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Abstract Considering the increase of the total cultivated land
area dedicated to genetically modified organisms (GMO), the
consumers’ perception toward GMO and the need to comply
with various local GMO legislations, efficient and accurate
analytical methods are needed for their detection and identifi-
cation. Considered as the gold standard for GMO analysis, the
real-time polymerase chain reaction (RTi-PCR) technology
was optimised to produce a high-throughput GMO screening
method. Based on simultaneous 24 multiplex RTi-PCR run-
ning on a ready-to-use 384-well plate, this new procedure
allows the detection and identification of 47 targets on seven
samples in duplicate. To comply with GMO analytical quality
requirements, a negative and a positive control were analysed
in parallel. In addition, an internal positive control was also
included in each reaction well for the detection of potential
PCR inhibition. Tested on non-GMmaterials, on different GM
events and on proficiency test samples, the method offered
high specificity and sensitivity with an absolute limit of de-
tection between 1 and 16 copies depending on the target. Easy
to use, fast and cost efficient, this multiplex approach fits the
purpose of GMO testing laboratories.
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Abbreviations
CRM Certified reference material
GMO Genetically modified organisms
IPC Internal positive control
LOD Limit of detection
MGB Minor groove binder
NTC No template control
PCR Polymerase chain reaction
RTi-PCR Real-time PCR

Introduction

With limited crop resources and climate disorders, the total
cultivated land area dedicated to GMO has been rising for
several years, with a leading commercial use of genetically
modified (GM) soybean, GM cotton, GM maize and GM
rapeseed [1]. According to a prospective study of the Euro-
pean Joint Research Centre published in 2009, the projected
number of commercial GM events could increase from 30 to
120 over 6 years. Up to 17 GM soybean, 24 GM maize,
8 GM rapeseed, 27 GM cotton and 15 GM rice events would
be available in 2015 [2]. Interestingly, the number of other
GM crops (such as sugar beet, papaya, tomato, eggplant)
could increase from 10 to 23 GM events during the same
period and is currently in the development pipeline in devel-
oping countries [3].

To comply with various local GMO legislations and to
respect consumer preference, effective and accurate analyti-
cal methods are needed for GMO detection and their quan-
tification. To ensure product authenticity and traceability of
GM material, many methods have been developed, such as
two-dimensional electrophoresis [4] and isoelectric focusing
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[5], protein capillary electrophoresis [6], HPLC [7], and
ELISA [8]. However, to overcome limitations related to
heat-treated or processed products, the use of DNA-based
methods and especially polymerase chain reaction (PCR)
techniques is preferred for both raw ingredients and
processed food [9, 10]. Furthermore, PCR and real-time
PCR (RTi-PCR) are internationally recognised and recom-
mended for GMO analyses [11, 12]. While conventional
PCR methods need to handle post-PCR products for gel
electrophoresis or enzymatic digestion, RTi-PCR does not
need post-PCR manipulations which significantly reduce the
risk of laboratory contamination.

Taking into account the GMO rise, the number of neces-
sary target sequences for molecular identification will in-
crease accordingly. Consequently, description of multiplex
detection and identification PCR methods has been rising
during these last 5 years, allowing a reduction of the analyt-
ical time and cost and conserving precious sample material.
On the one hand, the screening approach using GM markers
such as promoters (p-35S, p-FMV…), terminators (t-NOS,
t-E9…) or transgenes (pat, CP4epsps…) has often been
described [13, 14], but it lacks the identification step, which
is necessary for a complete GMO analysis. On the other
hand, a specific identification method has been described
[15], but the lack of GM markers could miss the detection
of new GM events or unauthorised ones.

To adapt the analytical approach with the growing GMO
environment and to cover a wider range of GM targets, the
development of a new GMO multiscreening method was
undertaken. Still considered as the golden standard for
GMO analysis, RTi-PCR was selected using minor groove
binder (MGB) TaqMan® probes to improve the sensitivity
and the specificity of the assays [16, 17]. To increase the
sample throughput and optimise the screening capability,
multiplex RTi-PCR was adapted on a 384-well plate format,
allowing the simultaneous detection of up to 47 targets on
seven samples in duplicate. Consequently, a complete fin-
gerprint of their GM content is thus obtained with reduced
time and cost. In addition, it includes an internal positive
control (IPC) recommended for the detection of potential
PCR inhibition and complies with analytical GMO quality
requirements described in ISO 24276:2006 [18].

Materials and methods

Reference materials

Certified reference materials (CRMs) of Bt11, Bt176,
MON810, MON863, NK603, GA21, TC1507, DAS59122,
98140, 3272, MIR604, GTS-40-3-2 (RRS), 356043, 305423,
and EH92-527-1GM events were purchased from the Institute
of Reference Materials and Measurements (IRMM, Geel,

Belgium), and T25, MIR162, MON88017, MON89034,
MON89788, A2704-12, A5547-127, MON87701, LL62,
GT73, Topas 19/2, T45, MON1445, MON531, MON15985-
7, GHB614 and LLCotton25 GM events were purchased from
the American Oil Chemist’s Society (Urbana, USA). KMD1
and IR72/Xa21 GM rice powders were kindly provided by
Zhejiang University (Hangzhou, China), whereas CBH351
(Starlink) GMmaize powder was kindly provided by formerly
Mid-West Seed Services, Inc. (Brookings, SD, USA). Since
no Bt63 GM rice reference was available, a Bt63 plasmid was
purchased from Eurofins GeneScan (Freiburg, Germany).
Non-GM materials (potato and seeds from maize, soya, rice,
wheat, tomato, cotton, rapeseed and mustard) as well as
cocoa-based products and instant coffee powders were pur-
chased from local markets. GeMMA proficiency test samples
were acquired from the Food and Environment Research
Agency (FAPAS, York, UK). Certified reference animal
DNA (beef, pig, horse, sheep, goat and chicken) was pur-
chased from Coring System Diagnostix GmbH (Gernsheim,
Germany).

DNA extraction and preparation

DNA from each sample or reference was extracted in dupli-
cate. Ground seeds or homogenised samples, 100 mg, were
incubated in 1 mL of CTAB lysis buffer (Applichem GmbH,
Darmstadt, Germany), 400 μg/mL protease (QIAgen,
Hilden, Germany) and 200 μg/mL RNAse A (Sigma-Aldrich
Chemie GmbH, Buchs, Switzerland) at 65 °C for 1 h. After
maceration, the samples were centrifuged at 15,000×g for
2 min. The supernatant was transferred into a new tube,
mixed with an equal volume of chloroform and centrifuged
again at 15,000×g for 2 min. The supernatant was added to
five volumes of PB binding buffer (QIAgen), mixed and
loaded onto a QIAquick column (QIAgen) over a vacuum
manifold. The column was washed with 1.5 mL of PE buffer
(QIAgen), and the membrane was dried at 15,000×g for
2 min and placed in a new centrifuge tube. The retained
DNA was eluted by centrifugation for 1 min at 15,000×g
with 50 μL of elution buffer (EB) (QIAgen) after 2 min of
incubation. When the eluted DNA was coloured and thus
suspected to contain PCR inhibitors (such as phenolic com-
pounds contained in cocoa or coffee-based products), the
extracted DNA was further purified by gel filtration using
Sephacryl resin (MicroSpin S-300 HR columns, GE
Healthcare, Glattbrugg, Switzerland) according to the sup-
plier’s instructions. Following the measurement of the DNA
concentration using a nanophotometer (Implen GmbH, Mu-
nich, Germany), DNA extracts were finally diluted at 40-
ng/μL in EB buffer.
CRMs available as lyophilised DNAwere reconstituted at

40 ng/μL with EB buffer. Extracted DNA or reconstituted
DNAwas stored at −20 °C until further use.
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Selection of target sequences for GMO detection

To allow an efficient detection and identification of GM
material, three different categories of targets were selected.

1. Plant endogenous sequences were chosen to specifically
detect soya, maize, rice, wheat, rapeseed, potato, cotton
and tomato, which provide information on the host spe-
cies of the transgenic material and also indicates poten-
tial plant cross-contamination in raw material. A generic
plant target was also added to detect vegetable DNA and
especially residual plant genetic material in processed
products.

2. Considered as key indicators of GM material, the fre-
quently used Cauliflower Mosaic Virus 35S promoter
(p-35S), Figwort Mosaic Virus 35S promoter (p-FMV),
nopaline synthase terminator from Agrobacterium
tumefaciens (t-NOS), 5-enolpyruvylshikimate-3-phos-
phate synthase gene from A. tumefaciens strain CP4
(CP4epsps) and phosphinothricin N-acetyltransferase
genes from Streptomyces hygroscopicus (Bar) and from
Streptomyces viridochromogenes (Pat) were selected. To
broaden the screening capability of the method, the
ribulose-1,5-bisphosphate carboxylase terminator E9
from Pisum sativum (t-E9) introduced in recent trans-
genic constructs was added. Used as selectable antibiotic
marker in some GM events such as some GM rice, GM
potato and GM tomato events, the hygromycin
phosphotransferase and neomycin phosphotransferase
genes from Escherichia coli (Hph and NptII, respective-
ly) were targeted. Recommended by a recent European
decision to further detect insect-resistant GM rice [19], a
novel Cry1Ab/c assay was designed on a consensus
DNA fragment of cry1Ab and cry1Ac genes from Bacil-
lus thuringiensis.

3. Specific assays were designed to identify 28 GM events,
including 16 GM maize, 9 GM soya and 3 GM rice
events. Although event-specific assays shall be preferred
to construct-specific ones, single nucleotide polymor-
phisms were shown to occur more likely in the endoge-
nous host plant sequence than in transgenic sequence
[20]. To avoid such nucleotide variations, construct-
specific assays were privileged. Since the full transgenic
cassette from each GM event is generally not publicly
available, an overall PCR preferably spanning specific
transgenic elements introduced in the targeted GM event
(such as the association of a specific transgene and its
terminator) was carried out (data not shown) and the
amplicon sequenced (GATC, Konstanz, Germany). The
primers and the probe were then designed on this spe-
cific genetic association only present in the targeted GM
event and on the specific oligonucleotide linker used to
build and clone it.

Finally, an IPC was used to evaluate the absence of PCR
inhibition, especially in the case of a negative result.

Oligonucleotide primers and probes

Primers and MGB TaqMan® probes (Table 1) were designed
using the Primer Express® 3.0 Software (Life Technologies,
Carlsbad, CA, USA) and produced amplicons below 150 bp,
as recommended for analysis of the processed sample [21].
TaqMan® probes were 5′ labelled with 6-carboxyfluorescein
(FAM) or VIC fluorophores and 3′ labelled with a
nonfluorescent quencher (NFQ). All oligonucleotides were
ordered as customised assays at Life Technologies.

An IPC from Life Technologies was used to check for
potential PCR inhibitions. Sequences of the IPC primers and
its NED-labelled probe were kept proprietary.

The ready-to-use GMO 384-well plate

Based on a 384-well plate, each assay was lyophilised
columnwise by Life Technologies at a final concentration
corresponding to 900-nM primers and 250-nM probe for
each target per RTi-PCR. Each well contained a FAM-, a
VIC- and a NED-labelled target, with the exception of the
24th column which only contained a FAM- and a NED-
labelled target (Table 2). FAM and VIC fluorophores en-
abled the detection of plant and GM markers, and the
identification of GM events, while the NED fluorophore
was linked to the IPC probe. Row-wise, the plate enabled
the analysis of seven samples in duplicate (one DNA
extract per row), while the first and last rows were dedi-
cated to the analysis of a no template control (NTC) and a
positive control, respectively. Ordered at Eurofins MWG Op-
eron (Zurich, Switzerland), the positive control consisted of
pEX-A plasmids containing the different amplicons at 2,000
copies/μL.

Real-time PCR

RTi-PCR runs were performed using an ABI PRISM 7900
Sequence Detection System (Life Technologies). For each
RTi-PCR, 10 μL of an amplification mix consisting of 1 μL
of sample DNA at 40 ng/μL, 5 μL of 2× TaqMan® Environ-
mental Master Mix 2.0 (Life Technologies), 0.21 μL of 5×
Exo IPC DNA (Life Technologies) and 3.79 μL of water was
prepared. Each sample amplification mix was distributed
row-wise, filling the 24 wells of the 384-well plate.

Following a dissolution step of the lyophilised oligonucle-
otides for 5 min at 30 °C and an activation of the hot-start
DNA Taq polymerase for 10 min at 95 °C, the specific
thermocycling consisted of 45 cycles of a denaturation step
of 15 s at 95 °C and an annealing/elongation step of 1 min at
60 °C. Although qualitative, experimental conditions and
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Table 1 List of forward (F), reverse (R) primers and TaqMan® MGB probes (P) used in this study

Assays Oligonucleotides Sequences (5′–3′) Targeted sequencesa Amplicon
size (bp)

References

Soya F AACCGGTAGCGTTGCCAG lectin gene 81 This study

R AGCCCATCTGCAAGCCTTT GenBank accession number
K00821

P FAM-CTTCCTTCAACTTCACC-NFQ

Maize F GGGCTTGCCAGCTTGATG zein gene 60 This study

R CGGTAAGGCCAACAGTTGCT GenBank accession number
X07535

P VIC-CGTGTCCGTCCCTG-NFQ

Rice F GCGGCAAGCCCCTTCTT prolamin gene 59 This study

R TGCCAGACTTGGTTGTTTCTCA GenBank accession number
AY896773

P FAM-TCAGCTGCGTTTCAA-NFQ

Wheat F GTCCATTGCTTGTAGAAGACCGTTA phosphoenolpyruvate carboxylase
gene

121 This study

R TCAAGGCAAGTCGATTTCAAGA GenBank accession number
AJ007705

P VIC-CCTTACCTAACAAAGCCT-NFQ

Rapeseed F CATGGTTCAATTTGGTTTATATACGG acetyl-CoA-carboxylase gene 98 This study

R AACATCAGCCTGTCCAAAAGAAA GenBank accession number
X77576

P FAM-CTGAGGACTCTTAATTAT-NFQ

Potato F CTGCCTCCGTCAAGATTTGGTCACT β-fructosidase gene 146 Retrieved
from [34]

R CTCTTCCCTTTCTTGATGG GenBank accession number
DQ478950

P VIC-ACTTGTAATTCATCAAGCCAT-NFQ

Cotton F CCAAAGGAGGTGCCTGTTCA stearoyl-acyl-carier protein
desaturase gene

107 Optimised
from [35]

R TTGAGGTGAGTCAGAATGTTGTTC GenBank accession number
AJ132636

P FAM-TCACCCACTCCATGCC-NFQ

Tomato F CTGCCTCCGTCAAGATTTGGTCACT β-fructosidase gene 143 Retrieved
from [34]

R CTCTTCCCTTTCTTGATGG GenBank accession number
Z12027

P VIC-ACTTGTAATCTTCTTTATTTCGT-
NFQ

p-35S F GACAGTGGTCCCAAAGATGGA p-35S 80 This study

R TGCTTTGAAGACGTGGTTGGAA GenBank accession number
V00141

P FAM-CCCACGAGGAGCATC-NFQ

p-FMV F CAAAGTAAACTACTGTTCCAGCACATG p-FMV 71 This study

R AGTCTTCGGTGGATGTCTTTTTCT GenBank accession number
X06166

P VIC-ATCATGGTCAGTAAGTTT-NFQ

t-NOS F CCCGCAATTATACATTTAATACGCGA
TAG

t-NOS 76 This study

R CACCGCGCGCGATAATTTAT GenBank accession number
U12540

P FAM-TTTGCGCGCTATATTT-NFQ

t-E9 F TTTGTTGTGCTTGTAATTTACTGTGTT t-E9 75 This study

R TTCTCCATCCATTTCCATTTCA GenBank accession number
X00806

P VIC-TTTATTCGGTTTTCGCTATC-NFQ

Bar F GCACCATCGTCAACCACTACA bar gene 76 This study
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Table 1 (continued)

Assays Oligonucleotides Sequences (5′–3′) Targeted sequencesa Amplicon
size (bp)

References

R GTCCACTCCTGCGGTTCCT GenBank accession number
AF218816

P FAM-CGGTCAACTTCCGTACCG-NFQ

CP4EPSPS F CCGGCGACAAGTCGATCTC cp4epsps1 gene 72 This study

R CGGTGATGCGCGTTTCA GenBank accession number
AY125353

P VIC-CCACCGGTCCTTCATG-NFQ

Pat F GCATGAGGCTTTGGGATACACA pat gene 69 This study

R TGCCATCCACCATGCTTGT GenBank accession number
AY562541

P FAM-ATCCAGCTGCGCGCAAT-NFQ

Hph F GCGCAGGCTCTCGATGA hph gene 62 This study

R ACGAGGTGCCGGACTTC GenBank accession number
AY818364

P VIC-CTCGGCCCAAAGCAT-NFQ

NptII F CTCCTGCCGAGAAAGTATCCA nptII gene 66 This study

R TAGCCGGATCAAGCGTATGC GenBank accession number
AM235741

P FAM-ATGGCTGATGCAATGC-NFQ

Cry1Ab/c F CGGTTACACTCCCATCGACAT Consensus fragment from cry1Ab
& cry1Ac genes

114 This study

R CCAAAGATACCCCAGATGATGTC

P VIC-CAGCGAGTTCGTGCC-NFQ

Bt176 F GCGGCCGCACTCGTT Junction between p-mCDPK::
cry1Ab sequences

94 This study

R GGGTTGCTCAGGCAGTTGTAG

P FAM-CCGGATCCAACAAT-NFQ

CBH351 F CTATTACTTCAGCCATAACAAAA
GAACTCT

Junction between cab22L::
cry9c sequences

82 This study

R GTCGGTCATCTGCAGGTAGTCA

P VIC-CTTCTTATTAAACCAAAACC-NFQ

T25 F GTGTGGAATTGTGAGCGGATAA Junction between β-lactamase::
p-35S sequences

82 Optimised
from [36]

R TGAATCTTTGACTCCATGGGAAT

P FAM-CACAGGAAACAGCTATG-NFQ

MON810 F ACCAAGCGGCCATGGA Junction between mHSP70intron::
cry1Ab sequences

57 This study

R GGCAGTTGTACGGGATGCA

P VIC-AACAACCCAAACATCA-NFQ

Bt11 F CAAGCCGCGGATCCTCTA Junction between ADH1intron::
cry1Ab sequences

58 This study

R TGCATTCGTTGATGTTTGGG

P FAM-AGTCGACCATGGACAAC-NFQ

MON863 F GGAGAGGACACGCTGACAA Junction between p-35S::cab
sequences

65 This study

R TGTGTGGAAGATGGTTCTAGGAT

P VIC-CTAGCTTGGCTGCAGGTA-NFQ

NK603 F AGCGCGCAAACTAGGATAAATT Junction between t-NOS::p-35S
sequences

65 This study

R CCTGCAGAAGCTATCCCCG

P FAM-CGGTGTCATCTATGTTAC-NFQ

GA21 F CAACGTCAGCAACGGCG Junction between ctpRuBisCo::
mepsps sequences

110 This study

R TGGACCCCGGCAGCTT
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Table 1 (continued)

Assays Oligonucleotides Sequences (5′–3′) Targeted sequencesa Amplicon
size (bp)

References

P VIC-CAGCCCATCAAGGAG-NFQ

TC1507 F TGTACATTGACAGGTTTGAGTTGATTC Junction between cry1Fa2::
ORF25 sequences

65 This study

R GCAGGTCGACGGATCCTTAC

P FAM-AGTTACTGCCACACTCG-NFQ

DAS59122 F AGGATCCACACGACACCATGT Junction between p-UBI::
cry34Ab1 sequences

64 This study

R TGGCCGGTCTTGTTGTTCA

P VIC-CCCGCGAGGTGCA-NFQ

MIR604 F CCCGTGAACTAGATCTGAGCTCTAG Junction between cry3A::t-NOS
sequences

94 This study

R CCGGCAACAGGATTCAATCTTA

P FAM-AATTTCCCCGATCGTTC-NFQ

MON88017 F ATTTGCGGCCGCGTTAA Junction between t-NOS::p-35S
sequences

67 This study

R CCGGATATTACCCTTTGTTGAAA

P VIC-AAGCTTCTGCAGGTCC-NFQ

MON89034 F GCCTCGTGCGGAGCTTT Junction between ract1::cry1Ab
sequences

65 This study

R CGTTGATGTTTGGGTTGTTGTC

P FAM-AGGTAGAAGTGATCAACC-NFQ

98140 F CACCCTGTTGTTTGGTGTTACTTCT Junction between p-UBI::gat4621
sequences

86 This study

R GCGTTGATAGGCTTAACCTCAATAG

P VIC-ATCCACACGACACCAT-NFQ

MIR162 F CCCTGTTGTTTGGTGTTACTTCTG Junction between p-UBI::
vip3Aa20 sequences

71 This study

R AGCTTGGTGTTGTTCTTGTTCATG

P FAM-TCGACTCTAGAGGATCCA-NFQ

SYN3272 F GACGAGCTGTGATAGGTAACGAAA Junction between amy797E::pepc9
sequences

72 This study

R TCGATGACTGACTACTCCACTTTGT

P VIC-AGAGCTCTAGATCTGTTCTG-NFQ

RRS F GGCGCGAAGATCGAACTC Junction between cp4epsps::t-NOS
sequences

68 This study

R ATCCGGTACCGAGCTCGAA

P FAM-CCGATACGAAGGCTG-NFQ

A2704-12 F GCAAAAAAGCGGTTAGCTCCTT Junction between bla::lacZ
sequences

61 Optimised
from [37]

R CAGGCTGCGCAACTGTTG

P VIC-CCTCCGATCGCCCTT-NFQ

356043 F TCATAGGTATCCTCTGCGTTAATCG Junction between p-TMV::gat4601
sequences

67 This study

R AGTCGACCCGGGATCCA

P FAM-TTCACCTCTATCATGGTGTC-NFQ

305423 F CCCAACATTGCTTATTCACACAAC Junction between p-KTi3::fad2-1
sequences

87 This study

R GACCACACTCGTGAGCAATCA

P VIC-ATAGCCCCCCAAGCG-NFQ

MON89788 F GTTCTTTTTTTTGCAGATTTGTTGAC Junction between p-Tsf1::ctp
sequences

70 This study

R ACACCATTGCAGATTCTGCTAACT

P FAM-AGAGATCTACCATGGCGC-NFQ
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assay characteristics are depicted according to the MIQE
guidelines [22].

All detector signals were analysed with the SDS 2.4 software
(Life Technologies) using an automatic baseline and a manual
threshold of 0.2. The IPC signal (NED labelled) was, however,
analysed individually with a manual baseline between 5 and 30
and a manual threshold of 0.1. A positive amplification was
considered when a CT value below 45 was obtained.

Specificity and sensitivity trials

To evaluate the specificity of the assays, high percentages
(≥1 % (m/m)) of GMmaterials and plant materials were tested

in duplicate. Since the limit of detection (LOD) is the amount
of analyte at which the analytical method detects the presence
of the analyte at least 95 % of the time, the LOD is reached
when a maximum of one replicate out of 20 is negative. To
determine the LOD of the different assays, a minimum of 20
replicates of low percentages (≤0.1 %) were tested. To obtain
these low concentrations of GM materials, DNA extracted
from highly contaminated CRMs was serially diluted into
their non-GM counterpart DNA. Similarly, plant DNA was
diluted into animal CRM DNA (Coring System Diagnostix
GmbH). LOD in copy number (LODcopies) was calculated by
dividing the target DNA mass (in picogram) by the 1C value
from the host plant genome [23]. As tolerated, an additional

Table 1 (continued)

Assays Oligonucleotides Sequences (5′–3′) Targeted sequencesa Amplicon
size (bp)

References

MON87701 F CCTTCCTGACCTTACCGATTCC Junction between Rbcs4-ctp::
cry1Ac sequences

74 This study

R CGTTGATGTTTGGGTTGTTGTC

P VIC-TGGTCGCGTCAACTG-NFQ

BPS-CV127-9 F TCCCATGCATTCCAAGCA ahas fragment unique
recombination

80 This study

R TTTTCATTTCTTTTTCCAGCATGAG

P FAM-AACGACAACTCATCATC-NFQ

FG72 F AAGCCCATCAGGCCCATT Junction between hppd::ctp
sequences

84 This study

R CAGAAGCCTCGGCAACGT

P VIC-TATAGATCTGCCATGCACC-NFQ

A5547-127 F TGCCGCAAAAAAGGGAATAA Junction between bla::lacZ::
p-35S
sequences

89 Optimised
from [38]

R TGAATCTTTGACTCCATGGGAAT

P FAM-CCAGGGTTTTCCCAGTCA-NFQ

Bt63 F GACTGCTGGAGTGATTATCGACAGA Junction between cry1Ac::t-NOS
sequences

83 Optimised
from [39]

R AGCTCGGTACCTCGACTTATTCAG

P VIC-TCGAGTTCATTCCAGTTAC-NFQ

KMD1 F TGTCGATGCTCACCCTGTTG Junction between mUBIintron::
cry1Ab sequences

86 This study

R CATTCGTTGATGTTTGGGTTGT

P FAM-TGCAGGTCGACTCTAGA-NFQ

IR72/Xa21 F ATCGTGTTGTGTGTACCATGCA Xa21 gene from Oryza
longistaminata

151 This study

R AAATTCTGAAAGAACACACGCAAA GenBank accession number
U72723

P VIC-CTCCTTTAAAACAAATAATG-NFQ

Plant F TGGATTGAGCCTTGGTATGGAA tRNA-Leu chloroplastic gene ≈90 Optimised
from [30]

R GGATTTGGCTCAGGATTGCC GenBank accession number
GQ861354

P FAM-ATTCCAGGGTTTCTCTGAAT-NFQ

IPC Proprietary from Applied Biosystems (Life
Technologies)

aWhen not described, gene abbreviations are identical to those used in CERA GMO database [27]
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Table 2 Schematic template of the ready-to-use 384-well plate. The assays are lyophilised in the corresponding 24 columns, whereas the 16 rows
(fromA to P) allow the analysis of seven samples in duplicate as well as a negative and a positive control, as described in the “Materials and methods”
section
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NTC negative control A FAM
VIC
NED

Sample 1a B FAM
VIC
NED

Sample 1b C FAM
VIC
NED

Sample 2a D FAM
VIC
NED

Sample 2b E FAM
VIC
NED

Sample 3a F FAM
VIC
NED

Sample 3b G FAM
VIC
NED

Sample 4a H FAM
VIC
NED

Sample 4b I FAM
VIC
NED

Sample 5a J FAM
VIC
NED

Sample 5b K FAM
VIC
NED

Sample 6a L FAM
VIC
NED

Sample 6b M FAM
VIC
NED

Sample 7a N FAM
VIC
NED

Sample 7b O FAM
VIC
NED

Positive control P FAM
VIC
NED
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conversion factor of 0.5 was applied for heterozygous GM
maize events to take into account the biological variability
from the parents [24], even though this factor of variability
ranges between 0.4 and 0.6 depending on hybrid male/female
composition.

Results and discussion

Specificity

To determine the specificity of the method, plant materials
and GM events with a high GM content (≥1%) were tested in
duplicate. To assess the reliability of the RTi-PCR runs, a
negative NTC and a positive control were analysed in each
run. All the 47 assays successfully amplified on the positive
control, while no amplification curves were observed with
NTC.

The generic plant assay successfully amplified on all the
plant species tested (Table 3) and did not lead to any signals
on animal DNA (beef, pig, horse, sheep, goat and chicken) .
The assays targeting soya, maize, rice, wheat, rapeseed,
potato, cotton and tomato were specific to their respective
plant species only, genetically modified or not. As closely
related species of rapeseed and known to regularly lead to
rapeseed cross-amplification and misidentification [25],
Sinapis alba and Brassica nigra mustards were also tested
and did not lead to any rapeseed amplification. Therefore, the
specificity of the targeted acetyl-CoA carboxylase gene was
confirmed, as already reported [25, 26].

The screening marker assays, namely p-35S, p-FMV, t-
NOS, t-E9, CP4epsps, Bar, Pat, Hph, NptII and Cry1Ab/c,
successfully amplified the expected GM events containing
these genetic elements (Table 3). While p-35S, p-FMV, t-
NOS, t-E9, CP4epsps, Bar, Pat and NptII are well-known
transgenic elements of GM constructs, the hph gene was
introduced in KMD1 and IR72/Xa21 GM rice events as
selective markers and was correctly detected. In addition to
KMD1, our novel Cry1Ab/c assay successfully amplified on
Bt176, Bt11, MON810, MON89034, MON87701, Bt63,
MON15985 and MON531 GM events, containing the
insect-resistant cry1Ab or cry1Ac genes (Table 3). No
cross-reactivity was observed on any other cry genes such
as cry9c and cry3Bb1 contained in CBH351 and MON863
GMmaize events. However, since cry1Ab gene sequence has
been truncated and highly modified to optimise its expres-
sion in Bt176 GM maize [27], its amplification was less
efficient on Bt176 and led to higher CT values compared to
the other GM events (data not shown). Amongst the ten GM
marker assays available, CP4epsps assay was designed on
cp4epsps1 DNA sequence [14], which successfully ampli-
fied on the GM events containing this transgene sequence,
namely NK603, MON88017 and RRS, and did not lead to

any signal when tested on MON89788, MON1445, and
GT73 containing the cp4epsps2 DNA sequence (Table 3).
A new set of primers and probe would need to be designed to
amplify both cp4epsps1 and cp4epsps2 DNA sequences.
Globally, based on the theoretical transgenic construct of
the tested GM events, no false-positive or false-negative
signals were observed for these GM marker assays, indicat-
ing a reliable behaviour from the screening capabilities of the
method.

The GM event assays were tested against all the GM
events available and their non-GM-counterparts. Mainly
based on construct-specific designs, the corresponding as-
says only amplified on their targeted events (Table 3). How-
ever, GA21 assay cross-amplified on GHB614 GM cotton
and FG72 GM soya. Designed on the association of the
maize chloroplastic transit peptide from the RuBisCo gene
and the maize epsps gene in GA21 GM maize, the same
construct was also introduced in GHB614 GM cotton and
FG72 GM soya, leading to GA21 cross-amplification. Hope-
fully, these three GM events can easily be discriminated by
their endogenous species (maize, cotton or soya). Although
no other false-positive signals were obtained, late amplifica-
tions (CT values >37) of MON810 GM maize and RRS GM
soya were randomly observed in several CRMs. Since these
cross-contaminations were already reported by the IRMM
CRM supplier and known to be intrinsically linked to the
CRMs’ purity and their adventitious cross-contamination
[28], they were not reported in the present study.

With the exception of GA21 assay cross-reactivity previ-
ously observed, the results obtained with the described meth-
od perfectly matched the expected analytical profile (plant,
GM marker and GM event), which confirms the specificity
of the different assays and of the whole method.

Sensitivity

To determine the sensitivity of the different assays, plant
materials and GM events with a low GM content (≤0.1 %)
were analysed. Since the limit of detection is the amount of
analyte at which the analytical method detects the presence
of the analyte at least 95 % of the time, a minimum of 20
replicates were tested for each target. Aligned with the
European guidelines [29], the majority of the assays
reached a LOD ≤0.045 % (Fig. 1). With the exception of
wheat which led to a LOD of 0.1 %, the endogenous plant
assays were able to detect their corresponding species
between 0.001 and 0.02 %. Targeting a multicopy chloro-
plastic gene, the generic plant assay allowed a very sensi-
tive detection of plant material (LOD of 0.001 %), known
to be suitable for the detection of very low levels of plant
genetic material [30], which could be very useful for the
detection of residual plant DNA in highly processed prod-
ucts, such as starch or lecithin.
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The LOD of GM maize targets were all enclosed between
0.02 and 0.045 %, except for T25. The LOD of GM soya and
GM rice events ranged between 0.005 and 0.03 %. Consid-
ering the genetic structure of these GM crops, the heterozy-
gous trait of GM maize events led to higher LOD, whereas
the homozygous structure of GM soya and GM rice events
enabled to detect slightly lower GM levels.

In addition, since RTi-PCR is a molecular method
detecting DNA molecules (or copies), the absolute sensitiv-
ity (LODcopies) was estimated. All assays allowed a very

sensitive detection, reaching in some cases the theoretical
PCR limit of one copy (Fig. 1). Considering that absolute
LODcopies obtained by RTi-PCR are regularly close to ten
copies [13, 31], the described method has a similar range of
sensitivity.

The competitiveness of the multiplex reactions and its
impact on the sensitivity of the assays were also evaluated
by analysing strongly asymmetric samples containing a low
content of a target in a large excess of the competing one
assayed in the same well. Considered as the most frequent

Table 3 Screening patterns obtained on reference materials for specificity testing. An expected and an analytical positive amplification is indicated
with a grey highlight and with an “X,” respectively

TC1507 X X        X      X            X                    
DAS59122 X X        X      X             X                   
MIR604 X X          X                  X                  
MON88017 X X        X X   X                X                 
MON89034 X X        X X X       X             X                
98140 X X        X                       X               
MIR162 X X         X                       X              
SYN3272 X X         X                        X             
Non GM soya X X                                             
RRS X X       X X   X                     X            
A2704-12 X X       X      X                     X           
356043 X X       X                            X          
305423 X X                                    X         
MON89788 X X        X X                           X        
MON87701 X X                X                      X       
BPS-CV127-9 X X                                       X      
FG72 X X         X               X                X     
A5547-127 X X       X      X                            X    
Basmati rice X   X                                            
Bt63 X   X        X       X                          X   
KMD1 X   X      X X     X X X                           X
IR72/Xa21 X   X        X     X X                             X
LL62 X   X      X      X                                
Non GM rapeseed  X     X                                          
RT73 / GT73 X     X     X X                                   
Topas 19/2 X     X    X      X X                              
T45 X     X    X      X                                
Non GM potato  X      X                                         
EH92-527-1 X      X     X      X                              
Non GM cotton  X       X                                        
MON15985 X       X X X      X X                             
LLCotton25 X       X X X X                                  
GHB614 X       X                   X                     
MON1445 X       X X X X X     X                              
MON531 X       X X X      X X                             
Tomato  X        X                                       
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Non GM maize X X                                              
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MON810 X X        X         X    X                         
Bt11 X X        X X    X   X     X                        
MON863 X X        X X      X       X                       
NK603 X X        X X   X           X                      
GA21 X X          X               X                     

Mustard  X                                               
Wheat flour X    X                                           
Rye flour X                                               
Barley flour X                                               
Animal CRM                                                
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targets, p-35S, p-FMV, t-NOS, t-E9, RRS, MON810, NK603,
MON863, Bt11, GA21, and maize and soya DNAwere indi-
vidually diluted to their LOD in their respective competing
DNA (p-FMV, p-35S, t-E9, t-NOS, A2704-12, T25, GA21,
Bt11, MON863, NK603, soya and maize, respectively) and
analysed. All the targets tested at their LOD in an excess
amount of competing background were successfully detected
(Table 4). Furthermore, even in the presence of a high content
of FAM and/or VIC targets, the IPC always showed constant
CT values which confirm the robustness of the multiplex
reactions in asymmetric target scenarios.

Evaluation of PCR inhibition

Known as the main drawback of PCR methodologies, food
compounds such as the high level of polyphenols contained
in red berries, coffee, chocolate and tea [32] can inhibit PCRs
[33]. To address this phenomenon, the extracted DNA
underwent an additional purification treatment by gel filtra-
tion to remove potential inhibitors. In addition, TaqMan®
Environmental Master Mix 2.0 was used as it has been
specifically developed for improved performance in the
presence of PCR inhibitors. To evaluate the impact of these

Fig. 1 LOD (in percent) (black bars) and LODcopies (streaked bars) of the 47 RTi-PCR assays. Variability of LODcopies for heterozygous GMmaize
events coming from biological variability [24] is indicated by the error bars

Table 4 Performance of several
assays when diluting their target
DNA to their LOD in highly
concentrated competing target

Plate
column

Diluted target Competing target Number of positive reactions
of the diluted target

Target Concentration Target Concentration

1 Soya 0.01 % Maize 99.99 % 7/7

1 Maize 0.02 % Soya 99.98 % 7/7

5 p-35S 0.01 % p-FMV 99.99 % 7/7

5 p-FMV 0.02 % p-35S 9.98 % 7/7

6 t-NOS 0.01 % t-E9 99.99 % 7/7

6 t-E9 0.02 % t-NOS 9.98 % 7/7

12 MON810 0.04 % T25 99.96 % 7/7

13 Bt11 0.04 % MON863 9.96 % 7/7

13 MON863 0.03 % Bt11 4.97 % 7/7

14 NK603 0.04 % GA21 99.96 % 7/7

14 GA21 0.02 % NK603 4.98 % 7/7

19 RRS 0.01 % A2704-12 99.99 % 7/7
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strategies, some coffee and cocoa-based products were test-
ed. Seven cereal flours containing up to 10 % of cocoa and
three different instant coffee powders were tested. The aver-
age of the 24 IPC CT values obtained from each sample
replicate was compared to the average of 24 IPC CT values
obtained on the NTC using Student's test at 95 % confidence
(Table 5). The IPC CT averages were not statistically differ-
ent, whether the DNA extracts were purified by gel filtration
against PCR inhibitors or not. Although these samples are
known to contain inhibitory phenolic compounds, the results
did not show any inhibition without purification of the DNA
extracts. The TaqMan® Environmental Master Mix 2.0 was
thus robust enough to reliably amplify these non-purified
and coloured DNA extracts. However, without this purifica-
tion treatment, a higher background noise was observed in
the raw RTi-PCR data which could interfere with CT values.
Therefore, to avoid any false-positive or false-negative re-
sults linked to this background fluorescence, the purification
by gel filtration of coloured DNA extracts is recommended.
This strategy allowed ensuring reliable results on challeng-
ing food matrices, known to inhibit the PCR efficiency and
lead to false-negative results.

Amongst 30 runs, the IPC CT values never varied more
than 2.5 %; therefore, this value was considered as the max-
imum tolerated variation before considering an inhibition.

Applicability of the multiplex real-time PCR on proficiency
test samples

To evaluate the reliability and the routine behaviour of the
method, proficiency test samples (p test) were tested. These p

Table 5 Average IPC CT values (n=24) obtained on NTC, on three
instant coffee powders and on seven cocoa-based samples analysed in
duplicates (a and b). DNA extracts were or were not purified by gel
filtration

Matrix Sample Replicate CT values on DNA
extracts

Non-purified Purified

NTC – – 37.3±0.7 37.4±1.0

Instant coffee powders 1 a 37.4±0.9 37.3±0.7

b 37.3±0.6 37.2±0.8

2 a 37.6±0.6 37.5±1.1

b 37.2±0.7 37.5±0.9

3 a 37.5±0.7 37.4±0.9

b 37.5±0.9 37.5±0.9

Cocoa-based products 1 a 37.4±1.6 37.2±1.4

b 37.2±1.5 37.1±1.4

2 a 37.4±1.6 37.2±1.6

b 37.3±1.4 37.1±1.4

3 a 37.4±1.3 37.3±1.7

b 37.1±1.5 36.9±1.5

4 a 37.3±1.3 37.1±1.6

b 37.4±1.8 37.0±1.2

5 a 37.2±1.4 37.0±1.9

b 37.1±1.5 37.1±2.0

6 a 37.4±1.2 37.2±1.6

b 37.3±1.8 37.2±1.5

7 a 37.4±1.7 37.0±1.6

b 37.2±0.9 37.0±1.6

Table 6 Screening patterns obtained on p test samples. An expected and an analytical positive amplification are indicated with a grey highlight and
with an “X,” respectively. Targets which were not evaluated by FAPAS are streaked, while those which did not lead to any consensus are indicated
with parentheses
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test samples were mimicking real world samples composed of
maize, soya andwheat ingredients andwere either unprocessed
(GeMMU samples) or processed flours (GeMMP samples).
Although these p test schemes did not evaluate all the GM
events targeted by the GMO 384-well plate, they allowed
testing the detection performance on the most commons ones
such as RRS, MON810 and NK603. Amongst the 17 individ-
ual samples tested, four of them were non-GM-materials and
were correctly identified as such (Table 6). On the other hand,
the GM events contained in the contaminated samples were
successfully identified, as well as their corresponding GM
markers. In addition to these correct identifications, late am-
plifications (CT value >37) of RRS GM soya and MON810
GM maize were randomly detected. Reported as adventitious
contaminations of the main sample matrix in FAPAS p test
reports, these cross-contaminations did not lead to any consen-
sus results by FAPAS and were not taken into account for the
method evaluation.

Used as indicators to evaluate the analytical performance
of a method or a laboratory, the analyses of these p test
samples were all satisfactory and in agreement with the final
FAPAS reports. This successful evaluation indicates that the
described method is adapted for a routine usage in a GMO
testing laboratory.

Conclusion

As a summary, the utmost optimisation of the multiplex RTi-
PCR developed in this method offers a broad, simple and cost-
efficient strategy in GMO analysis. In addition to the detection
of potential plant cross-contamination, the described
prespotted 384-well plate allows the simultaneous screening
of seven routine samples to obtain their global transgenic
fingerprint and content. The 47 assays would theoretically
enable the screening of around 95 % of the worldwide known
GMO described in public databases. Fast, specific, sensitive
and straightforward, this method fits for purpose of GMO
testing laboratories, complying with the analytical require-
ments described in ISO 24276:2006 [18].
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