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Quantitative real-time PCR (qPCR) has been
improved and optimized over the past
decade for a wide range of applications.
Design of primers and probes is one of the
crucial steps to obtain high system efficiency
of gPCR since design pitfalls influence
negatively amplification performances. We
report the results of some experiments. First,
we demonstrate the utility of optimal primer
design and concentration in PCR by con-
structing suboptimal primers, for instance
with hairpin and primer—dimers secondary

structures, and quantifying the decrease in
efficiency of amplification. Second, we show
the adverse effects of the target sequence
harboring stable secondary structures on the
primer binding sites. Finally, we let see that
the mere use of probe-based detection is not
enough to ensure robustness of gPCR data,
because the eventual detrimental products
generated by primers not well designed may
influence in any case the PCR efficiency. J.
Clin. Lab. Anal. 25:389-394, 2011.
© 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Quantitative real-time PCR (qPCR) is a sensitive and
robust technique directly evolved from the ‘“‘end-point
detection” polymerase chain reaction (PCR) (1). It is
able to quantify the levels of specific nucleic acid
sequences and detect their copy number changes in the
genome. JPCR has been improved and optimized over
the past decade for a wide range of applications, such as
clinical diagnosis, molecular research, and forensic
studies (2). Although the number of its applications is
increasing exponentially as the mechanism of PCR itself,
there is neither consensus on experiment design nor
homogeneity in practice (3). Therefore, in order to
achieve reliable experiments and unequivocal interpreta-
tion of qPCR data, several practical guidelines have
been recently proposed (3-5). Although these guidelines
directly focus on most of the practical problems related
to qPCR, both consensus on experiment planning and
full experimental details in many publications still lack.
Such problems emerge clearly in studies conducted with
in-house developed assays, for which many researchers
fail to provide detailed quality control on the whole
qPCR workflow (i.e., nucleic acid extraction, system
design or data analysis).

© 2011 Wiley Periodicals, Inc.

gPCR is based on the quantitative relationship between
the amount of target sequence at the beginning and the
amount of amplified PCR product at any given cycle
combined with the immediate detection of the products.
Design of primers and probes is one of the crucial steps to
obtain high system efficiency of qPCR since design pitfalls
influence negatively amplification performances (6), on
which both data analysis and robustness of results rely. In
this context, we wish to show the negative effects of these
pitfalls on PCR efficiency. Furthermore, in order to achieve
reasonable efficiency, some practical suggestions concerning
the system design are provided. Thus, we evaluated the
performance of SYBR-Green and double-labeled dye
oligonucleotide probes comparing their sensitivity, reprodu-
cibility, and specificity. The reported method, currently used
in our laboratory, allowed us to obtain robust results in
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several fields, such as clinical diagnosis (7,8), neuro-
oncology research (9), and validation of microarray-based
studies (10).

MATERIAL AND METHOD
System Design

All primers and double-labeled probes were designed for:
B actin (ACTB, NM_001101), Pyruvate kinase (PMK2,
NM_002654) and B-2-microglobulin (B2M, NM_004048)
using a combination of several utilities such as: Primer
Express (PE Applied Biosystem, Foster City, CA), Oligo 4.1
(National Biosciences Inc., Plymouth, MN) and PrimerPy
v0.97 (a GUI utility for Q-PCR primer design software).
Primers and double-labeled probes are listed in Table 1.
Since the product of such software is a redundant list of
acceptable primers that do not always satisfy the design
requirements (11), we refined appropriate primer/probe
sequences following specific criteria. (a) Primer binding sites
were selected on separate exon-boundaries to prevent
amplification of spurious genomic DNA. (b) Primers and
probes were designed avoiding the region-containing SNPs
by using the “www.ensembl.org” website. (c) The optimal
length of primers was 17-22 bp with no more than 60% G/C
content (12). (d) In order to avoid high complementarily
primer hybridization that causes nonspecific extension by the
DNA polymerase, only primers with no more than three
G/Cs within the last five 3’-end nucleotides were selected.
(e) The specificity of oligodeoxynucleotides was tested using
Primer Blast in order to ensure a single amplicon as product
of amplification (www.ncbi.nlm.nih.gov) (13). (f) Internal
stability (—AG) of primer sequences was chosen with a
decrease in 5-3' sense preventing nonspecific primers
hybridization. (g) The difference between Tm of primers
(sense and antisense) was kept lesser than 2-3°C.

Refinement of System Design Following Specific
Procedures

Fine-tuning procedures to design qPCR systems were
achieved by: (i) identifying optimal primer concentrations;

TABLE 1. Primers and Probe Designed

(i) avoiding formation of both primer hairpin and
primer—dimmers (PDs); (iii) avoiding primer binding sites
on target sequence in region displaying thermodynami-
cally stable secondary structures. To address and show the
impact of these features, we forced their presence into the
design of primers to obtain biased oligonucleotides that
form both hairpin and PDs secondary structures and,
primers binding region displaying thermodynamically
stable secondary structures. Moreover, we varied the
optimal concentration of primers to show its effect on the
PCR efficiency.

RNA Processing

Total RNA was extracted from 5x10° cells of
1603MED line (14) with the use of Trizol reagent
(Invitrogen Life Technologies, Milan, Italy), following
the standard procedure. Additionally, RNA undergone
silica—cartridge purification using the PureLinkTM
system (Invitrogen Life Technologies), and total RNA
was treated with (RNAse-free) DNAse. RNA was
quantified by Nanodrop (Celbio, Milan, Italy) and its
quality and integrity was assessed using Agilent 2100
Bioanalyzer (Agilent, Santa Clara, CA). Double-
stranded c¢DNA synthesis was performed using
Oligo(dT),ppriming by a two-Step cDNA Synthesis kit
(Invitrogen Life Technologies).

qPCR Condition

Amplifications were carried out in 25-pl singleplex
runs using EXPRESS SYBR GreenE qPCR or Super-
Mix-UDG (Invitrogen, Carlsbad, CA) on the ABI
PRISM 7500 HT Sequence Detection System (Applied
Biosystems, Foster City, CA). Cycling conditions
included degradation of preamplified templates for
2min at 50°C, followed by 2min of denaturation at
95°C and then 32 cycles of denaturation at 95°C for
20sec and annealing/extension at 54°C for 35sec,
followed by the dissociation stage when SYBR was
used. The normalized fluorescent signal (ARn) was

Gene Primers and probes, 5-3' sequences Final concentration (nM)
B2m F TCACAGCCCAAGATAGTTAAG 300
R GAGGTTTGAAGATGCCG 300
Probe TGCTGCTTACATGTCTCGATCCC 200
ACTB F CAACTGGGACGACATGG 150
R CTGGGGTGTTGAAGGTC 300
Probe CTGGCACCACACCTTCTACAATGA 200
PMK2 F AGAGAAGGGAAAGAACATCAA 200
R GCACCGTCCAATCATCAT 100
Probe CAGCAAAATCGAGAATCATGAGGG 200

ACTB, B actin; PMK?2, pyruvate kinase; f2m, -2-microglobulin.
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automatically calculated by the algorithm that nor-
malizes the reporter emission signal. The threshold value
applied to get the threshold cycle (Cq) was set at 0.05 in
all the experiments.

The performances of all designed systems were
compared using the Standard Curves (SCs) method.
All data were carried out as a mean of triplicate
amplifications and repeated at least two times using
template from different RNA extraction and cDNA
synthesis to evaluate the robustness of the assay. Each
gqPCR system efficiency (E) was calculated by the
equation: E=[10""5°P9_]] and experimental design
was considered appropriate for relative quantification
when the difference of system efficiencies was <0.1 (15).

RESULTS
Fine-Tuning Procedures

We assessed the optimal sequence and concentration
of primers (Table 1) that gave rise to a single amplicon
for all three systems using SYBR detection as shown by
MC analysis (Fig. 1, profiles: A,B,C). The optimized
concentration of primers produced comparable effi-
ciency of systems with differences less than 0.1: PMK?2
E=96%, slope=-3.42; ATCB E=94%, slope=
13.47, and B2M E = 94%, slope = —3.47 (Fig. 1D).

We forced the use of inappropriate concentration of
primers (i.e., PMK2 amplifications) observing a slight
drop in PCR efficiency using both chemical-detection
strategies. When the optimal concentration was reduced
to 50% (F=100nM, R=50nM), the efficiency of
SYBR detection and probe-based detection systems fell
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by 13% (slope=—-3.83) and 11% (slope = —3.75),
respectively. On the other hand, elevated primer
concentrations (F=400nM, R=400nM) delivered
efficiencies higher than 100% (characterized by SC
slopes less than —3.32) producing nonspecific amplifica-
tion visible only using MC analysis in SYBR detection
(data not shown).

The optimal sequence of primers generated Pd
structures only with free 3’-ends (i.e., PMK2 sense and
antisense primers Fig. 2-1 and 2-2, respectively) and
with low thermodynamic stability (AG less that —5 Kcal/
moles).

To test the effects of Pds, we specifically designed
PMK2-biased primer with unpaired 5 dangling ends
(shown in Fig. 2-3). Such inappropriateness produced
nonspecific fluorescence signals that were detected by
MC analysis using intercalating dye detection (Fig. 3A)
with overall efficiencies of —12.4% (Fig. 3C slope 3).
The addition of the probe in the same primer system
generated similar results: £= —21.1% (Fig. 3C slope 6).

Several artifacts might be caused by the formation of
stable hairpin structure of primers, thus to test their
effect, we forced the primer design in generating hairpins
with either unpaired 5 dangling end or free 3’-end
(Fig. 2-4 and 2-5).

The use of primer with unpaired 5’ dangling end led to
a 30% increase in SYBR amplification efficiencies
(Fig. 3C slope 1) producing a nonoptimal MC analysis
(Fig. 3B). On the other hand, the use of probe detection
system (with the same sense and antisense primers)
generated 21.1% loss of efficiencies (Fig. 3C slope 5). The
use of primer with hairpin free 3’-end structures both by
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Optimized primers. MC profiles of: (A) optimized SYBR detection for PMK2, (B) optimized SYBR detection for 2M, and (C)

optimized SYBR detection for ACTB. (D) Comparison between SC for the amplification of B2M, PMK2, and ACTB by using SYBR. 2M:
R*=10.9911; Slope = —3.47; PMK2: R*=0.9905; Slope = —3.42; ATCB: R*=0.9971; Slope = —3.47. SC, standard curve.
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Secondary structures of designed PMK2 primers. (1) sense and (2) antisense well-designed primers with low thermodynamic

interaction and nonhairpin structures, (3) PD structures of biased primer with and unpaired 5 dangling ends, (4) stable primer hairpin structures

with unpaired 5 dangling end and (5) free 3’-end.

intercalating dye and probe-based detections generated a
decrease in the PCR efficiency: SYBR = —33% (Fig. 3C
slope 4) and Probe = —22.8% (Fig. 3C slope 7).

We also forced the primer design in target region
displaying thermodynamically stable secondary struc-
tures in the primer binding site to evaluate their effects
on PCR efficiency. Such kind of primers led to a loss of
PCR efficiencies using both SYBR- and probe-based
detection systems (data not shown).

Finally, the application of the above-described fine-
tuning procedures allowed us to obtain comparable
results in term of reaction efficiency as well as of Cq,
using both chemical-detection systems (Fig. 3D).

DISCUSSION

We present some practical suggestions on system
design in order to achieve reasonable system efficiency.
Despite these basic criteria have already been proposed
elsewhere as guidelines (3-5), an experimental summary
with a graphical representation of what may happen,
when they are not fulfilled, has not been yet reported.

PCR should be considered as a dynamic equilibrium
between reactants (primers/probes and target template)
and products. The reaction occurs at a defined tempera-
ture with (as far as possible) constant saline concentration,
taking into account additional parameters, i.e., the
optimal working temperature of enzymes, the Tm of
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oligonucleotides and the amount of time required for
elongation etc. Given an initial mixture of reactants, the
reaction produces a more complex mixture containing
specific amplification products simultaneously with a
decrease in reactants. Moreover, the reaction is influenced
by the formation of secondary folded and dimerized
structures of both reactants and products strictly
depending on the reaction temperature and the saline
concentration. Thus, a balance of all the reaction
conditions is required (16).

Primer annealing temperature (Ta) depends on its own
bases composition and is directly proportional to
concentration. All primers used in a quantification
experiment have to work at the same temperature (such
as reference genes vs target genes). Therefore, once the
Ta of the assay is selected, the design of primer sequences
should fulfill the assigned assay temperature and thus
their final working concentration should to be tested and
adjusted accordingly. We tested different primer con-
centrations to demonstrate the detrimental effects
determined by the use of nonoptimal concentration.

Our optimal concentration of primers generated a
single amplicon as shown by MC analysis using SYBR
detection and produced comparable efficiencies between
systems, while a decreased concentration of primers (at
the same Ta) resulted in a loss of PCR efficiency leading
to not comparable SCs. On the other hand, eclevate
primer concentrations may give rise to fallaciously
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Fig. 3. Biased PMK2 primers. MC profiles of: (A) PMK2 with Pds
formation and (B) PMK2 with hairpin structure with unpaired 5’
dangling end. (C) Comparison between SCs for the amplification of
PMK?2 by using SYBR Vs Probe. Curve 1: SYBR detection with
primers bearing hairpin with unpaired 5" dangling ends; slope = —2.81,
E=+30%. Curve 2: Optimized SYBR detection; slope = —3.42,
E=96%. Curve 3: SYBR detection with Primers yielding PDs;
slope = —3.79, E=—12.4%. Curve 4: SYBR detection with primers
bearing hairpin structures with free 3'-end; slope = —4.72, E = —33%.
Curve 5: Probe detection with Primers bearing hairpin with unpaired 5’
dangling ends; slope = —4.14, E= —21.1%. Curve 6: Probe detection
with Primers yielding PDs; slope = —4.12, E=—-21.1%. Curve 7:
Probe detection with Primers bearing hairpin structures with free
3’-end; slope = —4.19, E = —22.8%. (D) SC of PMK2 using SYBR and
Probe detection showing comparable results. SC, standard curve.

higher than 100% efficiency. Such detrimental effects
are also detectable using probe-based detection systems
even if the possible nonspecific amplification products
are not detectable by MC analysis.
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Contrary to the end-point PCR, the qPCR allows the
immediate detection of amplified products in any given cycle
using a quantitative relationship with the target sequence at
the beginning of reaction. Detection is enabled by the
generation of a fluorescent signal ensured by two essentially
different types of chemical strategies. One is based on double-
stranded intercalating dye (SYBR-Green and its evolution)
and the other uses dye-labeled probe systems (i.e., exonuclease-
based double-labeled dye oligonucleotide, molecular
beacons, etc) (6,17). In general, qPCR detection
achieved using SYBR-Green is defined as “‘nonspecific,”
whereas detection by fluorescent probes is considered
“template-specific”’” (6,18). Such dichotomy assumes that
the use of probe introduces an additional level of
specificity since it does not produce any fluorescence
signal, due to probe hybridization, for amplicons
generated by either mis-priming or PDs.

Since primers are always prone to produce duplexes
(interacting by itself or others through a few stretch of
bases), we consider optimal primers those showing low
thermodynamic interaction (AG less that —5Kcal/
moles). To test the effects of primers with stable PD
structures, we forced the design of specifically biased
primers. PD formation with unpaired 5’ dangling ends is
permissive for polymerase extension and it could
generate shorter not target-specific amplimers. We
showed that optimal primers are only those tending to
generate Pd structures with free 3’-ends. Otherwise,
the use of a biased primer with unpaired 5 dangling
ends would deliver unsatisfactory amplifications either
increasing or decreasing efficiency due to the production
of nonspecific fluorescence signals. Such inappropriateness
becomes obvious by intercalating dye detection allowing
the MC analysis, but it is not appreciable using
probe-based detection systems, whose deleterious impact
on overall efficiency is probably due to primer sequestering
that compete with the specific target amplification.

In any case, Pds with high thermodynamic stability
may have negative effect on PCR efficiency using both
chemical-detection strategies.

Several artifacts might also be raised by the formation
of stable primer hairpin structures; to test them, we
forced the primer design in generating hairpin with both
unpaired 5 dangling end and free 3’-end. With unpaired
5" dangling end, we observed an increase in amplification
efficiencies using SYBR due to higher amount of
intercalating dye-labeled product, while probe detection
system (using the same sense and antisense primers)
generated a loss of efficiencies. This controversy may be
explained because 5 dangling end serves as template for
nucleotide incorporation starting from the 3’ ends giving
rise to a spurious hairpin products not detectable by the
probe, subtracting reactants from the specific amplification.
On the other hand, primers with hairpin free 3’-end
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structures decreased PCR efficiency both by intercalating
dye- and probe-based detections. Such detrimental
effects may be due to only primers sequestering effect
without any possible polymerase extension and it was
more evident by SYBR.

It is worth remembering that the effects of both Pds
and hairpin structures produced inappropriate PCR
efficiency, but their nonspecific products are detectable
only by MC analysis using intercalating dye chemistry.
Otherwise, any dye-labeled probe detection does not
allow disclosing such artifacts that we have showed to
interfere with amplification efficiency. Secondary struc-
tures of target sequence (i.e., loops), displaying high
thermodynamic stability at the primer binding site, may
also influence the amplification (19). Thus, we checked
the folding of the target sequence and their flanking
regions using the DNA mfold suite on the M. Zuker
website (19), according to the thermodynamic
parameters established by J. Santalucia (20). Here we
forced the primer design in target region displaying
thermodynamically stable secondary structures in the
primer binding site to evaluate their effects on PCR
efficiency. In general, such kind of primers, hybridizing
on loops, lead to a decrease in PCR efficiencies probably
due to random reaction imbalance by sequestering effect.

In conclusion, the mere use of probe-based detection is
not enough to ensure robustness of qPCR data, because
the eventual detrimental products generated by nonwell-
designed primers may influence in any case the PCR
efficiency. It is highly recommendable to use software
packages and web tools to optimize primers and probes
design following specific criteria and rules (www.rdml.org).
It seems always advisable to validate each probe-based
PCR system by using a SYBR-green approach (6).

The results herein presented should be seen as an
indicative of primer design pitfalls, since dynamic
equilibrium of PCR using nonwell-designed primers
and template becomes stochastic, largely unpredictable,
and finally affect reaction efficiency, quantification,
reproducibility, and robustness of data.
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