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ABSTRACT

Quantitative PCR allows the precise measurement of DNA concentrations and is generally considered to be
straightforward and trouble free. However, a survey with 93 validated assays for genes in the Wnt-pathway
showed that the amplification of nonspecific products occurs frequently and is unrelated to C, or PCR efficiency
values. Titration experiments showed that the occurrence of low and high melting temperature artifacts was
shown to be determined by annealing temperature, primer concentration and cDNA input. To explore the range
of input variations that occur in the normal use of the Cre assay these conditions were mimicked in a complete
two-way design of template —plasmid DNA- and non-template —mouse cDNA- concentrations. These experi-
ments showed that the frequency of the amplification of the correct product and the artifact, as well as the valid
quantification of the correct product, depended on the concentration of the non-template cDNA. This finding
questions the interpretation of dilution series in which template as well as non-template concentrations are
simultaneously decreasing. Repetition of this cDNA concentration experiment with other templates revealed that
exact reproduction qPCR experiments was affected by the time it takes to complete the pipetting of a qPCR plate.
Long bench times were observed to lead to significantly more artifacts. However, the measurement of artifact-
associated fluorescence can be avoided by inclusion of a small heating step after the elongation phase in the
amplification protocol. Taken together, this trouble-shooting journey showed that reliability and reproducibility
of qPCR experiments not only depends on standardization and reporting of the biochemistry and technical
aspects but also on hitherto neglected factors as sample dilution and waiting times in the laboratory work flow.

1. Introduction

amplified product with melting curve, size and/or sequence analysis.
Unnoticed amplification of a nonspecific product (artifacts), results in

Quantitative PCR, gPCR or RT-qPCR, allows the sensitive, rapid and
precise measurement of DNA or RNA targets. The method is used for e.g
diagnostic purposes, gene expression studies for a restricted panel of
genes in fundamental and translational research and validation of
transcriptome analyses. In general, qPCR is considered to be straight-
forward and trouble free. As a consequence, most papers do not report
the optimization and validation carried out to determine the specificity
and sensitivity of an assay [1] although the MIQE guidelines specifically
ask for such proof [2]. Optimization of qPCR is performed to avoid off-
target products and artifacts. This optimization is commonly carried out
with negative and positive control samples; the loss of specific product
in a dilution series of the positive sample is then considered to indicate
the lower detection limit of the assay [3]. For reactions with high Cq
values, it is generally recommended to check the identity of the

false positive results and underlines the emphasis of the MIQE guide-
lines on assay specificity.

Amplification artifacts can be shorter or longer than the intended
amplicon. Short artifacts are most often primer dimers, which are
mainly due to homology between the primers sequences [4]. Long ar-
tifacts comprise off-target products which contain additional sequences
that do not or only partially overlap with the targeted sequence [5].
Although some papers describe how to prevent amplification of non-
specific products [6-8], hardly any paper deals with the conditions
leading to these off-target products.

The replacement of a 1-step RT-qPCR protocol by a 2-step protocol
(cDNA synthesis followed by separate PCR reactions) reduces the oc-
currence of primer-dimers in the no-template control [9]. The 2-step
protocol allows a better control of the temperature during the phase of
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the cycling protocol in which primers anneal to the available DNA
strands and each other [10]. Hot-start PCR prevents primer extension
due to interactions between reaction components at low temperature
prior to the first denaturation step of the cycling protocol [6,7,11] and
is therefore considered to reduce artifact formation. When these ex-
tended primers share homology with a sequence elsewhere in the
genome, a phenomenon dubbed “jumping” can occur [12]. In such a
within-genome recombination a completely new product is amplified
[12,13]. The frequency of jumping is suggested to depend on the ratio
of template to non-template DNA rather than on the absolute con-
centration of the template [14].

In this study we describe a series of trouble-shooting experiments
that was done to get to grip on the conditions in which PCR artifacts
occur in reactions with validated assays on the sample type for which
they were designed. These analyses showed that the balance between
primer, template and non-template concentrations determines whether
the correct product and/or an artifact will be amplified. Qualitatively,
low template concentrations increase artifact frequency whereas,
quantitatively, low non-template concentrations lead to deviating Cq
values and thus to incorrect quantification. Moreover, the occurrence of
artifacts was shown to be highly dependent on the time it took to
complete the pipetting of the qPCR plate despite implementation of a
hot-start procedure. Measurement of the fluorescence at a temperature
above the Tm of the primer-dimers was shown to give the expected
results despite the formation of artifacts. These observations show that
low-input gene expression experiments of a complicated design have to
be carefully optimized, standardized, performed and evaluated, espe-
cially when ‘not expressed’ or ‘not present’ are among the possible
outcomes.

2. Material and methods
2.1. Primer design

The PCR primers for genes in the Wnt pathway were designed using
Primer-Blast (NCBI). The following criteria were taken into account
when designing the primer pairs: (1) each primer should be 19-22 bp in
length, (2) the annealing Ty, should be 60 * 1 °C, (3) the difference
between the Ty, of the two primers in a pair should be < 1 °C, (4) the
primers should have limited similarity with other sequences in the
genome and especially not in the last 4 bases at the 3’ end of the primer
[15] and (5) the amplicon should be between 70 and 150 bp in length.
In addition, we aimed at primers that are exon—exon spanning, or that
the amplicon is spanning an intron of at least 500 bp. However, this
latter criterion could not be met for several targets, because many genes
of the Wnt signaling pathway are without intron. Next the primers were
analyzed using Oligoanalyzer v3.1 (IDT) with as analysis parameters:
oligo-concentration: 1puM, 50 mM Na*, 2mM Mg* and 0.25 mM
dNTP. We aimed at primer pairs for which the homo-dimer and hetero-
dimer strength is AG< —9 kcal/mol. Moreover, we checked that there
are no extendable 3’ends in these home and hetero-dimers. Finally, we
aimed at a T, < 55 °C of the primer-dimers.

The target specificity of the designed primer pairs was tested in
qPCR reactions with ¢cDNA of complete chicken embryos as positive
control tissue. As negative controls we used minus-RT and no-tissue
control (NTC) reactions. A reaction with genomic DNA served to de-
termine cDNA specificity. After the PCR reaction the amplification
curve was inspected with respect to background and plateau level
(ratio = 10), as well as the PCR efficiency (> 1.7; Fig. 1C). After the
qPCR run, we performed melting curve analysis, gel electrophoresis and
sequencing to verify that the expected target was amplified. If this
verification failed an alternative primer pair was designed and tested.
The primer pairs that were used in the reported analysis are shown in
Supplemental Table 1.

MS2 primers were obtained both from literature [16] or designed
(Supplemental Table 2) using Allele ID (PREMIER Biosoft). Primer pairs
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were evaluated in silico and using dilution series, gradient PCRs and
checkerboard titrations.

The primers used to amplify the 341 bp Cre amplicon were; forward
primer: GGTTCGCAAGAACCTGATGGACAT and reverse primer:
CTAGAGCCTGTTTTGCACGTTCA [17].

2.2. Experiments with chicken embryos

Fertilized chicken eggs were obtained from a local hatchery (Drost
BV, Nieuw Loosdrecht, the Netherlands) and incubated for three days at
38 °C. The embryonic tissue around the developing heart was divided
into five regions. Samples were collected in TriReagent® (Life
Technologies) and total RNA was immediately isolated; RNA purity and
quantity were determined using the Nanodrop. Per RT-reaction
300-1000 ng of total RNA was converted into cDNA using anchored
oligo-dT primers (T,4VV) and Superscript II reverse transcriptase (Life
Technologies). Each 10 pL qPCR reaction contained an amount of cDNA
equivalent to 5 ng of total RNA (5 RNA equivalents), LightCycler’ 480
SYBR Green I Master mix (Roche), and 1 uM of the forward and reverse
primer. The qPCR was run in a LightCycler’480 Multiwell Plate 384 cy-
cler (Roche): 5 min 95 °C followed by 45 cycles 10 s 95 °C, 20 s 60 °C
and 20 s 72 °C, and a melting curve analysis to verify the amplification
product. Negative controls were (i) a no-tissue control (NTC; water) and
(ii) a RT-reaction without enzyme. As positive control 5 RNA equiva-
lents of ¢cDNA prepared from entire chicken embryos was used. The
expression level of 93 genes related to Wnt signaling and two reference
genes was measured in triplicate per tissue.

2.3. Experiment with MS2 virus

The enterobacteriophage MS2 (DSM No 13767; strain PC-V3463;
Genbank NC_001417) and Escherichia coli host cells (DSMZ 5695) were
purchased (Leibniz  Institute = DSMZ-German Collection of
Microorganisms and Cell Cultures, Braunschweig). A stock of MS2 was
prepared of 4.8 x 10'® PFU per mL. The MS2 genome was isolated
using the NucliSENS miniMAG kit (bioMérieux; Benelux, Zaltbommel,
Netherlands) and after treatment with DNase converted into cDNA
using the QuantiTect Reverse Transcription Kit (Qiagen). The cDNA
was used undiluted (approx. 2 x 10° PFU) or diluted in 10-fold steps
down to 107 '° and analyzed in 20 uL reactions using iQ™ Supermix
(Biorad) or SsoFast™ EvaGreen® Supermix (Biorad) and primers at
various concentrations in checkerboard designs. The qPCR was run in a
BioRad CFX96™touch Real-time PCR detection system: 10 min 95 °C
followed by 50 cycles of 15 s 95 °C and 1 min 60 °C, and a melting curve
analysis to verify the amplification of the correct product. Each PCR
variable was tested in one or more runs to reach at least triplicate
measurements

2.4. Template/non-template checkerboard experiments

These experiments were carried out to evaluate the effect of the
relative concentration of template versus non-template DNA in the re-
actions. A plasmid (pDNA) containing the sequence of Cre recombinase
enzyme [17] was used as template. cDNA from hearts of newborn mice
served as non-template DNA. RNA and cDNA preparation and PCR re-
action were as described in the above chicken experiment. The input of
the reactions consisted of a complete checkerboard design with all
combinations of template (10-times dilution series from 15.10% down to
1.5 and O copies of pDNA) and non-template (5-times dilution series
from 10 down to 0.0032 and 0 ng RNA equivalents of cDNA) con-
centrations. Note that this two-way design encompasses the range of
variations in cDNA and target concentrations that occurs in a (dilution)
series of different tissues for which the Cre-assay was designed. The
experiment was replicated in 2 PCR runs and carried out with 2 primer
concentrations (1 uM and 0.1 pM) with four technical replicate reac-
tions per combination of inputs.
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Fig. 1. Frequency of occurrence of artifacts and their relation to the PCR efficiency and Cq value. The frequency at which PCR artifacts occur was determined for 93 genes of interest
(Supplemental Table 1) of which the expression levels were determined in triplicate in 5 different tissues involved in the development of the chicken heart. A: the fraction of qPCR
reactions in which amplification was observed (bar graph) and the fraction of those reactions that showed the correct PCR product based on melting curve analysis (line graph). B: PCR
efficiency of the reactions leading to the correct amplification product (blue circles) or a nonspecific artifact (orange circles). C: Cq values of the reactions leading to the correct
amplification product (blue circles) or a nonspecific artifact (orange circles). The horizontal blue line is the upper 95% confidence level (CI) of the G4 values of the correct reactions
whereas the orange horizontal line is the lower 95% CI of the C, values of the artifacts. In all panels genes are ordered by decreasing fraction of reactions with amplification of the correct
product. Bars show mean =+ SD. (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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2.5. Time-on-bench experiment

In the ‘time-on-bench’ experiment, the template/non-template ex-
periment was carried out in such a way that after completely pipetting
each of three sets of reactions the 384-well plate was left on the bench
at room temperature for 3, 2 and 1 h. In an additional pre-incubation
experiment the master mix and the primers were mixed and left on the
bench for 2.5 h before the template and non-template mixtures were
added. The latter set-up reproduced the pipetting scheme of the above
checkerboard experiments. Template pDNA concentrations ranged from
150000 to 1.5 molecules whereas the non-template cDNA concentra-
tions decreased in parallel from 1 to 10~°ng RNA equivalents. The
experiment was performed with technical triplicates.

2.6. Fluorescence measurements

A full template/non-template checkerboard experiment as described
above was carried out with standard measurement of SYBR Green
fluorescence immediately after the elongation phase at 72 °C. However,
in the PCR protocol a fourth segment was introduced in every cycle to
allow a second fluorescence measurement after increasing the plate
temperature to 82 °C. The latter temperature is above the Tm of the
primer-dimers and thus enables measurement of only the fluorescence
of the desired product [18,19]. At both temperatures the characteristics
of the amplification curves were determined and the starting con-
centrations were calculated. Melting curve analysis was performed to
determine which product(s) were amplified. This experiment was car-
ried out twice with four technical replications.

2.7. Quality controls and data analysis

Melting curve analysis provided by the cyclers was carried out for
all reactions in all experiments and used to compare the melting peak of
the amplified products to those observed in positive and negative
controls. The size of the products was determined using 2-2.5% agarose
gels and was confirmed by sequencing. The raw fluorescence data was
exported from the qPCR machines. Baseline correction and analysis of
the amplification curves was done with LinRegPCR [20,21]. C, values,
PCR efficiency values and target quantities (No) per assay are given in
the (supplemental) results. Inter-run variation in the duplicate experi-
ments was determined and removed using the Factor-gPCR program
[22]. SPSS (version 23, IBM) was used for statistical analyses.

3. Results
3.1. Frequency of occurrence of PCR artifacts

Primers for 93 genes associated with the Wnt-pathway were de-
signed and validated with established criteria for technical sensitivity
and specificity. A mixture of entire chicken embryos, expressing all 93
genes served as positive sample. Moreover, a minus-RT and a no-tissue
control sample were used as negative controls. In the positive control,
the qPCRs showed only the expected product, based on agarose gel
electrophoresis, melting curve analysis and sequence analysis, and no
product or artifact in any of the negative control samples. These vali-
dated primer sets were used to analyse the expression, if any, of these
93 genes in triplicate in ¢cDNA derived from 5 different parts of the
embryonic chicken heart that express these genes at different levels.
Amplification curve analysis, showed that for 64 genes all reactions
resulted in an amplification product (Fig. 1A, Supplemental Fig. 1A,
bars). For 29 genes between 97 and 55% of the reactions per assay
showed an amplification curve that reached the plateau. However,
melting curve analysis showed that only for 23 assays all reactions
amplified the correct product. In the remaining assays some reactions
either an artifact or both an artifact and the correct product were am-
plified. The finding of aberrant products was independent of the
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fraction of reactions that showed amplification (Fig. 1A, Supplemental
Fig. 1A, line graph). Analysis of the amplification curves showed that
the amplification efficiency of the reactions resulting in correct product
and those resulting in artifacts (Fig. 1B) did not differ systematically
(p = 0.488); for 6 genes the artifact showed a higher and for 4 genes a
lower PCR efficiency (Supplemental Fig. 1B). The expression level dif-
fered per gene and per analyzed cardiac compartment with the upper
95% confidence limit of the C, values for the correct product at 34.2
(Fig. 1C). Although the C, values of reactions that resulted in artifacts
were systematically higher than those of the correct product for the
same gene (p < 0.001; Supplemental Fig. 1C) these reactions showed
an overlapping range of C, values with a lower 95% confidence limit of
27.1 (Fig. 1C). These results from a dataset with 93 assays show that
amplification of nonspecific products occurs frequently and that am-
plification of these products cannot simply be identified from a de-
viating PCR efficiency or a high C, value, indicated by the slopes and
the positions of the amplification curves, respectively. Although for
some assays correct products are amplified with high Cq values, Cq
values above 34 almost certainly point to an artifact. However, because
5% of the artifacts were formed with C, values below 27 and 5% of the
correct products took 34 or more cycles to reach the quantification
threshold setting, fixed C, criteria for judging reaction performance and
assay outcome cannot be set.

3.2. Types of nonspecific PCR products

Phage MS2 is frequently used as internal process control in diag-
nostic assays of RNA viruses. Its simple genome and validated primers
provide an ideal model to study the occurrence of artifacts by qPCR
reaction conditions and the influence of pro- or eukaryotic cDNA of
whatever tissue type. The MS2 assay was used in dilution and titration
experiments to study the conditions that lead to the amplification of
artifacts. The specific PCR product of this assay has a melting tem-
perature of 81.5°C (Fig. 2A; open triangles). A series of dilution ex-
periments showed that at low cDNA input (< 10> dilution corre-
sponding to less than 20 PFU per reaction) the reaction either failed or
led to a low melting temperature product (< 78 °C; Fig. 2A,; filled tri-
angles). However, in some of the reactions with high MS2 input a
nonspecific product with a high melting temperature (84 °C) was found
(Supplemental Fig. 2).

The sporadic occurrence of the correct amplicon in the most diluted
samples (Fig. 2A; open circles) shows that under those conditions the
presence of the target molecules is determined by Poison probability.
Therefore, the increasing variation in C, values in the 10~° dilution
(about 20 PFU) and in the more diluted samples reflects the increas-
ingly random presence of target molecules in the reaction at Cq values
above 35 [23].

Varying the annealing temperature in reactions with the no-tem-
plate control (NTC) or the 10~ 2 diluted (about 20,000 PFU) MS2 input
showed that at lower annealing temperatures the occurrence of low
melting temperature artifacts increased in the NTC input, whereas at
higher temperatures the high melting temperature artifacts appeared in
the 10~2 diluted MS2 input (Fig. 2B). Gel electrophoresis showed
corresponding bands in both conditions (data not shown). Sequencing
showed that the latter product consisted of a rearranged sequence of the
MS2 genome.

Varying the primer concentration in reactions with the NTC or the
10~ 2 diluted MS2 input showed a similar diversity of products
(Fig. 2C). The relatively high 10~ 2 diluted MS2 input was chosen de-
liberately in order to enhance the effects of the primer concentration.
The lowest primer concentration did not result in a product in either
input. Increasing the primer concentration in NTC samples showed an
increase in the occurrence of a low melting temperature artifact. The
high melting temperature artifact occurred more often in the reactions
with the highest primer concentrations.
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Fig. 2. Identification of different types of nonspecific PCR products. In a dilution series of MS2 template different PCR artifacts occur. A: Cq value (left Y-axis) and the melting temperature
of the amplification product (right Y-axis) of each PCR reaction at each dilution of input MS2 DNA. Melting curve analysis showed reactions with the correct product (C), an artifact (A) or
both. The shading of a marker indicates whether the melting profile showed one or two peaks and whether the melting temperature is equal (white), lower (light) or higher (dark) than
the one of the targeted product. MS2 was targeted with the Dreier primers (Supplemental Table 2). B: Artifact formation with different annealing temperatures in the qPCR reaction of the
no-tissue control (NTC) or 10~ 2 diluted MS2 template. C: Artifact formation with different primer concentrations in the qPCR reaction mixture of the NTC or 10~ 2 diluted MS2 template.
Experiments in panels B and C were performed with the FW947 — REV1050 primer pair (Supplemental Table 2).
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3.3. Effects of template and non-template DNA concentration

To discriminate between the effects of template and non-template
input concentrations on the result of the amplification reaction an ex-
periment with a complete two-way design of combined template
(pDNA: plasmid DNA containing the Cre sequence) and non-template
cDNA (cDNA of a whole mouse embryo that does not express Cre)
concentrations was performed. Product size verification on agarose gels
showed the amplification of the correct product, a small artifact or both
products (Fig. 3A). Similarly, the melting peak analysis showed the
correct peak (at 85.5 °C), the artifact (at 78.5 °C) or both (Supplemental
Fig. 3A). On average the PCR efficiency values derived from the am-
plification curves [20] of individual reactions that resulted in the cor-
rect product were lower than those that resulted in the artifact or both
products (p < 0.001) but the distribution of PCR efficiency values
overlapped completely (Supplemental Fig. 3B). Within the set of reac-
tions that resulted in the correct product there was no significant effect
of template and non-template DNA concentration on the amplification
efficiency (p = 0.475 and p = 0.065, respectively; Supplemental
Fig. 3B). The occurrence of artifacts was determined by the input of
template as well as non-template DNA (Fig. 3B). The highest cDNA
concentration (10 RNA equivalents) resulted in amplification of arti-
facts in reactions with 15 pDNA copies or less. The occurrence of arti-
facts decreased at 2 and 0.4 RNA equivalents of non-template cDNA to
increase again with lower concentrations. The highest template con-
centrations always resulted in the correct product and without input of
template only the 78.5 °C artifact was found (Fig. 3B). Even when the
correct product was amplified, the non-template cDNA concentration
significantly affected the quantification of the template. The observed
starting concentrations showed the expected step-wise decrease per
dilution of the template only when 0.4 ng non-template cDNA or more
was present in the reaction (Fig. 3C). With less non-template DNA in the
reaction, the Ny values were lower than expected. In a similar experi-
ment, with a 10-fold lower primer concentration the occurrence of
amplification artifacts showed similar effects of template and non-
template concentrations (Supplemental Figs. 3B-E). Because the ob-
served PCR efficiency was lower more reactions did not show any
amplification. However, the C, values changed proportionally which
resulted in correctly estimated target quantities in the reactions with
high non-template ¢cDNA input.

3.4. Time-on-bench experiment

Experiments performed to reproduce the effects described above
with other templates showed that the occurrence of artifacts is very
time-dependent. It takes an experienced technician approximately 2 h
to complete the manual pipetting of an entire 384-well qPCR plate
leading unavoidably to a variable time-on-bench. To explore this effect
a ‘time-on-bench’ experiment was carried out, in which sets of reactions
were left on the bench for 3, 2 and 1 h at room temperature after pi-
petting of all components in the wells. This experiment showed that
after 3 h on the bench all reactions resulted in artifacts whereas after
shorter bench times, reactions with enough template input amplified
the correct product (Fig. 4A): artifacts started to occur at template
concentrations below 15 copies. The fluorescence values observed in
the first 3 cycles, when no amplification dependent fluorescence can be
detected, were increased in reactions that were left on the bench for
3 h; the highest baseline values were observed in reactions that were
leading to the amplification of artifacts (Fig. 4B). Even higher baseline
values were observed in the reactions in which the primer and master-
mix were left on the bench for 2.5 h before the other reaction compo-
nents were added, although most of these reactions did not result in
artifacts (Fig. 4B). Plateau fluorescence levels were highest in reactions
that amplified both products, slightly lower in those that resulted in the
correct product and lowest in the reactions that resulted in only arti-
facts (Fig. 4C); when no amplification occurred the baseline and plateau
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fluorescence were similar, resulting in a plateau/baseline ratio of close
to 1 (Fig. 4D; Supplemental Fig. 4A). For reactions that resulted in a
correct product the plateau/baseline ratio ranged between 1.5 and 2
(Fig. 4D). Although the exponential phase, between ground phase noise
and the plateau, is determined after baseline subtraction [21] such low
plateau/baseline ratios markedly hamper the estimation of the PCR
efficiency from the data points in the exponential phase [20]. Indeed,
the observed PCR efficiency values per template input and time-on-
bench vary considerably between reactions (Fig. 4E). However, on
average these PCR efficiency values were independent of the template
input and did not differ between the reactions that resulted in correct
product, artifacts or both products. Despite these effects of the time-on-
bench, the quantification results of the reactions with the correct am-
plicon showed more or less the expected 10-fold decrease per pDNA
dilution step (Supplemental Figs. 4B and C).

3.5. A second fluorescence measurement

Melting peak analysis showed a 7 °C difference in Tm of the correct
product (85.5°C) and the artifact (78.5°C) in the Cre assay
(Supplemental Fig. 4). The profile of the melting peaks showed that the
artifact is completely denatured at 82 °C whereas the correct product is
still fully double stranded. This property of the assay enabled us to add
a short stop to measure fluorescence at 82 °C during the transition of
elongation (at 72 °C) to denaturation (at 95 °C), which allowed the
measurement of the fluorescence of all products (at 72 °C) and of only
the correct product (at 82 °C) in every cycle. This 4-segment cycling
protocol was applied in an experiment with a complete Cre-template
pDNA — non-template cDNA concentration design with time-on-bench
under 2 h. Melting curve analysis showed that amplification of artifacts
occurred as observed in earlier experiments (Supplemental Fig. 5A).
Artifacts, and reactions without amplification, occurred mainly at low
template pDNA concentrations. Fluorescence in the first 3 cycles was 4-
fold higher when measured at 72 °C than at 82 °C (Fig. 5A). This result
indicates that the baseline fluorescence in qPCR is caused by short, low
Tm, double stranded sequences, probably resulting from off-target
primer annealing and extension of the Cre primers. The lower baseline
fluorescence in the highest template concentration when measured at
82 °C seems to indicate that this a-specific primer annealing and ex-
tension is reduced when more template sequences are present
(Fig. 5A2). At both measuring temperatures the plateau fluorescence
decreased with template input and with the amplification of off-target
product (Fig. 5B). Noteworthy, the plateau fluorescence measured at
82 °C is lower than at 72 °C confirming that nonspecific double stranded
sequences have been denaturated and do not fluoresce anymore. In-
deed, reactions that resulted in amplification of both the correct pro-
duct and the artifact showed substantially lower plateau fluorescence
than reactions that resulted in only correct product (Fig. 5B, cross
hatched and orange bars). Reactions that resulted only in artifacts
showed plateau levels similar to baseline levels when measured at 82 °C
(Fig. 5A2 and B2). The plateau/baseline ratio in the 82 °C measure-
ments was higher than at 72 °C (Fig. 5C) and therefore allowed more
precise estimation of PCR efficiency values from the amplification
curves (Fig. 5D). The absence of contributions of off-target products,
and the more precise PCR efficiency values, made that the variation in
the observed starting concentrations (Ny) was significantly less after
measurements at 82 °C (Fig. 5E). These quantification results, which are
calculated with the mean PCR efficiency of the reactions with the
correct product per non-template cDNA concentration at 82 °C, re-
flected the dilution series better, and for a larger range of template
concentrations than those at 72 °C. Strikingly, reactions that resulted in
both products (Fig. SE2, orange/blue dots) and even those that showed
predominantly a melting peak for artifacts (Fig. 5E2, orange dots) re-
sulted in expected N, values when measured at 82 °C, although those
reactions had to be excluded when measured at 72 °C (Fig. 5E1). When
the observed C, values were used to construct standard curves, the
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Fig. 4. Characteristics of the amplification curves in a time-on-bench experiment. The PCR plate was left standing on the bench for 1, 2 or 3 h after completion of the pipetting of a set of
reactions; the 2.5 h section of the graphs refers to a set of reactions in which only the primers and the master mix were combined. Based on melting peak analysis the reactions were
grouped into those resulting in correct product (C), artifact (A), both products (AC), and no amplification (N). A: Fraction of PCR reactions per amplification product per template input
and time-on-bench. B: Baseline fluorescence values calculated as the mean raw fluorescence value in the first 3 cycles. C: Plateau fluorescence values calculated as the mean raw
fluorescence value in the last 3 cycles. D: Plateau/baseline ratio. E: PCR efficiency derived from the individual amplification curves. Bars show mean + SD per amplification product per
template input and time-on-bench.
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measurements at 82 °C resulted in less variable PCR efficiencies [27]
(Supplemental Figs. 5B and C).

4. Discussion

The amplification of artifacts is a recurring theme in qPCR literature
but the conditions that lead to amplification of such off-target products
remains rather elusive. In three different model systems, monitored
with intercalating dyes with different PCR systems and master mixes,
we encountered artifacts that had either a higher or a lower melting
temperature than the targeted product. The analysis of amplification
curves, plotted on a logarithmic fluorescence axis can be used to de-
termine the PCR efficiencies of individual reactions [20]. This analysis
showed that the observed amplification efficiencies of specific or non-
specific products completely overlap. Because both products depend on
the annealing of the same pair of primers this is not an unexpected
result. Therefore, the shape of the amplification curve cannot be used to
assess the specificity of the PCR reaction. The position of the amplifi-
cation curve, reflected in its Cq value, is thought to give an indication of
specificity because high C, values are more often associated with off-
target products. However, a strict cut-off C; value cannot be defined,
but as a rule of thumb and to stay on the safe side, one should use a C,
above 27 as indicative for potential artifact generation. The occurrence
of artifacts is dependent on the properties of the master mixes, primer
sequences and cycling conditions. Full evaluation of each of these fac-
tors is beyond the scope of this paper.

The primer pairs that were used in the evaluation of 93 genes of the
Wnt-pathway in chicken embryonic tissues all resulted in the correct
product in the positive control tissue (complete chicken embryo) using
routine PCR conditions. These individual tissues were processed simi-
larly, resulting in the same type of cDNA. However, when the assays
were applied these tissues, which express these genes at different levels,
PCR artifacts occurred frequently and mainly independently of the C,
value. These results support the recommendation that users should al-
ways check the identity of the amplified product with melting curve
analysis, gel electrophoresis and/or sequence analysis [2,3]. When the
melting curve analysis shows the amplification of undesired products,
the contribution of these products to the observed C, value is unknown
which hampers reliable quantification.

In several cases the melting peak analysis shows that the correct
product is found in reactions with a C4 value outside the linear range of
a dilution series. This means that the fact that the C, value is in the
range of the negative control cannot, in itself, be used to discard the
reaction as nonspecific or negative. The presence of the target and thus
correct amplification in low input reactions is determined by Poison
probability and the C, values of such reactions can indeed not be in-
terpreted quantitatively. However, the amplification of the specific
product cannot be ignored and the reaction has to be reported as ‘target
present'.

Nonspecific amplification was shown to be dependent on the con-
centrations of the primer, template and non-template DNA. The for-
mation of hybrid DNA molecules through jumping between homo-
logous sequences has been extensively discussed in the early days of
PCR [12] and is still a concern when pre-amplification of the sample is
required, e.g. in massive sequencing [24] and single cell analyses [25].
In this respect, it should also be noted that long PCR products, origi-
nating from specific annealing of primers to full length cDNA, make up
more than 15% of the amplification products until cycle 6 [26]. Re-
combination between such extended forward and reverse strands
during the first cycles of PCR can be the origin of high melting tem-
perature PCR artifacts. The observation of such artifacts in the MS2
experiments fits with this hypothesis. Moreover, the relatively high
baseline values in reactions that were going to result in off-target pro-
ducts indicates that these artifacts may already be present prior to the
first PCR cycles and are not only generated later.

The time-on-bench experiment clearly shows that the mixture of
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primers, template and polymerase present after completion of the pi-
petting allows interactions that lead to increasing occurrence of arti-
facts with increasing bench time before the first PCR cycle even with
hot-start technology. Although room temperature should keep the
polymerase inactive, its residual activity and the extended period at low
temperature probably allows for the extension of a-specifically an-
nealed primers and thus the generation of artifacts. The pipetting ses-
sion and waiting times in the work flow should, therefore, be kept as
short as possible and should never be longer than 2h. To avoid the
formation of amplifiable primer-dimers, master mixes containing pri-
mers and polymerase should not be prepared too long before the tem-
plate containing cDNA is added. Especially, in high-throughput ex-
periments using pipetting robots the master mixes are prepared well in
advance and plates are pipetted at room temperature. The current
findings show that long storage of plates between pipetting and mea-
surement should be avoided.

The absence of template in the no-tissue control reactions, or low
template concentrations in highly diluted samples, leads to low melting
temperature artifacts, probably primer-dimers. However, the MS2 ex-
periments show that the same annealing temperature and primer con-
centration can also lead to high melting temperature artifacts when the
template DNA is present in relative high concentrations. The abundance
of both types of artifacts increased with increasing primer concentra-
tion. The recommended primer concentrations are often in the range
that resulted in artifacts. When the PCR is monitored with DNA-binding
dyes the amplification of a nonspecific product can readily be confused
with a positive reaction. With probe-based monitoring of the PCR such
artifacts are not observed but can be present and affect the PCR dy-
namics. Because nonspecific products are easily detected by melting
peak analysis, it is recommended that the initial steps of qPCR assay
development are performed with DNA-binding dyes and that the probe-
based monitoring is implemented when the specificity of the amplifi-
cation product is validated for the whole range of applications of the
assay.

The template/non-template ratio experiments that were performed
to further dissect the effect of input on the occurrence of artifacts
showed that nonspecific products were formed at low template as well
as at low non-template input. Nonspecific amplification thus depends
on a 3-way interaction between primer, template and non-template
concentrations in the reaction. These experiments showed that the Cq
values, and thus observed starting concentrations, of the reactions that
resulted in specific products were affected by the concentration of non-
template cDNA. The reactions performed correctly and reproducibly
when non-template input was between 10 and 0.4 RNA equivalents,
commonly used in RT-qPCR experiments. However, at lower non-tem-
plate input the amplification of the targeted product showed a shift to
higher C4 values than expected based on the dilution of the template.
This indicates that a minimal amount of carrier DNA is required for
valid quantification. An explanation for this observation might be that
the total cDNA concentration affects the PCR through its effect on the
free water volume as a result of water-caging by DNA; the relative large
reaction volume with low carrier concentrations might then negatively
affect the PCR conditions. The correct results observed for low template
input combined with high non-template input shows that these effects
can be avoided by dilution of samples in a fixed amount of non-tem-
plate carrier DNA.

The Cre-target used in the template — non-template two-way ex-
periment allowed the specific measurement of the amplified target at an
increased measurement temperature, in this case at 82 °C instead of
72 °C. The results show that this approach greatly improves the results
of the qPCR analysis. The absence of the contribution of off-target
products to the observed fluorescence leads to strongly improved pla-
teau/baseline ratios, more precise PCR efficiency estimation and thus to
less variable starting concentrations. Even reactions that showed
mainly off-target product in the melting curve analysis resulted in a
correct starting concentration and could thus be included in further
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analysis. Measurement at a high temperature thus improved the sen-
sitivity of the qPCR analysis. To make use of this approach, assays
should be designed in such a way that melting temperatures of the
desired amplicon and the primer-dimer products differ sufficiently to
allow measurement of the targeted amplicon at a temperature at which
the artifact is fully denaturated.

Taken together, the current results show that the interpretation of a
conventional dilution series experiment should take into account that
low template as well as low non-template concentrations may lead to
more frequent amplification of nonspecific products. In diluted samples
the observation of the signal associated with an amplification product
can therefore not be equated to the presence of the specific target in the
sample without the positive identification of the product. Not only the
random presence of the target in the diluted sample but also off-target
amplification has to be taken into account in the interpretation of such
diluted reactions and their inclusion in standard curves. This is espe-
cially relevant when ‘not expressed’ or ‘not present’ are among the
possible outcomes of the test as is the case in digital PCR and diagnostic
assays. Although primer-dimer artifacts should already be avoided in
the design phase of the experiment, avoidance of long bench times and
measurement of fluorescence at higher temperature can further help to
increase the specificity and sensitivity of a qPCR experiment. However,
for assays based on fluorescence monitoring with DNA binding dyes
verification of the amplification product with melting curve analysis
remains the minimal requirement. This study included a limited
number of assays and our results cannot be extrapolated directly to
other assays. However, the results should serve as a guide for the
variables that have to be considered by developers of in-house qPCR
assays. The experiments that we described can serve as examples for the
trouble-shooting journey that leads to a validated and robust assay.
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