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Abstract The ever-increasing production of genetically mod-
ified crops generates a demand for high-throughput DNA-
based methods for the enforcement of genetically modified
organisms (GMO) labelling requirements. The application of
standard real-time PCR will become increasingly costly with
the growth of the number of GMOs that is potentially present
in an individual sample. The present work presents the results
of an innovative approach in genetically modified crops anal-
ysis by DNA basedmethods, which is the use of a microfluidic
dynamic array as a high throughput multi-detection system. In
order to evaluate the system, six test samples with an increas-
ing degree of complexity were prepared, preamplified and
subsequently analysed in the Fluidigm system. Twenty-eight
assays targeting different DNA elements, GM events and
species-specific reference genes were used in the experiment.
The large majority of the assays tested presented expected
results. The power of low level detection was assessed and
elements present at concentrations as low as 0.06 % were
successfully detected. The approach proposed in this work

presents the Fluidigm system as a suitable and promising
platform for GMO multi-detection.
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Introduction

A continuous increase in the production of genetically modi-
fied (GM) crops has been observed in the last decades. In
2012, 170.3 million hectares were planted with GM crops in
28 countries, corresponding to a 100-fold increase since 1996,
when the first data for GM crops production were published
[1]. Herbicide-tolerant soybean remains the most cultivated
GM crop, followed by maize, cotton and canola. At the same
time, a diversity of new GM organisms (GMO) can be ob-
served that are moving towards the market.

The process of GMO development has led to legislations
worldwide to regulate and/or track the presence of GMOs in
feed and foodstuffs resulting in an ongoing demand for
methods for detection, identification and quantification. The
development of accurate, sensitive, reproducible and, especial-
ly, high-throughput detection methods has become a very
important aspect in the field of GMO research. Screening
methods can be used for discriminating between authorized
and non-authorized organisms, safe and potentially unsafe
material or, even, certification of purity [2–4]. Quantitative
testing, on the other hand, is commonly used for testing for
regulatory purposes, e.g. when a legal level of compliance must
be addressed [2]. Among a number of analytical techniques that
can be used for GMO testing, themost commonly accepted and
used is quantitative real-time PCR (q-PCR), which can be
considered as the “gold standard” technique nowadays.

Due to the increasing number and complexity of GM crops,
the traditional single-target strategy for GMO testing has
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become time consuming and expensive [5, 6]. To fulfil the
increasing need for GMO analysis, the detection of multiple
targets has become a necessity. A number of multi-target
methods have been published. Regarding q-PCR-based
methods, major efforts can be highlighted such as the early
works by Permingeat [7, 8] andHernandez [9] wheremultiplex
q-PCR allowing the detection of several GMOs is presented.
Another strategy is the “ready-to-use multi-target analytical
system” based on TaqMan q-PCR detection [10] allowing the
simultaneous identification of 39 GM events in seven plant
species. Mano et al. [11] developed a multi-target approach
that provides semi-quantitative information and a spread sheet
application for interpreting the results and indicating a possible
unapproved GMO contamination. Microarray-based ap-
proaches also played an important role in GMO multi-
detection. Several so-called DNA chips presenting different
degrees of multiplexing have been developed [12–16]. A
method demonstrating the use of ten different padlock probes
for GMO detection was described [17, 18] and the recently
described novel alternative method named NAIMA [19, 20] is
based on multiplex quantitative DNA-based target amplifica-
tion coupled to microarray detection. Other methods such as
multiplex PCR coupled to capillary gel electrophoresis [21, 22]
or transgenic DNA fingerprinting methodology using restric-
tion enzyme digestion, adaptor ligation and nested PCR [6]
were also developed and used for detection and identification
of multiple GM events. These platforms, however, are labori-
ous and time- as well as reagent-consuming approaches. New
technologies, such as the microfluidic dynamic arrays present a
high-throughput combined with the low time- and reagent-
consuming features [23–26].

In recent years, the detection and identification of
unauthorised GMOs has increasingly received attention in
many countries around the world due to several incidents with
unapproved GMOs in food and feed supply chains [27]. The
detection and identification of specific elements such as pro-
moters, terminators or coding sequences that are present in
GM events can be used for identification of unknown GMs
(UGMs) [28], mainly if using the matrix approach [10, 16,
29]. The matrix approach consists of applying combinations
of screening, construct and event-specific methods and com-
paring the results with tabulated data on presence/absence in
individual authorized events, where patterns that do not match
are indicative of presence of UGM [2, 4].

It is well accepted that regular q-PCR, i.e. the q-PCR
performed in standard real-time PCR instruments with 96
wells format and reaction volumes ranging from 10 to
50 μL, is a low-throughput technique with a limiting number
of analysable targets. In this sense, the Fluidigm system from
BioMark is an innovative platform with a wide range of
possibilities of sample throughput by the use of the dynamic
arrays. These microfluidic matrices enable the performance of
many combinatorial assays on a set of reagents whilst

realizing a significant economy in reagent consumption, pi-
petting steps and labour [25, 30]. The detailed functioning
principle of this system was described by Spurgeon [25]. In
short, the microfluidic chip consists of a nanoscale network of
fluid lines, valves and chambers under pressure control. The
samples and assays are individually pipetted into the corre-
sponding inlets and immediately loaded and mixed in the
chip. Afterwards, the chip is ready for thermal cycling, which
is carried out as a regular PCR cycling step. The chip is
imaged at the end of each cycle. At the end of the thermal
cycling, the analysis software generates amplification curves
for each of the reaction chambers in the chip. The high-
throughput power claimed by the system relies on the flexible
chip setup. Available chips such as the 48.48 (48 samples × 48
assays), 192.24 (192 samples × 24 assays) or the 96.96 (96
samples × 96 assays) perform, respectively, 2,304, 4,608 and
9,216 reactions in a single run. Because of such a high number
of reactions, the low volume where reactions take place (8 nl)
and the possible presence of low level targets a
preamplification step is recommended in order to ensure an
adequate amount of input DNA [23]. Preamplification will not
only increase the sensitivity of the system but also expand the
number of analyzable target genes [31].

The microfluidic dynamic array technology allowed the
development of a number of novel applications such as pro-
tein crystallization [32], gene expression analysis [33], single
cell gene expression analysis [34] and digital PCR [35]. So far,
the only papers describing the use of microfluidic dynamic
arrays for GMO analysis are based on the digital PCR ap-
proach [36, 37]. However, the main interesting features of
microfluidic dynamic arrays such as reagent, time economy
and the high throughput power have not yet been applied for
GMO detection.

The present study investigates the capacity of the Fluidigm
system as a high-throughput screening tool for multi-detection
of GMOs. In order to showmultiplex features of the Fluidigm
system, samples containing several GM events at different
concentrations were tested. The applicability of the system
to detect and identify authorised as well as unauthorised
GMOs in food and feed supply chains will be discussed.

Material and methods

Plant materials

Certified Reference Materials (CRMs) of GMmaize lines Bt11
(ERM-BF412f), Bt176 (ERM-BF411f), GA21 (ERM-
BF414f), MIR604 (ERM-BF423d), TC1507 (ERM-BF418d),
MON810 (ERM-BF413f) and Event3272 (ERM-BF420c);
GM soybean lines RRS event 40-3-2 (ERM-BF410f),
DP305423 (ERM-BF426d) and DP356043 (ERM-BF425d);
and GM sugar beet line H7-1 (ERM-BF419b) were purchased
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from European Reference Materials, ERM (Belgium). CRMs
of GM maize lines MON88017 (AOCS 0406-D), MON89034
(AOCS 0906-E) and GM canola line RT73 (AOCS 0304-B)
were purchased from American Oil Chemists’ Society, AOCS
(USA). Also, non-GM lines of maize (ERM-BF411a), soybean
(ERM-BF410a), sugar beet (ERM-BF419a) and canola (AOCS
0304-A) were purchased from the respective CRM companies.

DNA isolation

Three different DNA isolation methods were used, depending
on the reference material.

For soybean reference materials, the DNeasy Plant Mini
Kit (Qiagen) was used according to the manufacturer’s rec-
ommendations with one minor modification: incubation with
buffer AP1 and RNase A was carried out for 1 h at 65 °C
instead of 10 min at 60 °C.

For maize and sugar beet reference materials, the DNeasy
Plant Mini Kit (Qiagen) was used according to the manufac-
turer’s recommendations with the following modifications: a
lysis step was carried out using cetyltrimethylammonium
bromide (CTAB) buffer (20 g/L CTAB, 1.4 M NaCl, 0.1 %
Tris, 20mMEDTA, pH 8.0) and RNase A (4μL; 100mg/mL)
instead of the supplied buffer AP1. After incubation for
15 min at 65 °C with 200 rpm in a shaker incubator, 20 μL
of Proteinase K (20 μg/μL) was added to each sample with a
following incubation 15 min at 65 °C at 200 rpm [38].

For canola reference material, the CTAB-adapted method
proposed in [39] was used for the DNA isolation of five
samples of 100 mg of ground canola seeds. After isolation,
the DNA was pooled in a microcentrifuge tube and mixed
with ¼ volumes of 3 M sodium acetate (pH 5.2) and two
volumes of 96 % ethanol. Samples were mixed by inversion
and subsequently centrifuged at 14,000 rpm for 20 min. The
supernatant was discarded and the resulting pellet was
cleaned-up using the DNeasy Plant Mini Kit (Qiagen) ac-
cording to the manufacturer’s recommendations.

DNA quantification

The Nanodrop ND1000 (Thermo Scientific) was used to
evaluate DNA quality by analysing the absorption ratios at
260/280 and 260/230 nm and to measure the DNA concen-
trations. Subsequently, quantitative PCRs targeting the endog-
enous reference gene of each species were carried out, and by
comparing the Ct values of the DNA samples with the Ct
values of samples with a known DNA concentration deter-
mined during in-house validation, the actual concentration
could be determined more precisely. PCR amplifications were
carried out in an optical 96-well reaction plate in a final
volume of 25 μl containing 1× Diagenode Mastermix
(Diagenode, Belgium), 50 ng of template DNA and a
primer/probe combination. Concentrations of primers and

probes are presented in Table 1. Reactions were performed
in a MyiQ or CFX96 Real Time System (both BioRad) under
the following cycling conditions: 2 min at 50 °C, 10 min at
95 °C, 45 cycles of 15 s at 95 °C and 1 min at 60 °C. Samples
were analysed in duplicate.

Preparation of test samples

DNA mixtures containing a number of different GM varieties
at different mass fractions were prepared by mixing the ex-
tracted genomic DNA of GM and non-GM varieties. The
exact composition of the mixtures, named samples A to F, is
presented in Table 2. In order to avoid cross-contamination
during the preparation of the test samples, all pipetting proce-
dures were carried out in the QIAgility robot (Qiagen). After
preparation, q-PCR was used to test the mixtures for unin-
tended cross-contamination and presence of low level targets.
Reaction conditions were the same as mentioned above.

Preamplification

Twenty-eight assays targeting different GM elements, GM
events and species-specific references (Table 1) were selected
to be included in the system. All event-specific and species-
specific assays were validated in European ring trials. For the
element specific assays Cry1Ab and nptII, no target was
present in any of the six test samples.

Preamplifications were carried out in quadruplicate for
each test sample using the TaqMan PreAmp Master Mix
(Applied Biosystems) according to themanufacturer’s instruc-
tions with minor modifications: after 14 preamp cycles, prod-
ucts from the reactions were diluted 1:5 in TE buffer instead of
1:20 as recommended in the manufacturer’s protocol. One
hundred nanograms of template DNA was used in each
preamplification reaction.

After preamplifications, all 24 samples (six test samples ×
four preamplifications) were tested for the presence of unin-
tended cross-contamination and for the presence of low level
targets. Preamplification factors were determined by compar-
ing Ct values obtained before and after preamplification. The
preamplification factors were calculated using the formula

2 Cta−Ctbð Þ � 625 where Cta is the Ct obtained from the non-
preamplified sample, Ctb is the Ct obtained from the
preamplified sample and 625 is the correction factor, which
corrects for the differences in target concentration caused by
dilution steps in the procedure.

q-PCR conditions

q-PCR amplifications were carried out in an optical 96-well
reaction plate in a final volume of 25 μL containing 1×
Diagenode Mastermix (Diagenode, Belgium), template DNA
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Table 1 List of primers
and TaqMan probes used
in the Fluidigm system
experiment

Assay ID Concentration (nM) Reference Validation

P35S P35S-1-5′ 500 [41] Collaborative trial
validated [42]P35S-1-3′ 500

P35S-Taq 100

T-NOS NOS ter 2-5′ 500 [41] Collaborative trial
validated [42]NOS ter 2-3′ 500

NOS-Taq 200

cry1Ab Cry1Abf-n1 400 [4] In house
Cry1Abr-n1 400

Cry1Abp-n1 200

cry1F Cry1Fr-n1 400 [4] In house
Cry1Fr-n2 400

Cry1Fp-n1 200

Bar bar 2-5′ 400 [11] In house
bar 2-3′ 400

BAR-1-Taq 200

cp4EPSPS epsps 1-5′ 400 [43] In house
epsps 3-3′ 400 [4]
epsps-probe 200

cry3Bb Cry3Bbf-n2 400 [4] In house
Cry3Bbr-n2 400

Cry3BbP-n3 200

nptII npt 1-5′ 400 [43] In house
npt 1-3′ 400

nptII-probe 200 [4]

cry1A.105 Cry1A.105-F1 300 [38] In house
Cry1A.105-R1 300

Cry1A.105-P 150

cry2Bb Cry2Ab-F 300 [38] In house
Cry2Ab-R 300

Cry2Ab-P 150

E3272 ES3272-F 400 EU-RL GMFF Collaborative trial
validated [44]ES3272-R 400

ES3272-P 200

Bt11 Bt113JFor primer 750 [45] Collaborative trial
validated [44]Bt113JRev primer 750

Bt113JFT 250

GA21 GA21 primer F 150 EU-RL GMFF Collaborative trial
validated [44]GA21 primer R 150

GA21 probe 50

MON89034 MON89034 F 450 EU-RL GMFF Collaborative trial
validated [44]MON89034 R 450

MON89034 P 100

MON810 Mail-F1 300 EU-RL GMFF Collaborative trial
validated [44]Mail-R1 300

Probe Mail-S2 180

MIR604 MIR604 F 600 EU-RL GMFF Collaborative trial
validated [44]MIR604 R 300

MIR604 P 200

MON88017 MON88017 AF 150 EU-RL GMFF Collaborative trial
validated [44]MON88017 AR 150

MON88017 AP 50

TC1507 MaiY-F1 300 EU-RL GMFF Collaborative trial
validated [44]MaiY-R3 300

MaiY-S1 160
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and a primer/probe combination according to the conditions
presented in Table 1. Reactions were performed in a MyiQ or
CFX96 Real Time System (both BioRad) under the following
cycling conditions: 2 min at 50 °C, 10 min at 95 °C, 45 cycles
of 15 s at 95 °C and 1 min at 60 °C. Samples were analysed in
duplicate. PCR runs were evaluated using the automatic
threshold settings in either the iQ5 Optical System Software
version 2 or the CFX Manager Software 3.0 programs.

Fluidigm run

The Fluidigm 48.48 q-PCR run was performed according to
the manufacturers’ protocol. In short, all TaqMan assays were
diluted in Assay Loading Reagent (Fluidigm PN 85000736)
and ultrapure water to a 10× final concentration. Separately,
DNA was supplemented with 2× TaqMan Universal PCR
Master Mix (Applied Biosystems, PN 4304437) and 20× GE
Sample Loading Reagent (Fluidigm, PN 85000746). The array
chip was primed and loaded with the IFC controller MX
(Fluidigm) and run on a Biomark system (Fluidigm). Cycling

conditions were 2 min at 50 °C, 10 min at 95 °C and 45 cycles
of 15 s at 95 °C and 1 min at 60 °C. Ct values were calculated
using the Fluidigm Q-PCR Analysis Software 3.0.2. Prepara-
tion of the array and the Fluidigm run were performed in the
facilities of BIOKE (Leiden, The Netherlands).

Per run, all samples were tested in duplicate resulting in 48
targets (six test samples × four preamplifications in duplicate).
The assays RRS event 40-3-2, DP305423, DP356043, H7-1,
RT73, Lec, GluA and CruAwere analysed singular, while all
other assays were analysed in duplicate. Added up, it results in
48 assays (eight singular assays plus 20 assays in duplicate).
Assays performed singular count for eight reactions per run,
while the number of reactions is 16 for the assays performed in
duplicate.

Statistical analysis

Data are presented as mean ± standard error of the mean
(SEM). Statistical significance between preamplifications
was evaluated by one-way analysis of variance (ANOVA)

Table 1 (continued)
Assay ID Concentration (nM) Reference Validation

Bt176 E176 2-5′ 312 [41] Collaborative trial
validated [42]E176 2-3′ 312

E176-Taq 125

RRS event 40-3-2 RRS 01-5′ 500 [41] Collaborative trial
validated [42]RRS 01-3′ 500

RRS-Taq 200

DP305423 DP305-f1 800 EU-RL GMFF Collaborative trial
validated [44]DP305-r5 500

DP305-p 220

DP356043 DP356-f1 800 EU-RL GMFF Collaborative trial
validated [44]DP356-r1 500

DP356-p 220

H7-1 ZRH7-R2 400 EU-RL GMFF Collaborative trial
validated [44]H7PLT1 400

ZRH7 100

RT73 RT73 primer1 150 EU-RL GMFF Collaborative trial
validated [44]RT73 primer2 150

RT73 FAM probe 50

HMG ZM1-F 300 EU-RL GMFF Collaborative trial
validated [44]ZM1-R 300

Probe ZM 160

LEC Lec F 550 EU-RL GMFF Collaborative trial
validated [44]Lec R 550

Lec P 100

GluA GluA3-F 150 EU-RL GMFF Collaborative trial
validated [44]GluA3-R 150

GluD1 100

CruA MDB510 For 400 EU-RL GMFF Collaborative trial
validated [44]MDB511 Rev 400

TM003 200
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Table 2 Composition of the
test samples prepared for
testing the Fluidigm system
in the present study

Sample Component Source Code Final concentration (%a)

A 4.89 % Bt11 maize IRMM ERM-BF412f 0.24

0 % Bt176 maize IRMM ERM-BF411a 99.76

B 4.89 % Bt11 maize IRMM ERM-BF412f 0.11

5 % Bt176 maize IRMM ERM-BF411f 0.11

4.29 % GA21 maize IRMM ERM-BF414f 0.1

9.85 % MIR 604 maize IRMM ERM-BF423d 0.22

9.86 % TC1507 maize IRMM ERM-BF418d 0.22

5 % MON810 maize IRMM ERM-BF413f 0.11

100 % MON8817 maize AOCS AOCS-0406-D 2.22

100 % MON89034 maize AOCS AOCS-0906-E 2.22

9.80 % Event 3272 maize IRMM ERM-BF420c 0.22

0 % Bt176 maize IRMM ERM-BF411a 94.47

C 4.89 % Bt11 maize IRMM ERM-BF412f 0.27

5 % Bt176 maize IRMM ERM-BF411f 0.28

4.29 % GA21 maize IRMM ERM-BF414f 0.24

9.85 % MIR 604 maize IRMM ERM-BF423d 0.55

9.86 % TC1507 maize IRMM ERM-BF418d 0.55

5 % MON810 maize IRMM ERM-BF413f 0.28

100 % MON8817 maize AOCS AOCS-0406-D 5.56

100 % MON89034 maize AOCS AOCS-0906-E 5.56

9.80 % Event 3272 maize IRMM ERM-BF420c 0.54

10 % RRS event 40-3-2 IRMM ERM-BF410g 0.1

10 % DP305423 soybean IRMM ERM-BF426d 0.21

10 % DP356043 soybean IRMM ERM-BF425d 0.21

0 % Bt176 maize IRMM ERM-BF411a 36.17

0 % RRS event 40-3-2 IRMM ERM-BF410a 49.48

D 4.89 % Bt11 maize IRMM ERM-BF412f 0.05

5 % Bt176 maize IRMM ERM-BF411f 0.06

4.29 % GA21 maize IRMM ERM-BF414f 0.05

9.85 % MIR 604 maize IRMM ERM-BF423d 0.11

9.86 % TC1507 maize IRMM ERM-BF418d 0.11

5 % MON810 maize IRMM ERM-BF413f 0.06

100 % MON8817 maize AOCS AOCS-0406-D 1.11

100 % MON89034 maize AOCS AOCS-0906-E 1.11

9.80 % Event 3272 maize IRMM ERM-BF420c 0.11

100 % H7-1 sugarbeet IRMM ERM-BF419b 0.1

0 % Bt176 maize IRMM ERM-BF411a 87.23

0 % H7-1 sugarbeet IRMM ERM-BF419a 9.9

E 4.89 % Bt11 maize IRMM ERM-BF412f 0.05

5 % Bt176 maize IRMM ERM-BF411f 0.06

4.29 % GA21 maize IRMM ERM-BF414f 0.05

9.85 % MIR 604 maize IRMM ERM-BF423d 0.11

9.86 % TC1507 maize IRMM ERM-BF418d 0.11

5 % MON810 maize IRMM ERM-BF413f 0.06

100 % MON8817 maize AOCS AOCS-0406-D 1.11

100 % MON89034 maize AOCS AOCS-0906-E 1.11

9.80 % Event 3272 maize IRMM ERM-BF420c 0.11

100 % RT-73 canola AOCS AOCS-0304-B 0.1

0 % Bt176 maize IRMM ERM-BF411a 87.23

0 % RT-73 canola AOCS AOCS-0304-A 9.9
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followed by the Tukey’s multiple comparison test. A p value
of p<0.01 was considered as statistically significant.

Results

Experimental design

Genomic DNAwas extracted from the reference materials and
immediately tested for cross-contamination by q-PCR using
species-specific assays. No contamination was observed in
either the DNA solutions or the extraction controls. The
DNA solutions were then used for preparing the test samples
(Table 2). After preparation, the samples were tested for the
presence of low level targets: Bt11 in sample E, RRS event 40-
3-2 in sample F, H7-1 in sample D and RT73 in sample E. All
targets were detected in eight out of eight reactions per assay.
The test samples were tested for cross-contamination as well
and two minor contaminations were observed: in sample E,
one out of two reactions was positive (Ct 37.4) for the pres-
ence of soybean and in sample F, one out of two reactions was
positive (Ct 39.1) for the presence of maize. In order to
increase the sensitivity of the system, preamplification reac-
tions were carried out. The experimental design consisted of
analysing, in duplicate, 4 independent preamplifications of six
different samples (48 samples) with 28 assays targeting sev-
eral species-, element- and event-specific sequences. Twenty
out of these 28 assays were also duplicated in the Fluidigm
system, resulting in a total of 48 assays. This set-up of 48
samples × 48 assays resulted in a total of 2,304 reactions,
Fig. 1 illustrates the setup of the experiment.

Preamplification

After performing the preamplification reactions, the four
preamplification replicates were tested for detection of the same
low level targets and cross-contaminations as mentioned before
plus Bt176 in samples B, C, D and E. In sample E, Bt11 was
detected in eight out of eight reactions in three preamplifications

and in seven out of eight in one preamplification. The same
results were obtained for RRS event 40-3-2 detection in sample
F. Eight out of eight positive reactions per sample in the four
preamplifications were obtained for H7-1 in sample D, RT73 in
sample E and Bt176 in samples B, C, D and E. A few false
positive reactions were detected as well, soybean in sample E
andmaize in sample F in three preamplifications. However, both
results were expected since the same false positives were detect-
ed in these samples before preamplification. In one
preamplification, the presence of soybean and sugar beet was
detected in samples B and A, respectively.

Fluidigm run

The majority of the assays, 23 out of 28, showed a high
correlation between input material and output signals
(Table 3). Twelve assays in fact showed perfect results with
only true positives and true negatives. P35S was present and
detected in all samples while Cry1A was neither present nor
detected in any sample. For the other ten assays, both positive
and negative samples were present. Eleven assays showed
near-perfect results with minor incidences of false positives
or negatives or both. In all 23 assays, a good correlation was
observed between the amount of target and the obtained Ct
value. Even targets with the same percentage in a different
background resulted in similar Ct values, suggesting that there
is no, or a very low, matrix effect.

Only minor incidents of false positive signals were ob-
served in this study. In sample F, 1 out of 16 replications
presented a false positive signal for cry3Bb1 (Ct 29.6) and
in sample D one out of eight presented a positive signal for
CruA (Ct 27.1). Two late signals were also observed in sample
B, one out of eight reactions was positive for H7-1 (Ct 36.2)
and one out of eight for CruA (Ct 38.2). A few other false
positives were also detected, but they could be traced back to
the contaminations observed previous to the Fluidigm run: in
sample F, 1 out of 16 reactions was positive for the presence of
MON88017 and in sample E three out of eight reactions were
positive for the presence of soybean. Two potential

a
Relative to total mass

Table 2 (continued)
Sample Component Source Code Final concentration (%a)

F 10 % RRS event 40-3-2 IRMM ERM-BF410g 0.1

10 % DP305423 soybean IRMM ERM-BF426d 0.21

10 % DP356043 soybean IRMM ERM-BF425d 0.21

100 % H7-1 sugarbeet IRMM ERM-BF419b 0.25

100 % RT-73 canola AOCS AOCS-0304-B 0.25

0 % RRS event 40-3-2 IRMM ERM-BF410a 49.48

0 % H7-1 sugarbeet IRMM ERM-BF419a 24.75

0 % RT-73 canola AOCS AOCS-0304-A 24.75
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contaminations in samples A and B were not confirmed in the
Fluidigm experiment: the presence of lectin (Lec assay) in
soybean was not detected in sample B or the presence of sugar
beet in sample A.

Five out of the 28 assays (GA21, TC1507, Bt11, H7-1 and
bar) performed clearly less well than the other 23, with less
true positive observations. In order to explain these unexpect-
ed results, the influence of preamplification and the used q-
PCR mastermix were investigated. For assay GA21, a clear
influence of preamplification was observed. The lowest
preamplification factor of around 500 for GA21 was substan-
tially lower than the factors of 3,000 to over 44,000 calculated
for other assays (Electronic Supplementary Material,
Table S1). Although the preamplification of GA21 was less

efficient, still a correlation could be observed between the
percentage of the target and the obtained Ct value. In case of
Bt11 and H7-1, a clear influence of the used q-PCRmastermix
could be determined (Table 4). In a regular q-PCR test, Bt11
did not show any amplification using the Fluidigm MM, but
performed as expected using the Diagenode MM. H7-1 per-
formed less efficient using the Fluidigm MM compared to the
Diagenode MM. For the bar and TC1507 assay, neither the
preamplification nor the influence of the q-PCR MM was
found to be the cause of the unexpected results.

To assess the power of low level detection, the test samples
were prepared in a way to contain several GM targets at low
concentrations (Table 2). Five samples contained percentages
between 0.11 and 0.06% for a total of 13 different GM targets.

Fig. 1 The software generated “heat map” of the 48.48 dynamic array showing all the 2,304 reactions performed by the system. Each square represents
one individual reaction chamber from the chip. The colourson the map correspond to a Ct value according to the colour-coded legend showed in the right
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Table 3 Percentage of the
each element, number of positive
reactions/total of reactions and
Ct values (mean ± SEM) for
each assay

Assay Sample A Sample B Sample C Sample D Sample E Sample F

P35S 0.24 4.99 12.6 2.5 2.5 0.1

16/16 16/16 16/16 16/16 16/16 15/16

24.2±0.12 20.1±0.05 18.8±0.04 21±0.09 20.9±0.05 26.5±0.22

T-NOS 0.24 5.09 12.83 2.54 2.54 0.1

16/16 16/16 16/16 16/16 16/16 14a/16

23.5±0.15 19.8±0.06 18.1±0.07 20.4±0.11 20.3±0.09 26.3±0.28

cry1Ab – – – – – –

– – – – – –

– – – – – –

cry1F – 0.22 0.55 0.11 0.11 –

– 16/16 16/16 15/16 15/16 –

– 28.6±0.34 26.7±0.13 29±0.32 29.1±0.39 –

Bar – 0.11 0.28 0.06 0.06 –

– 1/16 5/16 1/16 1/16 –

– – – – – –

cp4EPSPS – 2.22 5.66 1.21 1.21 0.6

– 16/16 16/16 16/16 16/16 16/16

– 20.4±0.08 19.1±0.04 21.3±0.09 21.1±0.06 25.2±0.18

cry3Bb1 – 2.22 5.56 1.11 1.11 –

– 16b/16 16/16 16/16 16/16 1/16

– 22±0.11 20.5±0.09 22.8±0.13 22.7±0.12 29.6

nptII – – – – – –

– 2/16 – – – –

– 35.07±0.61 – – – –

cry1A.105 – 2.22 5.56 1.11 1.11 –

– 16/16 16/16 16/16 16/16 –

– 20.6±0.06 19.2±0.04 21.4±0.08 21.3±0.07 –

cry2Bb – 2.22 5.56 1.11 1.11 –

– 16/16 16/16 16/16 16/16 –

– 20.4±0.05 19.1±0.05 21.2±0.06 21.2±0.08 –

E3272 – 0.22 0.54 0.11 0.11 –

– 16/16 16/16 15/16 14/16 –

– 24.1±0.19 22.5±0.1 24.9±0.23 24.4±0.14 –

Bt11 0.24 0.11 0.27 0.05 0.05 –

0/16 0/16 0/16 0/16 0/16 –

– – – – – –

GA21 – 0.1 0.24 0.05 0.05 –

– 3/16 4/16 1/16 1/16 –

– – – – – –

MON89034 – 2.22 5.56 1.11 1.11 –

– 14/16 16/16 16/16 16/16 –

– 22.3±0.09 20.9±0.06 23.1±0.1 23.1±0.16 –

MON810 – 0.11 0.28 0.06 0.06 –

– 16a/16 16/16 15/16 15/16 –

– 25.7±0.2 24.2±0.19 26.5±0.29 26.1±0.17 –

MIR604 – 0.22 0.55 0.11 0.11 –

– 16/16 16/16 14/16 16/16 –

– 24±0.17 23±0.09 25.6±0.21 25.2±0.18 –

MON88017 – 2.22 5.56 1.11 1.11 –

– 16b/16 16/16 16/16 16/16 1/16

– 24.6±0.11 23.3±0.06 25.6±0.16 25.2±0.12 30.3
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Results of the low level detection for different assays in
different samples are presented in Fig. 2. All targets present
at low concentrations were detected with the exception of the
five assays reported in the previous paragraph. Targets with
the lowest concentrations (0.06 %) MON810 and Bt176 in
samples D and E were detected in 15 and 16 out of 16
reactions for both samples.

Statistical analysis

One-way ANOVA was performed in order to estimate the
variance between the preamplifications. For the large majority
of the observations (70 out of 76 preamplifications that were
performed), no statistically significant difference was ob-
served (p>0.01). Only six observations (p35S in sample E,

cp4EPSPS in sample E, MON89034 in sample E and HMG in
samples A, B and E) presented statistically significant differ-
ences (p<0.01) and were further submitted to a false discovery
rate test which was performed in order to correct for false
discovery rates. Tukey’s multiple comparison test was then
carried out and results are presented in Table 5. For the six
observations tested, the highest significances were observed
for the targets present at high percentages.

Linear relationships were observed between the amount of
target in the samples and the Ct values obtained in the Fluidigm
run for some assays (Electronic Supplementary Material,
Table S2) suggesting that there is no, or a very low, matrix
effect. The p35S assay, which showed the best correlation,
presented an R2 value of 0.962 and a slope of −3.551
representing an efficiency of 0.912 or 91.2 % (Fig. 3).

a
One Ct was a clear outlier and
not considered for statistical anal-
ysis or calculations of average and
SEM, even though the reaction
was considered positive
bTwo Cts were clear outliers and
not considered for statistical anal-
ysis or calculations of average and
SEM, even though the reactions
were considered positive
cReactions were considered posi-
tive, but the Cts were not consid-
ered for statistical analysis or cal-
culations of average and SEM be-
cause of a clear mastermix effect

Table 3 (continued)
Assay Sample A Sample B Sample C Sample D Sample E Sample F

TC1507 – 0.22 0.55 0.11 0.11 –

– 10/16 16/16 9/16 10/16 –

– 23.4±0.24 27.1±0.20 28.5±0.36 28.3±0.35 –

Bt176 – 0.11 0.28 0.06 0.06 –

– 16/16 16/16 16/16 16/16 –

– 22.5±0.08 21.1±0.05 23.6±0.17 23.3±0.18 –

RRS event 40-3-2 – – 0.1 – – 0.1

– – 8/8 – – 8/8

– – 28.9±0.97 – – 27.8±0.36

DP305423 – – 0.21 – – 0.21

– – 8/8 – – 8/8

– – 26.5±0.29 – – 25.7±0.21

DP356043 – – 0.21 – – 0.21

– – 8/8 – – 8/8

– – 25.3±0.28 – – 25.1±0.18

H7-1 – – – 0.1 – 0.25

– 1/8 – 8c/8 – 8c/8

– 36.2 – – – –

RT73 – – – – 0.1 0.25

– – – – 8/8 8/8

– – – – 27.5±0.22 26.6±0.28

HMG 100 100 50 90 90 –

16/16 16/16 16/16 16/16 16/16 –

13.9±0.03 14.2±0.03 15±0.03 14.4±0.05 13.6±0.04 –

LEC – – 50 – – 50

– – 8/8 – 3/8 8/8

– – 18.2±0.04 – 26.9±0.6 17.9±0.03

GluA – – – 10 – 25

– – – 8/8 – 8/8

– – – 21.1±0.29 – 19.7±0.13

CruA – – – – 10 25

– 1/8 – 1/8 8/8 8/8

– 38.2 – 27.1 16±0.07 14.9±0.04
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Discussion

The ever-increasing number of GMOs available for trading
and the requirements for labelling regulation make the

development of reliable high throughput detection methods a
necessity. Here is described for the first time a method for
GMO multi-detection using the recently available Fluidigm
system that allows the identification/detection of multiple
targets (GM elements, GM events and species-specific refer-
ences). In order to evaluate the system, six test samples with
an increasing degree of complexity were prepared,
preamplified and analysed using the Fluidigm system. In order
to obtain a wide range of percentages to be tested, the samples
were prepared to contain different levels of each GM variety
and/or GM elements. Some samples contained percentages as
low as 0.05 % for a GM variety. Elements were present at
concentrations as low as 0.06 % in some samples (see
“Experimental design”).

The experimental design was able to provide information
about the variation between the preamplifications. For the
targets with high copy numbers, such as the HMG in samples
A, B and E, the high statistical significance between
preamplifications can be explained by the low variation within
preamplifications. In these cases, with the increase in the

Table 4 Differences in Ct values generated by Real-time PCR analysis
using Diagenode mastermix (DMM) and mastermix used in the Fluidigm
System (FMM)

Sample Target MM Ct mean SEM

Bt176 maize 5 % (ERM-BF411f) Bar DMM 33.5 1.6

FMM 29.9 0.3

Sample C (maize + soybean mix)a Bar DMM 37.0 1.7

FMM 33.0 0.8

Sample C (maize + soybean mix)b Bar DMM 33.9 0.5

FMM 32.9 0.6

Bt11 maize 4.89 % (ERM-BF412f) Bt11 DMM 30.7 0.1

FMM ND ND

Sample C (maize + soybean mix)a Bt11 DMM 33.4 0.1

FMM ND ND

Sample C (maize + soybean mix)b Bt11 DMM 29.0 0.8

FMM ND ND

TC1507 maize 9.86 %
(ERM-BF418d)

TC1507 DMM 27.2 0.1

FMM 28.6 0.6

Sample C (maize + soybean mix)a TC1507 DMM 30.7 0.1

FMM 31.7 0.0

Sample C (maize + soybean mix)b TC1507 DMM 28.2 0.2

FMM 29.2 0.4

H7-1 sugarbeet 100 %
(ERM-BF419b)

H7-1 DMM 22.8 0.1

FMM 28.8 0.3

Sample D (maize + sugarbeet mix)a H7-1 DMM 31.5 0.2

FMM 40.2 0.5

Sample D (maize + sugarbeet mix)b H7-1 DMM 28.6 0.2

FMM 33.5 0.8

a Non-preamplified sample
b Preamplified sample
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Fig. 2 Detection of the low level targets in the different test samples by
the Fluidigm system. Plot represents Ct values±SEM (standard error of
the mean). x-axis presents the assay/sample and percentage of the target in
the sample

Table 5 Tukey’s multiple comparison test performed in the six observa-
tions where significant differences were obtained by one-way ANOVA

PA1 PA2 PA3 PA4 p value

MON89034 sample E 22.28a 23.00ab 23.44b 23.70b 0.001

HMG sample E 13.39a 13.60ab 13.73b 13.75b 0.001

p35S sample E 20.63a 20.84ab 20.97ab 21.90b 0.003

cp4EPSPS sample E 20.86a 21.15ab 21.08ab 21.41b 0.008

HMG sample B 14.09a 14.14a 14.24ab 14.37b 1.9E-04

HMG sample A 14.10c 13.78a 13.92b 13.97b 8.3E-07

Means with same letter do not differ statistically (p>0.01) by Tukey’s test.
Different letter in the same row represent statistically different means
(p>0.01) by Tukey’s test

y = -3.5512x + 22.497
R² = 0.962
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Fig. 3 Calibration curve for the assay p35S. The curve was generated
using five concentrations of the promoter 35S, relative to its percentage in
each sample. Each concentration in the graph represents a different
sample with its own amount of the element, with the exception of point
2.5%, which represents two different samples. For each concentration, 16
Ct values were plotted (with the exception of point 2.5 % where 32 Ct
values were plotted)
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accuracy of the detection, the in-plate variation became so
small that even small differences between preamplifications
became statistically significant, such as the 0.13 Ct difference
between PA1 and 4 for HMG in sample A with a p value of
8.3E−07 (see “Statistical analysis”).

Twenty-eight assays including GM elements, GM events
and endogenous references as targets were selected to be
included in the system. Twenty-three of the assays presented
a large number of expected positive detections and only a few
assays presented false negative reactions (see “Fluidigm run”).
Such number, however, is not unusual in such a large number
of reactions.

The preamplification approach used successfully in the
present work (see “Preamplification”) was already used in a
number of applications [23, 31] with similar results, mainly
for the low variation between preamplification replicates and
the low in-plate variation. According to Gaudio et al. [31],
variation observed in Ct values from preamplified samples
was significantly lower than in non-preamplified samples.
This result was also found by Devonshire et al. [23] when
comparing RT-PCR using preamplified and non-preamplified
RNA samples. The SEM values obtained for the preamplified
samples subjected to amplification were low, mainly for tar-
gets at high percentages.

The five assays that presented unanticipated results (bar,
GA21, TC1507, Bt11 and H7-1) were tested in order to
exclude other possibilities than the direct influence of the
Fluidigm system. Assay GA21 was clearly influenced by the
preamplification efficiency. The amplification factor of 500
was clearly less than the 3,125-fold difference in volume
between regular q-PCR and the Fluidigm system and hence
most probably the cause of the stochastic effect presented by
this assay. For the other assays, which presented
preamplification factors higher than 2,000, an influence of
the mastermix was tested. Assay H7-1 was influenced by the
mastermix and the behaviour of the curves could be explained
by this difference in efficiency between mastermixes used in
q-PCR and in the Fluidigm. In the case of Bt11 assay, it was
also drastically influenced by the mastermix used in the
Fluidigm run, as proved by the later experiments (see
“Fluidigm run”). Since the mastermixes used in the present
work are commercial, no indication on the composition of
such mixes could be found and then detailed discussions/
conclusions about the influence of it on the results cannot be
draw. Therefore, a simple test of a regular q-PCR with
Fluidigm mastermix will already identify some of the assays
that are not compatible without adaptation. Adaptations might
be made to the primer probe concentrations or sequences or to
the mastermix itself.

In order to test the power of low-level detection of the
system, the detection of a number of low level targets was
performed, firstly, after the preparation of the test samples and
after the preamplifications using conventional q-PCR. These

data were, then, compared to the data obtained in the Fluidigm
run. Targets were successfully detected in both systems, in-
cluding the ones at low concentrations, showing that results
are in perfect concordance (see “Fluidigm run”). The low
SEM values (Table 4) give an indication of the precision of
the preamplification reactions as well as the accuracy of the
amplification reactions performed in the Fluidigm as already
observed by Del Gaudio et al. [31] and Devonshire et al. [23].

A matrix approach can be used to detect UGMs that con-
tain identical elements present in authorized GMOs [3, 4, 8,
38]. By screening for the presence or absence of candidate
GMO elements common to multiple GMOs, the potential
presence of UGMs can be investigated. The detection of a
combination of GMO elements that cannot be explained by
authorized GMOs present in the same sample may be indic-
ative for the presence of UGMs. The Fluidigm system has
high potential for rapid incorporation of this matrix approach
because of its high-throughput nature.

Performance comparisons between conventional q-PCR
and the Fluidigm system for single nucleotide polymorphism
genotyping have been reported [40] with high correlations
between these platforms. The present study did not aim to
correlate data between platforms but the results obtained
showed that the Fluidigm system is as good as the conven-
tional q-PCR in detecting low level targets. As such, the
Fluidigm system may prove a useful tool in the screening
methods for detection of authorised and unauthorised GMO
in food and feed. Especially laboratories with a large number
of samples are likely to benefit from reduced amounts of
analysis time and chemicals per sample. Based on data from
the CRM samples in this study, 23 out of the 28 tested assays
(82 %) seem directly transferable from conventional to
nanolitre format. Adding real-life samples to check for matrix
effects would greatly contribute to a more validated suitability
of the Fluidigm system as a high-throughput method for GMO
multi-detection.
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