showed that a reduction in the number of PCR cycles may
reduce the observed bias (Suzuki and Giovannoni, 1996; Polz and Cavanaugh, 1998; Sipos et
al., 2007). However, this study is the first to report a preferential amplification counterbalance,
depending on cycle number.

The annealing temperature relationship with PCR bias was previously investigated
(Ishii and Fukui, 2001; Sipos et al., 2007). The data reported examined mismatched priming-
site-induced bias, and observed amplification of bacterial strain template mixtures. In their
study, Ishii and Fukui (2001) reported reduced bias with lower annealing temperature only
in the case of the mismatched templates (P1100 and M1100) whereas they did not observe
any change with perfectly matched templates (P907 and M907) even presenting an ampli-
fication bias. The result obtained indicates that bias toward a 1:1 ratio may also occur with
non-mismatched primers, like when sequences flanking the priming site have a strong influ-
ence on primer-binding energies. Furthermore, a deeper analysis of the results presented by
Ishii and Fukui (2001) revealed that, in the case of the P1100 and M 1100 templates, over-
amplification of one template at higher annealing temperature (55°C: ratio of 0.17 + 0.08) was
counterbalanced at lower annealing temperature (45°C: ratio of 1.47 + 0.21). A bias reduction
also occurred for P907 and M907 templates (the product ratio was reduced from 2.12 + 0.12
at 55°C to 1.61 + 0.13 at 45°C). Zheng et al. (1996), who investigated universal oligonucle-
otide hybridization using small subunit rRNA, reported that bias between templates resulted
from fluctuations in the dissociation temperature, a parameter defined as the temperature at
which 50% of the duplex remains intact during the hybridization washing period. In addition
to these observations showing reduced bias by lowering the hybridization temperature, we
further observed for the S-*-Univ-1390-a-A-18 probe that the preference in template hybrid-
ization at high temperature (55°C) was counterbalanced at lower temperature (44°C). For
the S-*-Univ-1392-a-A-15 probe, bias reduction was only observed when the hybridization
temperature decreased from 47°C to 40°C. These findings are similar to those observed in
our study. Over-amplification of the non-deleted allele of the SERPINAI gene and the non-
digested allele of the EPHXI gene at 65°C (ratio of 0.106 + 0.01) and 60°C (ratio of 0.176 +
0.01) were counterbalanced at 48°C (ratio of 1.570 + 0.16) and 43°C (ratio of 2.990 £ 0.26),
respectively. In addition, bias reduction was only observed for the CHRNA3 gene PCR when
the annealing temperature was decreased from 57°C (ratio of 0.077 + 0.006) to 47°C (ratio
0f' 0.419 £ 0.01). Testing of a lower annealing temperature was not possible in this case as no
yield was obtained.

According to these data, for PCR cycle number, the amplification preference may
also be dependent on annealing temperature. Two mechanisms may be involved in the bias
reduction and/or template preference counterbalance by lowering the annealing temperature.
First, the variance between templates in term of primer-binding energy may be largely affected
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by the low annealing temperature, allowing for more extensive hybridization independently
from the template preference. Second, low temperature promotes non-specific hybridization in
other loci. This condition may alter the amplification efficiency of the specific replicate, which
can induce a preference counterbalance, as observed in our experiments.

Various factors should be considered in PIRA PCR assays. Internal factors, specific
to the primers and templates, may be easily controlled throughout PCR cycling and annealing
temperature parameter optimization. However, external variables such as DNA concentration,
quality, DNA salt concentration, and PCR reagent concentrations appear to alter to varying
extents, depending on the optimization of internal factors. Fluctuations between samples may
not be completely avoided, as they depend on the amplification efficiency in each tube. Well-
defined experimental conditions are needed using DNA samples extracted under the same con-
ditions and having the same pH and salt concentrations. Indeed, these last variables are well
known to impact DNA thermodynamics (Allawi and Santalucia, 1998; Santalucia, 1998).
PCR drift may also occur from pipetting errors, which can be avoided by a master-mix and
through increased experimenter vigilance.

In conclusion, our study revealed that both PCR selection and drift contribute to the
bias observed in mismatched PCR assays, which require PCR cycling and annealing tempera-
ture optimization and stringent experimental conditions in order to be reduced.
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