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Abstract Several techniques have been developed for
detection and quantification of genetically modified organ-
isms, but quantitative real-time PCR is by far the most
popular approach. Among the most commonly used real-
time PCR chemistries are TagMan probes and SYBR green,
but many other detection chemistries have also been
developed. Because their performance has never been
compared systematically, here we present an extensive
evaluation of some promising chemistries: sequence-
unspecific DNA labeling dyes (SYBR green), primer-based
technologies (AmpliFluor, Plexor, Lux primers), and
techniques involving double-labeled probes, comprising
hybridization (molecular beacon) and hydrolysis (TagMan,
CPT, LNA, and MGB) probes, based on recently published
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experimental data. For each of the detection chemistries
assays were included targeting selected loci. Real-time PCR
chemistries were subsequently compared for their efficiency
in PCR amplification and limits of detection and quantifica-
tion. The overall applicability of the chemistries was
evaluated, adding practicability and cost issues to the
performance characteristics. None of the chemistries seemed
to be significantly better than any other, but certain features
favor LNA and MGB technology as good alternatives to
TagMan in quantification assays. SYBR green and molecu-
lar beacon assays can perform equally well but may need
more optimization prior to use.

Keywords Real-time PCR - GMO detection - TagMan -
SYBR green - Molecular beacons - Alternative chemistries

Introduction

Detection and quantification of genetically modified (GM)
components in compound samples is a challenging task.
Labeling threshold for food and feed ranges from for
example 5% in Japan to as low as 0.9% in the European
Union [1] and this requires exact quantification and the
ability to detect trace amounts of GM material in many
different sample types. In addition to this, a large fraction of
the samples are highly processed materials for which the
DNA extraction yield is generally quite low. At the same
time, the number of GM organisms (GMOs) released to the
market is rapidly increasing [2]. This makes it even more
complicated to develop comprehensive routine detection
systems for GMOs, so a methodological upgrade would be
welcome.
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In a GMO, a transgenic construct containing one or more
trait genes has been inserted in the species’ genome. To
detect or to quantify GMOs routine diagnostic laboratories
most commonly rely on quantitative real-time PCR (Q-
PCR). In the first step of analysis screening for GMOs is
performed, followed by identification and quantification of
GMOs present in the sample. The general purpose of GMO
quantification as defined in the legislation is then to
calculate the fraction of a certain species that comes from
GM materials. For this, reference gene quantification is
needed to estimate the number of haploid target genomes
that are present in the sample. To determine the number of
haploid GM genome copies the sample contains event
specific assays are used. On the other hand, only qualitative
analysis is performed in the screening and identification
steps of GMO detection procedures [3, 4]. There are
currently about 20 different real-time PCR chemistries on
the market [5], only few are however, applied in interna-
tionally validated GMO detection methods [6]. Mostly they
are based on the use of either TagMan/MGB probes or
SYBR green-based procedures, and large amounts of data
can be found on the performance of these. On the other
hand only few comparisons have been made on the
performance of alternative chemistries [7, 8].

This article gives an overview of some options available
on the market for which experimental data in the context of
GMO detection have recently been published [9-11].
Special emphasis was put on comparative evaluation of
performance characteristics such as specificity, sensitivity,
repeatability, and dynamic range for nine different real-time
PCR chemistries, and robustness, cost efficiency, and
practicability were also considered.

Intercalating dyes

The first demonstration of real-time PCR was done by
simply adding ethidium bromide to the PCR mix and
monitoring the amplification via the fluorescent properties
of the reaction volume [12]. To increase sensitivity,
ethidium bromide was later replaced by another intercalat-
ing dye—SYBR green [13]. SYBR green, like all other
intercalating dyes, binds any double-stranded DNA (Fig. 1),
so in order to separate non-specific from specific ampli-
cons, it must be assumed that different PCR products will
have different melting temperatures. Under this assumption,
a so-called melting (“dissociation”) curve can be generated
by carefully monitoring the fluorescence properties of the
PCR amplification products during a melting phase. This
might aid the user in ensuring that non-specific amplifica-
tion has not taken place [14]. Despite its popularity, SYBR
green has several disadvantages, for example high tendency
to inhibit PCR at higher concentration and preferential
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binding to specific DNA sequences [15, 16]. Low affinity
to single-stranded DNA has also been noted [17] and
interpretation of the DNA dissociation curves is not always
straightforward.

Primer-based chemistries

Primer-based chemistry assays are more reliable than those
based on intercalating dyes. Here, a dye does not have to be
added directly to the reaction mixture because a fluores-
cently labeled PCR primer is used instead. These assays are
relatively inexpensive to run and also fairly straightforward
to design. In the Lux technology one of the primers is
labeled with a fluorophore close to the 3’ end which is
quenched by the hairpin structure of the primer. On
integration of labeled primer into a PCR product, its
fluorescence increases up to eightfold because of extension
of the hairpin structure [18]. Plexor technology differs from
the other chemistries in the decrease of fluorescence signal
in proportion to the increase in the number of PCR products
during the course of amplification. One of the primers
contains a synthetic base, isocytosine, linked to the
fluorophore at the 5’ end. During the amplification, this
isocytosine pairs to iso-dGTP from the reaction solution
and thus becomes incorporated in the newly synthesized
strand. Iso-dGTP is linked to a quencher, and when
incorporated in the PCR product, it is close enough to the
fluorophore to quench its fluorescence. Thus with increased
number of PCR products we measure a decrease in the
fluorescent signal [19]. Both Lux and Plexor technologies
enable dissociation curves to be analyzed and it should thus
be possible to distinguish between specific and non-specific
amplicons. AmpliFluor is based on three primers—two
target-specific and a universal dual-labeled hairpin primer
(UniPrimer). One of the specific primers includes a so-
called Z sequence at the 5’ end, and this sequence is also
present as a tail on the hairpin primer. As PCR products are
formed and the complementary strand of the Z sequences is
synthesized, the hairpin primer’s tail can anneal to the
newly formed amplicons and be elongated. When the
complementary strand of such an elongated hairpin primer
tail is synthesized (primed by a target-specific primer), the
hairpin structure will be pulled open thus eliminating the
quenching. Because of technology characteristics, Ampli-
Fluor specificity cannot be monitored using a dissociation
curve [20].

Probe-based chemistries

To increase the assay’s specificity one can use a third
oligonucleotide, a fluorescence probe, which is comple-
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Fig. 1 Schematic representation
of real time PCR with different SYBR Green
chemistries. Principles of
TagMan, minor groove binding
(MGB), locked nucleic acid
(LNA) probes, cycling probe
technology (CPT), and molecu-
lar beacons probes are presented
together with non-specific
SYBR green dye (in green) and
labeled primer based Lux,
Plexor, and Ampliflour. Chem-
istries are presented during the
primer annealing step and after
the extension, when the new
strand of DNA is synthesized by
DNA polymerase (in yellow)
with a reporter fluorophore
shown in green and a quencher
shown in red. In the case of
Plexor the dyes are linked to
isocytosine (blue triangle) and
iso-dGTP (also in blue).
AmpliFluor is based on three
primers—two target-specific and
a universal dual-labeled hairpin
primer (UniPrimer). One of the Molecular Beacons
specific primers includes a so-
called Z sequence at the 5" end,
which is also present as a tail on
the hairpin primer (both marked
here as a blue line)

Plexor 1st cycle

AmpliFluor 1st cycle

mentary to a target sequence lying between the PCR
primers. Each probe has a reporter fluorophore covalently
attached to one end and a quencher attached to the other. As
long as both dyes stay in close proximity the signal is

Annealing Extension

2nd cycle 2nd cycle

3rd cycle

quenched, and it is released only when dyes become
physically separated [21]. The original TagMan probe
design has been further extended to include probes such
as minor groove binding (MGB) and locked nucleic acid
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(LNA) probes. Because of their increased melting temper-
atures, these probes can be designed to be shorter and have
higher hybridization specificity. In MGB probes a higher
melting temperature is achieved by conjugation with a
minor groove binding group [22], while LNA nucleotides
have a modified ribose moiety with an extra 2'-O,4'-C-
methylene bridge. LNA nucleotides “lock” the probe on the
target, therefore the LNA-modified probes are known to
exhibit enhanced hybridization affinity toward complemen-
tary DNA [23, 24]. The cycling probe technology (CPT)
probe in contrast includes a modified RNA nucleotide
forming a RNA-DNA duplex after hybridization to the
target. In the next step this duplex is recognized and cut by
RNaseH, resulting in separation of the quencher from the
reporter, accompanied by a fluorescence increase. In this

case no exonuclease activity of Taq DNA polymerase is
needed to get an increase in the signal [25]. Molecular
beacons (MB), on the other hand, are not hydrolysis
probes but hybridization probes. They consist of a
sequence-specific loop region flanked by two inverted
repeats which form a hairpin structure. To bind to a
complementary target sequence, the beacon unfolds,
leading to separation of the fluorophore from the quencher
and an increase in fluorescence [26].

Comparative evaluation of real-time PCR chemistries

This manuscript is an integrative analysis of experiments
recently published [9-11]. Nine different real-time PCR

Table 1 Performance of different chemistries, compared as LOD, LOQ, dynamic range, efficiency, and repeatability

Probe-based chemistries Primer-based chemistries Intercalating
dyes
TagMan® MGB MB LNA CPT Plexor Lux AmpliFluor SYBR green

Detection limit (PFU) -+ -+ -+ +++ ++ -+ 4+ +++ +4+

Assay | 8" 8 8 4 20 20 4 2 8

Assay 2 5 5 / 20 20 4 20 / 5
Quantification limit (PFU) -+ -+ -+ +++ ++ -+ ++ + -+

Assay 1 31 31 31 20 100 100 100 500 125

Assay 2 50 50 / 100 400 100 200 / 50
Dynamic range 4+ 4+ ++ +++ ++ ++ ++ + ++

Assay 1 250 250 60 200 40 40 80 5 10

Assay 2 200 200 / 400 100 400 200 / 200
Amplification efficiency in dynamic +++ -+ -+ +++ -+ ++ +++ +H+ ++

range (%)

Assay 1 95 94 95 101 98 86 93 103 81

Assay 2 88 89 / 97 93 91 90 / 98
Repeatability in dynamic 4+ 4+ ++ +++ 4+ +4+ +4+ -+ ++

range-Cv (%)

Assay 1 13 11 16 10 5 13 11 11 21

Assay 2 12 9 / 11 14 13 10 / 16

Experimental data were taken from Refs. [9-11]. LOD is defined as a concentration that yields >95% probability of detecting the target if present.
For the purpose of this comparison LOD was set at the PFU (PCR forming units; corresponding to amplifiable target copies) for which more than half
of PCR reactions gave a positive result. This definition corresponds to “Results interpretation” section of ISO 21569 standard [33]. PCR efficiency
(E) was calculated from the slope of the standard curve, using the equation E=10(—1/slope)-1, with 1 corresponding to 100% efficiency [34]. To
determine LOQ the relative standard deviation (RSDr) < 25% was the primary measurement [35]. In addition, to estimate the dynamic range of the
method, PCR reactions were regarded as not inhibited when the PCR efficiency was in the range 75% < E < 120% [10]. The dynamic range was
expressed as a ratio between the highest and the lowest number of DNA copies within the range. PCR efficiency within the dynamic range of the
assay was used in comparative analysis. An average coefficient of variation (Cv) was calculated within each dynamic range to describe
repeatability between parallels

#TagMan-based amplicons were optimized in previous publications [36, 37] and were analyzed here in parallel as a reference system

® Assays 1 for TagMan, MGB, MB, AmpliFluor, and SYBR green were designed on the MON 810 3 junction and tested on 2, 4, 8, 31, 125, 500,
and 2,000 PFU [11]. Assays 2 for TagMan, MGB, and SYBR green were designed on the RRS 3’ junction and tested on 5, 10, 50, 100, 1,000, and
10,000 PFU [9]. Assays 1 for LNA, CPT, Plexor and Lux were designed on the MON 810 5’ junction and tested on 0.4, 4, 20, 100, 200, 400,
4,000, and 8,000 PFU. Assays 2 for LNA, CPT, Plexor, and Lux were designed on maize invertase gene and tested on 0.4, 4, 20, 100, 200, 400,
4,000, and 40,000 PFU [10]. Assays developed on RRS junction were run on five total replicates while all other assays were run on ten
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chemistries were systematically tested, including SYBR
green I (Applied Biosystems, USA/Sigma—Aldrich Quimica,
Spain), AmpliFluor universal detection system (Chemicon
International, USA), Light upon extension (Lux) fluorogenic
primers (Invitrogen, USA), Plexor technology (Promega,
USA), TagMan and MGB probes (both DNA Technology,
Denmark/Applied Biosystems, USA), molecular beacons,
LNA probes (Sigma Proligo, France), and CPT probes
(Takara, Japan).

To make a target-independent evaluation of these
chemistries, for each of the detection chemistries two
assays were designed on selected loci of MON 810
(YieldGuard) maize or GTS 40-3-2 (Roundup Ready)
soybean (RRS). AmpliFluor and MB, however, were an
exception with only one assay included in this evaluation.
All the assays were individually optimized before compar-
ison with each other. In all three articles assay designs are
explained in detail [9-11].

Other factors that could influence performance were
harmonized in different setups. FAM was used as a
fluorophore in all chemistries (the assay designed for
AmpliFluor was an exception with JOE used as a
fluorophore) and PCRs were run on two similar appara-
tuses, the ABI 7300 Real Time PCR and the ABI Prism
7900HT sequence detection system [9—11].

Chemistries were compared for their performance charac-
teristics, practicability, and cost effectiveness. In an attempt
to compare the chemistries in a unified way, the performance

Table 2 Practicability and overall evaluation of different chemistries

characteristics were calculated in the same manner from all
three sets of raw data (see supplemental data).

Performance characteristics

For performance evaluation limit of detection (LOD),
quantification (LOQ), dynamic range, PCR efficiency, and
repeatability were compared. The evaluation was based on
the “acceptance criteria” compiled by the European
Network of GMO Laboratories (ENGL) [27].

All the developed assays show rather similar LOD
values, between 2 and 20 PFU (PCR forming units;
corresponding to amplifiable target copies) (Table 1). The
LOQ results on the other hand were more varied with the
highest LOQ values determined for AmpliFluor (500 PFU),
CPT assay 2 (400 PFU) and Lux assay 2 (200 PFU). Other
LOQ values were around or below 100 PFU. It should be
noted, however, that LOD and LOQ could have been better
for LNA, CPT, Plexor and Lux assays, but additional
sample dilutions with PFU between 20 and 100 had not
been tested. Because of the very high LOQ value, the
narrow dynamic range for AmpliFluor was not surprising.
Another assay with a narrow dynamic range was SYBR
green assay 1, which also had the lowest amplification
efficiency (81%). This indicates general problems with this
assay's performance. On the other hand, the other assay
employing SYBR green performed well, which proves that

Probe-based chemistries Primer-based chemistries Intercalating
dyes
TagMan MGB MB LNA CPT Plexor Lux AmpliFluor  SYBR green
Practicability and cost- +++ +++ ++ +++ + ++ + + ++
effectiveness
Ease of design +++ +++ ++ +++ ++ ++ + + ++
Ease of operation +++ +++ +++ +++ +++ ++ ++ ++ ++
Price® to establish a new assay High High High High High Middle Middle Middle Low
Price® for 100x20 uL 100 120 100 105 >200 85 80 130 75
reactions (€)
Run duration (min) 120 (50)° 120 (50)° 120 (50)° 120 84 87 144 140 120
Suitable for quantitative analysis — +++ +++ ++ +++ ++ ++ + + ++
Suitable for qualitative analysis +++ +H+ +H+ +H+ ++ ++ ++ ++ -+

The ease of design was evaluated as the time required to design and validate a new method by trained personnel. The ease of operation, on the
other hand, evaluates the personnel effort for setup and post analysis interpretation. The price of assays was calculated by assessing the costs of
chemicals needed for 100 reactions with a 20 uL reaction volume. Estimated costs include PCR reagents, primers, and probes but exclude plastics
and optical covers since they are the same for all tests. Time needed for a PCR run was also included in practicability issue

#For research purposes when few samples only are planned for analysis

b Reagents used in calculations were ABI TagMan Universal PCR Master Mix for TagMan, MGB, MB and LNA, ABI Power SYBR green PCR
Master Mix for SYBR (both Applied Biosystems, USA) and recommended reagents for other chemistries. Prices are stated for Slovenia (CPT,
Plexor, Lux) and Spain (TagMan, MGB, MB, LNA, AmpliFluor, SYBR), both members of European Union.

¢ Number in parentheses stands for a fast cycling mode (where tested)
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this chemistry can enable good detection and quantification,
but it is less robust and designing a good assay is more
difficult. The same was observed for MB, of which the
assay included in the review showed great performance,
while the authors failed to optimize the other MB assay [9].
Despite several attempts, the assay was not sufficiently
optimized and for this reason it was excluded from the
review. Another disadvantage of SYBR green and MB is
the rather low repeatability between parallels, observed in
all three assays.

CPT was less sensitive than the other chemistries and
performed somewhat worse than other hydrolysis probes,
considering LOQ and dynamic range. In performance of
TagMan, LNA and MGB probes there was no major
difference. Low LOD and LOQ values and mainly wide
dynamic range prove suitability of TagMan, LNA, and
MGB for both qualitative and quantitative analysis. Differ-
ences in performance between Plexor and Lux chemistries
are not clearly visible in Table 1; however, there were fewer
problems with non-specific amplification using Plexor [10].

Practicability and cost effectiveness

Practicability of the assays was evaluated according to the
criteria ease of design and of operation, the first meaning
the time required to design and validate a new method and
second focusing on personnel effort for setup and post-
analysis interpretation. In addition the respective costs were
also included in the evaluation (Table 2). There is no major
difference in applicability of TagMan, LNA and MGB
probes, which suggests that the latter two are good
alternatives to TagMan when designing assays for quanti-
tative analysis. Because LNA and MGB probes can be
designed much shorter they are more sensitive to a non-
perfect match in target sequence and thus are appropriate
for use where high specificity is needed (e.g. only one
nucleotide difference in the sequence). They also offer more
possibilities when the target locus is so short that the design
of a satisfactory TagMan-based assay is difficult, for
example in detecting some junctions between GM insert
and plant DNA. CPT probes can be designed even shorter,
but moderate performance score and significantly higher
costs make them inappropriate for routine use. Practicabil-
ity of molecular beacons was similar to CPT and both have
more advantages in nucleic acids detection under isother-
mal conditions and low temperatures [28] compared with
real-time PCR.

Among primer-based chemistries easier design and
shorter run time favors Plexor when compared to Lux and
AmpliFluor. Despite being less expensive than probe-based
chemistries, personnel effort when introducing this chem-
istry in the laboratory can be its disadvantage. SYBR green
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is appropriate for qualitative and quantitative detection, but
careful design and some optimization is needed to obtain a
good assay.

Conclusions and future perspectives

To summarize, several real-time PCR chemistries gener-
ally perform as well as the currently most broadly
applied TagMan chemistry. Certain features of LNA
and MGB technologies even favor their use in quantifi-
cation, because they are more flexible in design if the
target sequence is narrowly defined. Also, some primer
based chemistries, for example Plexor, can become the
method of choice if both performance and cost are taken
into account. Therefore, when designing new real-time
PCR assays for routine diagnostics, these alternatives
should be taken into consideration.

Some recently developed chemistries were not included
in this comparison. Among improved intercalating dyes,
SYTO9 and EVA green have both been reported to be less
inhibitory to PCR than SYBR green [29, 30]. Probe-based
technologies AllGlo and EasyBeacons may also be of
special interest. The EasyBeacons contain two (or more)
identical reporter dyes capable of quenching their own
fluorescence. After the enzymatic degradation of the probe,
two fluorophores are released per probe so, in principle,
AllGlo probes should be brighter than conventional single-
label probes [31]. EasyBeacons on the other hand are
composed of normal and intercalating pseudo nucleotides
and are thought to be particularly suitable for single
nucleotide polymorphism (SNP) detection [32]. More
detailed experimental evaluation would be needed to check
their potential in routine GMO diagnostics.
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