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Abstract
Non-specific tail sequences are often added to the 5’-terminus of primers to improve the

robustness and overall performance of diagnostic assays. Despite the widespread use of

tailed primers, the underlying working mechanism is not well understood. To address this

problem, we conducted a detailed in vitro and in silico analysis of the enhancing effect of

primer tailing on 2 well-established foot-and-mouth disease virus (FMDV) RT-qPCR assays

using an FMDV reference panel. Tailing of the panFMDV-5UTR primers mainly affected

the shape of the amplification curves. Modelling of the raw fluorescence data suggested a

reduction of the amplification efficiency due to the accumulation of inhibitors. In depth anal-

ysis of PCR products indeed revealed the rapid accumulation of forward-primer derived

artefacts. More importantly, tailing of the forward primer delayed artefacts formation and

concomitantly restored the sigmoidal shape of the amplification curves. Our analysis also

showed that primer tailing can alter utilisation patterns of degenerate primers and increase

the number of primer variants that are able to participate in the reaction. The impact of tailed

primers was less pronounced in the panFMDV-3D assay with only 5 out of 50 isolates

showing a clear shift in Cq values. Sequence analysis of the target region of these 5 iso-

lates revealed several mutations in the inter-primer region that extend an existing hairpin

structure immediately downstream of the forward primer binding site. Stabilisation of the

forward primer with either a tail sequence or cationic spermine units restored the sensitivity

of the assay, which suggests that the enhancing effect in the panFMDV-3D assay is due to

a more efficient extension of the forward primer. ur results show that primer tailing can alter

amplification through various mechanisms that are determined by both the assay and target

region. These findings expand our understanding of primer tailing and should enable a

more targeted and efficient use of tailed primers.

Introduction

Since its conception in the 1980s, the polymerase chain reaction (PCR) has revolutionised
many aspects of life sciences. Although PCR was conceived originally as a selective enrichment
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method [1,2], it was soon adapted to numerous applications and has become an essential tool
in any molecular biology laboratory. To facilitate downstreammanipulations, non-specific,
utility sequences are often added to the 5’-terminus of primers. Some well-known utility
sequences include restriction sites for cloning [3,4], universal primer sites for sequencing [5] or
RNA polymerase promoter sequences for in vitro transcription [6,7]. Tailed primers are also
used extensively to improve the robustness and overall performance of diagnostic assays [8–
20]. The application of tailed primers in the diagnostic field deserves special attention as it is
far more complex than any of the other applications. Instead of incorporating a simple utility
sequence, the aim of primer tailing in diagnostics is to improve disease/pathogendetection by
enhancing the amplification process. Although numerous tools exist, primer/probe design for
highly divergent targets remains challenging due to the lack of universally conserved regions.
To minimise the risk of false-negative test results, degenerate or universal bases are often incor-
porated into primers to capture most of the observedgenetic variation. Unfortunately, mis-
matches between primer and target sequences can have a serious impact on amplification
efficiency [21,22]. This problem becomes even more severe when template concentrations are
low or inhibitors are present, a situation often encountered when analysing diagnostic samples.
Several studies have shown that incorporating tail sequences into primers can increase PCR
yield and improve sequencing quality [23–25]. Unfortunately, the underlyingmechanisms are
not well understood as exemplified by the contradictory results of Armani et al. [26], Bessaud
et al. [9] or Wei and Clover [14] who observed a significant reduction in assay performance
when using tailed primers.

In this study, we conducted a detailed analysis of the enhancing effect of tailed primers on 2
well-established foot-and-mouth disease virus (FMDV) diagnostic assays [27,28]. For each
assay, several possible modes of action were investigated using a combination of in vitro and in
silico experiments. Using this approach, we were able to demonstrate the existence of various
mechanisms with the actual working mechanism being determined by both the assay and tar-
get region.

Materials and Methods

Assays

Two real-time reverse transcription-polymerase chain reaction (RT-qPCR) assays were used
throughout this study. Both assays target highly conserved regions within the FMDV 5’-
untranslated region (5UTR) [27] or 3D polymerase gene [28] and are used worldwide for the
pan-serotype detection of FMDV. To assess the potential impact of tailed primers, additional
primer sets were designed by incorporating A/T rich 5’-tails as describedby Afonina et al. [23]
(S1 Table). All reactions were performed in a LightCycler1 480 Instrument (Roche) using the
RNA UltraSense™One-Step Quantitative RT-PCR System (Thermo Fisher Scientific). Reac-
tions were run in a volume of 20 μl and contained 1x RNA UltraSense™ ReactionMix, 1 μM
forward primer, 1 μM reverse primer, 375 nM 5’-nuclease probe, 1 μl RNA UltraSense™
EnzymeMix and 7 μL RNA. The cycling conditions consisted of a 30-minute reverse transcrip-
tion step at 50°C, a 2-minute denaturation step at 95°C and 50 amplification cycles of 10 sec-
onds at 95°C and 1 minute at 60°C. Reactions were performedminimally in triplicate.

The same panFMDV RT-qPCR assays were also run in the presence of the intercalating dye
SYBR1 Green I using the SuperScript1 III Platinum1 SYBR1 Green One-Step qRT-PCR Kit
(Thermo Fisher Scientific). Reactions were performed in a volume of 20 μl containing 1x
SYBR1 Green ReactionMix, 1 μM forward primer, 1 μM reverse primer, 1 μl SuperScript1

III RT/Platinum1 Taq Mix and 5 μl RNA. Cycling conditions were as described above but
included an additional melting curve analysis step at the end of the program.
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After cycling, quantification cycles (Cq) of each reaction were obtained using the second
derivative maximummethod of the Lightcycler1 480 software (Roche, release 1.5.0 SP4).

Viruses and viral RNA

The performance of the assays was tested on an FMDV reference panel (n = 50) containing iso-
lates from all 7 serotypes (S2 Table). The FMDV strains were kindly provided by theWorld Ref-
erence Laboratory for FMDV (The Pirbright Institute, Surrey, UK). All viruseswere cultured on
swine kidney (SK6) cells, clarified by low-speed centrifugation and stored at -80°C until use.

Viral RNA was extracted from the virus stocks using a NucleoSpin RNA virus kit
(Macherey-Nagel) according to the manufacturer's instructions. All RNA dilutions were pre-
pared in 1x TE buffer (10 mMTris, 0.1 mM EDTA, pH 7.5).

Synthetic RNA

Similar to other RNA viruses, FMDV isolates are typically composed of a swarm of genetically
related variants which are known as viral quasi-species. As these mixed populations could
interfere with the high-throughput sequencing (HTS) experiments, a panel of synthetic RNAs
was included in the study. Custom gene sequences (306 bp) including both 5UTR and 3D tar-
get sequences from a selection of FMDV isolates (n = 5) were constructed and cloned into a
plasmid cloning vector (pIDT-Blue) by Integrated DNA Technologies (S3 Table). The entire
insert along with an adjacent partial sequence of the cloning vector was amplified using Q51

High-Fidelity DNA Polymerase (New England BioLabs) with primer pair M13F/pr_pIDT-Blue
(S1 Table) according to the manufacturer’s instructions. Resulting amplicons were purified
with a NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel) and RNA transcripts were
synthesised using a TranscriptAid T7 High Yield Transcription Kit (Thermo Fisher Scientific)
as described in the user’s manual. Remaining DNA was removed by treating the RNA twice
with Baseline-ZEROTM DNase (Epicentre) and the treated RNA was purified/concentrated
using a NucleoSpin RNA Clean-up XS kit (Macherey-Nagel). Finally, the presence of residual
template DNA in the RNA transcripts was excluded by qPCR using Platinum1 Quantitative
PCR SuperMix-UDG (Thermo Fisher Scientific)with the pIDT-Blue primer/probe set (S1
Table) which targets the backbone DNA of the cloning vector.

Sanger sequencing of primer- and probe binding sites

ComplementaryDNA was prepared from genomic viral RNA with SuperScript1 III Reverse
Transcriptase (Thermo Fisher Scientific) in the presence of 2 pmol of each prs_FMDV-3D
primer (S1 Table) according to the standard conditions recommended by the supplier. A 453
bp long fragment, containing the entire panFMDV-3D target region as well as part of the
upstream and downstream regions, was amplified using Q51 High-Fidelity DNA Polymerase
(New England BioLabs) and the pfs_FMDV-3D/prs_FMDV-3D primer pair (S1 Table). All
reactions were carried out according to the manufacturer’s instructions and purifiedwith a
NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel).

Sequencing reactions were performed in a volume of 20 μl containing 5 ng purifiedPCR prod-
uct, 3.2 pmol of either pfs_FMDV-3D or prs_FMDV-3D primer (S1 Table), 2 μl BigDye1 Ter-
minator v3.1 Ready ReactionMix and 3 μl 5x BigDye1 Terminator v3.1 SequencingBuffer.
Cycle-sequencingwas performed for 25 cycles following the manufacturer’s recommendations
(Applied Biosystems). Unincorporated dye terminators were removed using the BigDye1 XTer-
minator™ Purification kit (Applied Biosystems). Purified sequencing products were analysed on
an Applied Biosystems 3130 Genetic Analyzer using 50 cm capillary arrays and POP-7™ polymer.
Data were analysed with the SequencingAnalysis Software 5.2.0 (Applied Biosystems).

Enhancing Effect of Tailed Primers
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High-throughput amplicon sequencing

Librarypreparation and sequencing. In vitro synthesised RNA (n = 5) and genomic viral
RNA (n = 7) were analysed using the panFMDV-5UTR RT-qPCR assay with both non-tailed
and tailed primers as described above but with slight modifications. To assess the impact of
PCR artefacts, reactions were performedwith either normal dNTPs (5x RNA UltraSense™
ReactionMix) or hot-start (i.e. CleanAmp™ (TriLink Biotechnologies)) dNTPs (5x standard
reactionmix containing 150 mM Tris HCl, 250 mMKCl, 15 mMMgCl2 and 2 mM of each
hot-start dNTP). Reverse transcription was carried out at 55°C to allow activation of the hot-
start dNTPs and the number of cycles was limited to 40. PCR artefacts and amplicons were
purified from the RT-qPCR reactions using 1.8 volume of a 30% polyethylene glycol–bead
(PEG–bead) solution as described in Clarke et al. [29]. TruSeq adapters were ligated to 250 ng
of the purified artefacts/amplicons according to the PCR-free workflow of the KAPA Hyper
Prep Kit (Kapa Biosystems). Ligation reactions were purified using 0.9 volume of AMPure1

XP beads (BeckmanCoulter). Resulting libraries were analysed on an Agilent Bioanalyzer
DNA 1000 chip (Agilent) and quantified with a KAPA LibraryQuantification Kit (Kapa Bio-
systems). Sequencingwas performed on a MiSeq benchtop sequencer at the Genomics Core
facility of the University Hospitals (KULeuven, Leuven, BE) using a MiSeq Reagent Kit v2 (Illu-
mina) with 2×150 bp paired-end sequencing.

Data analysis. Paired-end reads were merged using the fastq_mergepairs command from
the USEARCH package [30]. Resulting reads were divided into (nearly complete) amplicons
and artefacts based on their size. Artefacts were further subdivided into 4 categories based on
the (partial) primer binding sites present on both ends. Data processing was performedwithin
the R statistical environment [31] by combining commands from USEARCH [30] and the Bio-
strings [32] and Rsamtools [33] packages. To avoid interference from truncated amplicons, all
reads containing the complete inter-primer region were removed from the data set using the
search_global command. Reads containing 2 forward (‘forward/forward’ artefacts) or reverse
(‘reverse/reverse’ artefacts) primer binding sites were identified by running the search_pcr
command with either the forward or reverse primer sequences. Similarly, artefacts containing
both a forward and reverse primer binding site (‘forward/reverse’ artefacts) were identified in
the remaining reads using the search_pcr command with the forward and reverse primer
sequences. Contaminating sequences with no resemblance to the FMDV-5UTR amplicons
were removed from the remaining reads. All reads that could not be assigned to any of the pre-
vious 3 categories were classified as ‘other’ artefacts. Finally, the proportion of each artefact cat-
egory was calculated for each library (S4 File).

Primer utilisation patterns of the amplicon data set were constructed by counting the num-
ber of exact occurrences of each primer variant from the degenerate primer pool using the Tal-
lymer tool [34] from the GenomeTools genome analysis system [35]. To assess the overall
impact on primer utilisation, non-tailed and tailed primer counts from all FMDV isolates were
combined in a single data set per dNTP type and normalised according to the total count
method. Utilisation patterns were explored visually using heat maps to analyse the impact of
the target sequence (FMDV isolate), degenerate primer pool composition (relative abundance
of each primer variant) and the primer binding affinity (ΔG of each primer variant). Heat
maps were generated using the lattice package [36] within the R statistical environment [31]
(S4 File). As degenerate bases were synthesised using equal molar concentrations of each base
(i.e. standard machine mix procedure), the composition of the resulting degenerate primer
pool is expected to be slightly biased due to differences in the coupling efficiencyof the various
phosphoramidites. The relative abundance of each primer variant was therefore estimated by
taking into account the different incorporation rates of each base (T>G>C>A) at the
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degenerate positions starting from the 3’-end towards the 5’-end of the primer. The binding
affinity of each primer variant was calculated by modelling the interaction between each primer
variant and its corresponding perfectmatch target using Visual OMP (DNA Software). Inter-
actions were calculated at a reaction temperature of 60°C with the following reaction condi-
tions: 50 nMmonovalent cation, 3.3 nM divalent cation, 32.5 nM of each primer variant and 1
pM of each perfectmatch target. All other parameters were kept at their default values.

Modelling of raw fluorescence data

Raw fluorescence data from the LightCycler1 480 Instrument (Roche) was processedwithin the
R statistical environment [31]. Alterations in the shape of the amplification curveswere analysed
by fitting the mechanistic model describedby Carr andMoore (CM3) to the raw fluorescence
data of each reaction [37]. As detailed in the supplementary information of the original article,
the CM3model is based on the observation that the amplification efficiency is essentially cycle-
dependent due to the accumulation of inhibitors (e.g. double-strandedDNA, pyrophosphate)
and, to a lesser extent, depletion of reagents (e.g. primers). Product accumulation is described as
a recursivemodel that depends on 3 variables: the amount of template present after the previous
cycle (prev), the maximum capacity of the reaction (max), and the apparent affinity of accumu-
lated reaction inhibitors (Kd). The susceptibility of the reaction to reagent depletion is described
by the max parameter with lower values indicating stronger dependence on reagent consump-
tion. The Kd parameter represents the equilibriumdissociation constant for the enzyme-inhibitor
complex and controls the feedback-inhibition term of the model. Although the Kd parameter is
not directly linked to a particular inhibitor, its value can still be interpreted as the concentration
of inhibitor that, at equilibrium,will bind half of the available enzyme in the reaction. Conse-
quently, low Kd values imply that amplification is subject to strong inhibition.Model parameters
max and Kd were determined by non-linear regression using the pcrfit function from the qpcR
package [38]. Resulting parameters from all models were combined into a single data set using
packages dplyr [39] and stringr [40] (S4 File).

In silico analysis

Melting temperatures of non-tailed/tailedpanFMDV-3D forward primers were calculated
using the nearest-neighbour thermodynamicsmodel as implemented in Visual OMP (DNA
Software) [41]. Secondary structure analyses were performed in Visual OMP (DNA Software)
by modelling the interactions between the panFMDV-3D forward primer, 5’-nuclease probe
and target sequences. Interactions were calculated at a reaction temperature of 60°C with the
following reaction conditions: 50 nMmonovalent cation, 3.3 nM divalent cation, 1 μM of
primer and 1 pM of target. All other parameters were kept at their default values.

Results

Impact of tailed primers on the detection of an FMDV reference panel

using the panFMDV-5UTR and panFMDV-3D RT-qPCR assays

A reference panel containing 50 FMDV isolates was tested with both non-tailed and tailed
primer sets. Analysis of the amplification curves indicated that the use of tailed primers affected
the amplification of both the panFMDV-5UTR and panFMDV-3D RT-qPCR assays (S1 File).

Interestingly, both assays responded differently to the use of tailed primers. The most pro-
nounced effect was seen in the panFMDV-5UTR RT-qPCR assay with fluorescence accumulat-
ing faster (higher slope) and to higher levels (higher plateau level) in reactions containing
tailed primers (Fig 1, worksheet 4 of S1 File). Although the enhancing effect was observed for
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all serotypes, isolates belonging to the SAT serotypes were generally more affected by primer
tailing than any of the other serotypes (S1 Fig). Analysis of an RNA dilution series indicated
that the observeddifferences become evenmore pronounced at lower target concentrations. In
the most affected isolates, amplification curves of the non-tailed primer reactions rapidly lost
their sigmoidal shape as the target concentration was reduced. In contrast, amplification curves
of the tailed primer reactions remained sigmoidal throughout most of the dilution series
thereby increasing the sensitivity of the assay significantly (Fig 1). Modelling of the raw fluores-
cence data with the CM3model revealed that the altered shape of the amplification curves is
mainly due to differences in the Kd parameter which was consistently lower in the non-tailed
primer reactions (worksheet 5 of S1 File).

The use of tailed primers had only a moderate effect on the overall shape of the amplification
curves of the panFMDV-3D RT-qPCR assay (S2 Fig). These results are also reflected in the
modelling data which showed only subtle changes in the model parameters of non-tailed versus
tailed primer reactions (S1 File). However, in contrast to the panFMDV-5UTR RT-qPCR assay,
5 isolates showed markedly lower Cq values when tailed primers were used (Table 1).

Impact of tailed primers on the formation of PCR artefacts in the

panFMDV-5UTR RT-qPCR assay

The progressive flattening of the amplification curves and markedly lower Kd values of the
non-tailed reactions suggest that amplification is inhibitedmore strongly in the non-tailed

Fig 1. Impact of primer tailing on the panFMDV-5UTR RT-qPCR assay. A 5-fold dilution series of viral genomic RNA of

isolate SAT2/ZIM/3/97 was tested in triplicate with the panFMDV-5UTR RT-qPCR assay using either non-tailed or tailed

primers. Non-linear regression models were fitted to the raw fluorescence data of each replicate and the resulting models

were amalgamated into a single replicate model using the replist function from the qpcR package [38] (S4 File). The figure

shows the replicate model of 5 dilutions with error bars representing 1 standard deviation (nt: non-tailed, t: tailed).

doi:10.1371/journal.pone.0164463.g001
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primer reactions than in the tailed primer reactions. As double-strandedDNA has been shown
to be a potent inhibitor of Taq DNA polymerase [42,43], a series of experiments were con-
ducted to study the formation of PCR artefacts in the panFMDV-5UTR RT-qPCR assay. Real-
time PCR analysis in the presence of the intercalating dye SYBR1 Green I indeed confirmed
the presence of non-specific products. A series of reactions using mixed non-tailed/tailedprim-
ers were performed to further explore the impact of tailed primers on artefacts formation (S3
Fig). PCR artefacts appeared nearly instantaneously (around cycle 10) in the no-template con-
trol when none of the primers contained a 5’-tail (non-tailed/non-tailed reaction). Tailing of
the reverse primer (non-tailed/tailed reaction) delayed the formation of artefacts only slightly
by approximately 3 cycles. The most pronounced effect was observedwhen only the forward
primer was tailed (tailed/non-tailed reaction), which resulted in a shift of approximately 15
cycles. Interestingly, no additive effect was observedwhen forward and reverse tailed primers
were combined in the same reaction (tailed/tailed reaction). In fact, artefacts appeared approxi-
mately 2 cycles earlier in the no-template control of the tailed/tailed reaction compared to the
tailed/non-tailed reaction.Melting curve analysis of the amplification products of an FMDV
RNA dilution series revealed a clear correlation between the accumulation of PCR artefacts
and the extent of PCR inhibition.Whereas nearly no artefacts were present in the more con-
centrated samples, the amount of non-specific products gradually increased along the dilution
series (data not shown). In the most diluted samples, the non-specific products had outcom-
peted the virus-specificproducts completely, making these samples indistinguishable from the
no-template control (S3 Fig). Although PCR artefacts were present in both non-tailed and
tailed reactions, the use of tailed primers delayed their formation significantly. However, once
artefacts were formed, they quickly accumulated and reached similar levels than those observed
in the non-tailed primer reactions.

The experiments with mixed non-tailed/tailedprimer reactions were also performed using
the probe based assay format (Fig 2A). The strongest enhancing effect was observed in the
tailed/non-tailedprimer reactions, which is in agreement with the SYBR1 Green I experi-
ments. Although differences in Cq values were negligible, the amplification curves of the tailed/
non-tailed reactions were steeper and reached higher fluorescence levels. Tailing of the reverse
primer improved the amplification only slightly.

Impact of PCR artefacts on the performance of the panFMDV-5UTR

RT-qPCR assay

To further evaluate the importance of the observedPCR artefacts, the panFMDV-5UTR RT-
qPCR assay was carried out in the presence of hot-start nucleotide analogues which contain a
thermolabile 30-tetrahydrofuranyl protecting group [44]. Since 3'-protected dNTPs cannot be

Table 1. Effect of primer tailing on Cq values of the panFMDV-3D RT-qPCR assay. Viral genomic RNA

was tested with the panFMDV-3D RT-qPCR assay using either non-tailed or tailed primers. Five isolates of

the FMDV reference panel (n = 50) showed markedly lower Cq values when both primers were tailed. The

table lists the difference (average ± standard deviation) between reactions containing non-tailed or tailed

primers of the 5 aberrant isolates.

isolate non-tailed–tailed (Cq value)

Asia 1/CAM/2/91 4.51 ± 0.12

C/PHI/11/89 3.79 ± 0.05

O/PHI/7/75 3.98 ± 0.11

O/TUR/2/92 3.04 ± 0.23

SAT2/ZIM/19/89 1.83 ± 0.04

doi:10.1371/journal.pone.0164463.t001
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incorporated by Taq DNA polymerase, they do not support primer extension/elongation dur-
ing the lower non-stringent temperatures of reaction setup and can be used as an alternative

Fig 2. Impact of primer tailing on the panFMDV-5UTR RT-qPCR assay using normal or hot-start dNTPs.

Viral genomic RNA of FMDV isolate SAT3/MAL/3/76 was tested with the panFMDV-5UTR RT-qPCR assay using

different primer combinations in the presence of either normal dNTPs (panel A) or hot-start dNTPs (panel B). Non-

linear regression models were fitted to the raw fluorescence data of each replicate and the resulting models were

amalgamated into a single replicate model using the replist function from the qpcR package [38] (S4 File). The

figures show the replicate model of each primer combination with error bars representing 1 standard deviation (nt:

non-tailed, t: tailed).

doi:10.1371/journal.pone.0164463.g002
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means to reduce off-target artefact accumulation during PCR. As expected, the use of hot-start
dNTPs reduced the formation of PCR artefacts significantly (S4 Fig). However, due to the inef-
ficient activation of the hot-start dNTPs in the reverse transcription step, amplification curves
were all shifted to the right by approximately 5 to 6 cycles (Fig 2B). The reduction in PCR arte-
facts was accompanied by alterations in the shape of the amplification curves similar to the ear-
lier observed tailed primer effect. Although the amplification curves of the non-tailed and
tailed primer reactions were nearly indistinguishable from each other, fluorescence accumula-
tion was still somewhat faster in the reactions containing tailed primers (Fig 2B). Nevertheless,
sigmoidal amplification curveswere visible along the entire dilution series in both the non-
tailed and tailed primer reactions (data not shown).

Impact of tailed primers on PCR artefacts composition in the panFMDV-

5UTR RT-qPCR assay

To elucidate the mechanism by which primer tailing reduces PCR artefacts formation, artefacts
from reactions containing normal and hot-start dNTPs were analysed by high-throughput
sequencing. Classification of the artefacts based on their flanking primer sequences revealed
that the composition of PCR artefacts is determined by both the primer and dNTP type. The
non-tailed/normal dNTP reactions mainly contained artefacts belonging to the forward/for-
ward (40.60%) and forward/reverse (38.72%) categories (Table 2). Reverse/reverse artefacts
were observedonly in a few samples and represented less than 0.1% of all artefacts. The vast
majority of the forward/forward artefact sequences appeared to be composed entirely of primer
sequences whereas all forward/reverse artefact sequences contained additional nucleotides
between both primer binding sites. In contrast, most PCR artefacts from the tailed/normal
dNTP reactions belonged to the forward/reverse type (87.55%). Although forward/forward
artefacts were observed in all samples, they accounted for only 1.92% of all artefacts. Once
again, reverse/reverse artefacts were nearly absent.

Analysis of the hot-start dNTP reactions showed a marked reduction of forward/forward
artefacts in the non-tailed primer reactions (Table 2). At the same time, slight increases were
observed for all other artefact categories. The tailed primer reactions responded differently to
the use of hot-start dNTPs. In contrast to the non-tailed primer reactions, a clear shift from the
forward/reverse artefacts to the other artefacts category was observed.

Table 2. Distribution of the different categories of artefacts found in the panFMDV-5UTR PCR reactions using normal or hot-start dNTPs. RNA

samples from different FMDV isolates (n = 12) were amplified with non-tailed or tailed primers using either normal or hot-start dNTPs. RT-qPCR products

were analysed by high-throughput sequencing to study the contribution of each primer to the formation of PCR artefacts. Artefacts were classified into 4 cate-

gories based on the primer sequences present on both ends (FWD: forward, REV: reverse). The table lists the mean proportion and 95% confidence interval

of each artefact category.

primer/dNTP mean (%)

(95% confidence interval)

FWD/FWD REV/REV FWD/REV OTHER

non-tailed/normal 40.60 0.01 38.72 20.67

(35.92–45.28) (0.00–0.03) (35.15–42.28) (15.70–25.64)

tailed/normal 1.92 0.01 87.55 10.52

(1.55–2.30) (0.00–0.01) (84.75–90.35) (7.77–13.26)

non-tailed/hot-start 21.34 0.18 43.94 34.55

(14.94–27.74) (0.00–0.41) (33.07–54.82) (26.82–42.27)

tailed/hot-start 2.56 0.27 36.21 60.96

(1.12–3.36) (0.09–0.45) (20.25–52.17) (45.41–76.51)

doi:10.1371/journal.pone.0164463.t002
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Impact of tailed primers on primer utilisation patterns in the panFMDV-

5UTR RT-qPCR assay

As the panFMDV-5UTR primers contain multiple degenerate bases, each PCR reaction con-
tains a complex primer pool consisting of 32 forward primers and 8 reverse primers. To assess
the impact of tailing on the actual primer utilisation, PCR products of 12 isolates were analysed
by high-throughput sequencing. Despite differences in their primer binding sites, highly simi-
lar primer utilisation patterns were observed for all isolates (Fig 3). As the PCR reactions were
sampled near the plateau phase, the perfectmatch primer variants did no longer dominate any
of the reactions. Although the type of dNTPs used in the PCR reactions did not alter the overall
utilisation patterns, the effects of primer tailing were more pronounced in the hot-start dNTPs
reactions. Utilisation patterns of both the forward and reverse primers were more uniform in
the tailed primer reactions than in the non-tailed primer reactions. Rearranging the forward
primer variants according to primer synthesis bias or primer binding affinity revealed that the
non-tailed data set is skewed strongly towards the more abundant primer variants (Fig 3A).
Utilisation patterns of all non-tailed reactions were dominated by the most abundant TTGTG
primer variant, regardless of the FMDV isolate that was used. In contrast, the utilisation pat-
terns of tailed primers were determinedmainly by the binding affinity of the primer variants
(Fig 3D).

Sanger sequencing of primer/probe binding regions of the panFMDV-3D

RT-qPCR assay

The fact that the shift in Cq values in the panFMDV-3D RT-qPCR assay was observedonly for
a limited number of isolates, suggests that it is being caused by nucleotide substitutions in the
3D target region. To test this hypothesis, the entire target regions of the 5 aberrant isolates and
1 control isolate were determined by Sanger sequencing (GenBank accession numbers:
KX356531 to KX356536). Although several substitutions were observed in the primer binding
sites, none of the isolates contained substitutions in both binding sites or multiple substitutions
in a single binding site. Moreover, most of the observed substitutions were predicted to have
only a limited impact on amplification (S2 File). However, a comparison of the nucleotide
sequences surrounding the primer binding sites revealed a clear substitution pattern down-
stream of the forward primer binding site (Fig 4). Modelling of the primer/target interactions
indicated that these substitutions are not random but extend an existing palindromic sequence.
As a consequence, a stable hairpin is formed immediately downstream of the forward primer
in all 5 aberrant isolates (Fig 5B and 5D). A similar, albeit shorter, hairpin can be found in the
control isolate but this time, the stem of the hairpin and 3’-terminus of the primer binding site
are separated by 2 nucleotides (Fig 5A and 5C). No such patterns were observed in the
upstream region of the forward primer binding site or the upstream/downstream regions of
the reverse primer binding site.

Impact of target secondary structure on the performance of the

panFMDV-3D RT-qPCR assay

A series of experiments using mixed non-tailed/tailedprimer reactions were conducted to
assess the impact of the predicted hairpin structure on the panFMDV-3D RT-qPCR assay’s
performance (Fig 6). Analysis of viral genomic RNA of the 5 aberrant FMDV isolates indicated
that incorporation of a tail sequence into the forward primer is sufficient to restore the sensitiv-
ity of the assay. Interestingly, reactions containing only a tailed forward primer (tailed/non-
tailed reactions) performed slightly better than those containing tailed forward and reverse
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primers (tailed/tailed reactions). Although differences in Cq values were negligible, fluores-
cence dropped more rapidly in the tailed/tailed reactions. To evaluate the importance of the
tail sequence, the same samples were also tested using a non-tailed forward primer that was

Fig 3. Primer utilisation patterns of the FMDV-5UTR forward primer using hot-start dNTPs. Heat map

of forward primer utilisation patterns using non-tailed (A and C) or tailed (B and D) primers. The heat map

indicates the abundance of each primer variant for each FMDV isolate, with primers ordered by decreasing

synthesis bias (A and B) or decreasing binding affinity (C and D). Primer variants are named according to the

nucleotide bases present at the degenerate positions (e.g. primer variant TTGTG corresponds to the primer

5’- CACTTTAAGGTGACATTGGTACTGGTAC -3’).

doi:10.1371/journal.pone.0164463.g003
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conjugated with 4 cationic spermine units (zipped nucleic acid/non-tailed reactions).Markedly
better results were obtained for nearly all FMDV isolates, both in terms of Cq value and fluo-
rescence accumulation. In contrast to the other reactions, amplification curves of the zipped
nucleic acid/non-tailed reactions remained sigmoidal and showed almost no drop in fluores-
cence (Fig 6).

Discussion

Despite the widespread use of tailed primers, the exact underlyingmechanisms have not yet
been elucidated. To better understand the enhancing effect, a detailed analysis was performed
on 2 panFMDV RT-qPCR assays. As describedpreviously for other assays [23], the incorpo-
ration of tail sequences into the primers altered the amplification of both RT-qPCR assays and
improved their robustness and overall performance. Testing of an FMDV reference panel indi-
cated that the enhancing effect depends on both the isolate and target RNA concentration.
Interestingly, both assays responded differently to the use of tailed primers which suggests the
existence of different working mechanisms. Tailing of the panFMDV-5UTR primers mainly
affected the shape of the amplification curves but had little impact on the corresponding Cq
values. Modelling of the raw fluorescence data suggested that the altered shape of the non-
tailed reactions is due to substantial accumulation of inhibitors (lower Kd values). A similar
effect on the shape of the amplification curveswas observedby Afonina et al. in their Varicella-
zoster virus real-time PCR (qPCR) assay [23]. One possible explanation for this inhibitory
effect is the formation of PCR artefacts [45]. As double-strandedDNA is a potent inhibitor of

Fig 4. Sequence alignment of a 367 bp fragment of the 3D gene from the control isolate (row 1) and the 5 aberrant

isolates (rows 2–6). The region contains the entire panFMDV-3D target region as well as part of the upstream and

downstream regions. Primer binding sites are shown in black, dashed boxes whereas the region involved in the hairpin

formation is shown in the red box.

doi:10.1371/journal.pone.0164463.g004
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Fig 5. Primer/target and primer/probe/target interactions as predicted by Visual OMP. Interactions

between the panFMDV-3D forward primer/probe and target regions from FMDV isolates SAT2/NYE/29/90

(A, C) and Asia 1/CAM/2/91 (B, D). Figures A and B show the predicted interactions between the primer

pf_FMDV-3D and the target DNA. Figures C and D show the same interactions in the presence of the probe

tp_FMDV-3D.

doi:10.1371/journal.pone.0164463.g005
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DNA polymerases [42,46], the accumulation of PCR artefacts is expected to reduce amplifica-
tion efficiencyand hinder detection of challenging samples (low target concentration, mis-
matches in primer binding sites). Real-time PCR analysis in the presence of an intercalating
dye indeed revealed the formation of non-specific products in the early stages of the
panFMDV-5UTR RT-qPCR assay. Experiments using mixed non-tailed/tailedprimer reac-
tions indicated that the forward primer contributes most to the generation of PCR artefacts.
More importantly, tailing of the forward primer was found to delay the formation of artefacts
significantly. These results were confirmed by high-throughput sequencing analysis, which
showed that forward primer homodimers are the most abundant artefact type in the non-
tailed/non-tailedprimer reactions but nearly absent in the tailed/tailedprimer reactions. A
closer examination of the forward primer sequence revealed the presence of a 4 bp palindromic
sequence (GTAC) at the 3’-end of the primer. More importantly, the same sequence occurs
twice in some of the primer variants (CACYTYAAGRTGACAYTGRTACTGGTAC), which
could explain why the forward primer is so prone to homodimer formation. The selective sup-
pression of primer dimers has been described earlier and is due to the inherent structure of
homodimers [47]. By definition, all homodimers contain inverted terminal repeats due to the
incorporation of the same primer at both ends. As a consequence, homodimers can fold into
‘pan-handle’ like structures which greatly hinders primer binding in consecutive cycles. The
extent of this so-called suppression effect depends on several factors including fragment length,
GC content of the inverted terminal repeats and primer concentration [48,49]. As high primer

Fig 6. Effect of stabilisation of the forward primer on the performance of the panFMDV-3D RT-qPCR assay. FMDV

isolate O/TUR/2/92 was tested with the panFMDV-3D RT-qPCR assay using different primer combinations. Non-linear

regression models were fitted to the raw fluorescence data of each replicate and the resulting models were amalgamated into

a single replicate model using the replist function from the qpcR package [38] (S4 File). The figure shows the replicate model

of each primer combination with error bars representing 1 standard deviation. (nt: non-tailed, t: tailed, zna: zipped nucleic

acid).

doi:10.1371/journal.pone.0164463.g006
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concentrations are used in the panFMDV-5UTR RT-qPCR assay, the equilibrium is shifted
towards primer binding in the non-tailed/non-tailedprimer reactions. Incorporation of 5’-tails
into the primers increases the length of the inverted terminal repeats and promotes refolding
of the homodimers into the ‘pan-handle’ like structures. The presence of the forward primer
homodimers could also explain why artefacts appear so early in the panFMDV-5UTR RT-
qPCR. As the homodimers are generated by direct interactions between 2 forward primers,
they do not require the presence of ‘foreign’ DNA and are readily available for amplification at
the very beginning of the PCR reaction.

The importance of the observedPCR artefacts was also confirmed by performing the
panFMDV-5UTR RT-qPCR assay in the presence of hot-start dNTPs which contain a thermo-
labile 30-tetrahydrofuranyl protecting group [44]. As describedoriginally by Koukhareva and
Lebedev [44], the use of 3’-protected dNTPs reduced the formation of artefacts significantly.
More importantly, the amplification curves of the non-tailed and tailed primer reactions were
nearly indistinguishable and remained sigmoidal throughout the entire dilution series. High-
throughput sequencing analysis further showed that the use of hot-start dNTPs was associated
with a significant reduction in the number of forward/forward artefacts in the non-tailed/non-
tailed primer reactions, which emphasises the importance of the forward primer homodimers.
Nevertheless, the amount of forward primer homodimers was still markedly higher in the non-
tailed/non-tailedprimer reactions than in the tailed/tailed primer reactions.

As both the forward and reverse primers of the panFMDV-5UTR RT-qPCR are highly
degenerated, the observed enhancing effect could also be due, at least partially, to differences in
primer utilisation patterns of non-tailed versus tailed primer reactions. As Green et al. pointed
out, PCR products are generated by 2 mechanisms: a ‘natural template/primer’ annealing pro-
cess and an ‘artificial template/primer’ annealing process [50]. Although artificial template/
primer interactions can occur only from cycle 3 onwards, they rapidly dominate the reaction as
artificial template/primer interactions yield exponential amplification, while natural template/
primer annealing interactions yield linear amplification. To identify potential differences in
primer utilisation patterns, PCR products of both non-tailed and tailed primer reactions were
analysed by high-throughput sequencing. In contrast to Green et al., PCR reactions were sam-
pled near the plateau phase to focus our analysis on the artificial template/primer interactions.
As a consequence, the primer utilisation patterns of all FMDV isolates were very similar and the
perfectmatch primer variants did no longer dominate the PCR reactions.More interestingly,
high-throughput sequencing showed that the utilisation patterns of tailed primer reactions are
more uniform. Our results also suggest that primer utilisation in the non-tailed reactions is, at
least partially, driven by the composition of the degenerate primer pool, with the most abundant
TTGTGprimer variant being over-represented in all data sets. As expected, the next most repre-
sented group of primer variants are all closely related to the dominant TTGTG primer variant
and differ by only a single mismatch. The utilisation patterns of the tailed primer reactions were
markedly different and appeared to be shifted towards the strongest binding primer variants.
Most likely, the incorporation of a 5’-tail sequence in the initial PCR cycles neutralises the desta-
bilising effect of mismatches in the artificial template/primer annealing complexes that arise
when a primer variant interacts with a different artificial template (e.g. primer variant 2 binding
to an artificial template containing primer variant 1). As a consequence,more primer variants
are expected to be able to participate in the PCR reactionwhich ultimately leads to the selection
of primer variants with the highest binding affinity. This hypothesis was already suggested by
Regier and Shi but was never supported with actual data [25].

The impact of tailed primers was rather limited in the panFMDV-3D RT-qPCR assay with
only 5 isolates showing a clear shift in Cq values. As no enhancing effect was apparent in any of
the other isolates, the study of the panFMDV-3D assay was focused on these 5 aberrant
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isolates. In contrast to the panFMDV-5UTR assay, only small alterations in the shape of the
amplification curveswere observed.A similar enhancing effect was described earlier by Afo-
nina et al. in their Enterovirus RT-qPCR assay [23]. As the enhancing effect was observedonly
for a limited number of FMDV isolates, we hypothesized that the reduced sensitivity in these
isolates was due to mutations in the primer binding sites. Surprisingly, sequence analysis of the
corresponding amplicons revealed a clear mutational pattern downstream of the forward
primer binding site but not in the primer binding sites themselves. A systematic analysis of all
publicly available FMDV genomes indicates that this pattern is not particularly rare (52 out of
525 isolates) and occurs in nearly all serotypes (S3 File). The observation that these mutations
extend an existing hairpin structure immediately downstream of the primer binding site sug-
gests that the reduced sensitivity in these isolates is caused by an inefficient extension of the
forward primer. In silico analysis of the target DNA indeed predicts the formation of a highly
stable hairpin structure (Tm > 72.0°C) in the 5 aberrant isolates. As the predictedmelting tem-
perature of the forward primer varies between 62.9 and 67.0°C, a substantial amount of the tar-
get DNA is likely to be folded into the hairpin structure before the primer can anneal.
Incorporation of a 5’-tail sequence into the forward primer is predicted to increase the melting
temperature to 72.7°C (artificial template/primer complex) which would allow the primer to be
extended already at higher temperatures. This hypothesis is further supported by the observa-
tion that stabilisation of the forward primer alone (tailed/non-tailedor zipped nucleic acid/
non-tailed) is sufficient to restore the sensitivity of the assay. A similar phenomenon was
reported by Liu et al. who observed severe inhibition of a conventional PCR targeting exon H
of the human factor IX gene which was found to be due to a single mutation downstream of
one of the primers [51]. Despite the fact that the authors ruled out secondary structure as a pos-
sible cause, modelling of the target region with Visual OMP predicts the formation of a hairpin
structure that contains the 3’-end of the primer binding site. Although sequences outside the
primer/probe binding sites are often neglected, the results presented in this study demonstrate
that small changes in the inter-primer region can severely impair amplification. It is therefore
recommended to perform a detailed secondary structure analysis of the entire target region
whenever designing or evaluating primer/probe sets.

Conclusion

In this study, we have shown that primer tailing can alter amplification through various mecha-
nisms with the actual workingmechanism being determined by both the assay and target region.
Using 2 panFMDV RT-qPCR assays as model systems, we were able to identify 3 mechanisms:
(i) suppression of primer artefacts formation, (ii) alteration of primer utilisation patterns and (iii)
improved extension through partially folded target regions. This list is not intended to be exhaus-
tive as our study was limited to only 2 assays. Nevertheless, the findings presented in this study
can help researchers determinewhen primer tailingmight be considered to improve suboptimal
(RT-)PCR assays. Although numerous applications are conceivable, one field that could benefit
substantially from the use of primer tailing is viral diagnostics.Due to the high genetic heteroge-
neity found in RNA viruses, it is not always possible to design optimal primer/probe sets for each
virus. As shown in our study, primer tailing can, in some cases, enhance the performance of sub-
optimal (RT-)PCR assays. However, despite the potential benefits, systematic tailing of primers is
not recommended as it does not necessarily yield the best results. Although some of the encoun-
tered problems can be resolvedmore effectively using hot-start dNTPs or spermine-conjugated
primers, the use of tailed primers offers an attractive alternative as it yields similar results at a
much lower cost. Finally, this study highlights the importance of good test design and the need
for periodic evaluation of existing diagnostic assays.
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S1 File. Raw fluorescencedata and model parameters.An FMDV reference panel (n = 50)
was tested in triplicate with the panFMDV-5UTR and panFMDV-3D RT-qPCR assays using
both non-tailed and tailed primer sets (sheets 1–3). The raw fluorescence data of each reaction
were modelled using a nonlinear sigmoidal model (sheet 4) or the CM3model (sheet 5).
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S2 File. Impact of the observedsubstitutions in the pf_FMDV-3D binding site of the 5
aberrant FMDV isolates on the melting temperature of the primer/target heterodimer.
Interactions between the panFMDV-3D forward primer and the target sequences from the 5
aberrant FMDV isolates were modelled in Visual OMP (DNA Software) using a reaction tem-
perature of 60°C and the following reaction conditions: 50 nMmonovalent cation, 3.3 nM
divalent cation, 1 μM of primer and 1 pM of target. All other parameters were kept at their
default values.
(XLSX)

S3 File. FMDV isolates fromGenBank containing the same extended palindromic structure
in the panFMDV-3D target region. FMDV-3D sequences were retrieved from GenBank on
16/11/2015 and aligned using MAFFT v7.245 [52]. The resulting sequence alignment was
trimmed to the same region shown in Fig 4 to facilitate comparison between the sequences
from Fig 4 and S3 File. The file contains all sequences from GenBankwhich contain the same
extended palindromic structure in the panFMDV-3D target region.
(FAS)

S4 File. R scripts used in this study for data analysis.
(TXT)

S1 Fig. Correlation between the FMDV serotype and the enhancing effect of primer tailing
in the panFMDV-5UTR RT-qPCR assay. An FMDV reference panel (n = 50) was tested in
triplicate with the panFMDV-5UTR RT-qPCR assay using either non-tailed or tailed primer
sets. Non-linear regression models were fitted to the raw fluorescence data of each replicate.
Resultingmodels were used to calculate the slope of the amplification curve at the first deriva-
tive maximum and the fluorescence at cycle 50. The figures show the average slope (A) and
average plateau level (B) of the non-tailed versus tailed PCR reactions.
(TIFF)

S2 Fig. Correlation between the FMDV serotype and the enhancing effect of primer tailing
in the panFMDV-3D RT-qPCR assay. An FMDV reference panel (n = 50) was tested in tripli-
cate with the panFMDV-3D RT-qPCR assay using either non-tailed or tailed primer sets. Non-
linear regression models were fitted to the raw fluorescence data of each replicate. Resulting
models were used to calculate the slope of the amplification curve at the first derivative maxi-
mum and the fluorescence at cycle 50. The figures show the average slope (A) and average pla-
teau level (B) of the non-tailed versus tailed PCR reactions.
(TIFF)

S3 Fig. Impact of primer tailing on the formation of PCR artefacts in the panFMDV-5UTR
RT-qPCR assay. Viral genomic RNA of FMDV isolate SAT3/MAL/3/76 and a no-template
control were tested in triplicate with different panFMDV-5UTR primer combinations in the
presence of the intercalating dye SYBR1 Green I. Non-linear regression models were fitted to
the raw fluorescence data of each replicate and the resulting models were amalgamated into a
single replicate model using the replist function from the qpcR package [38] (S4 File). The
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figure shows the replicate model of each primer combination with error bars representing 1
standard deviation (nt: non-tailed, t: tailed, NTC: no-template control).
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the panFMDV-5UTR RT-qPCR assay. Viral genomic RNA of FMDV isolate SAT3/MAL/3/
76 and a no-template control were tested in triplicate with different panFMDV-5UTR primer
combinations using either normal (A) or hot-start dNTPs (B). All reactions were carried out in
the presence of the intercalating dye SYTO 16. Non-linear regression models were fitted to the
raw fluorescence data of each replicate and the resulting models were amalgamated into a sin-
gle replicate model using the replist function from the qpcR package [38] (S4 File). The figures
show the replicate model of each primer combination with error bars representing 1 standard
deviation (nt: non-tailed, t: tailed, NTC: no-template control).
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