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15 A novel DNA strip test enables the detection of low amounts of the 35S promoter of genetically
modified organisms.
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Abstract

The present study describes an isothermal DNA amplification method combined with a rapid visual
signal read-out for the detection of the 35S promoter, a regulatory element commonly found in GM
plants and often used for screening of genetically modified crops. The amplification of the target
sequence is accomplished by helicase-dependent amplification (HDA), which can be entirely
performed on a simple heating block, within 60 min reaction time and without costly instrumentation.
For visualisation of the amplified products, a nucleic acid lateral flow immunostrip is applied, which
enables the detection of the formed products within 5-10 min and simply by naked eye.

The specificity and sensitivity of the developed assay were tested and determined by analysing
certified reference materials of MON810, Bt11 and NK603. The obtained limit of detection is 0.5% GM
content, which fulfils the European demands for mandatory labelling of any food and feed that

contains more than 0.9% GM components.

Introduction

Genetically modified (GM) crops have seen rapid and widespread adoption since their commercial
introduction. Hence, many countries introduced regulations and thresholds for labelling. In 2003 the
European Union implemented a mandatory labelling for any food containing more than 0.9%
genetically modified organisms (GMO) and their derivatives.® This is still one of the most stringent
legislation worldwide.

So far, the polymerase chain reaction (PCR) technology is the first choice method to fulfii GMO testing

demands. In order to cope with the high number of GM events to be tested, PCR screening methods —
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as the first step of GMO testing — aim to detect commonly used regulatory elements (e.g. promoters
and terminators) introduced along with the gene of interest.>” In particular, the Cauliflower Mosaic
Virus 35S promoter (P35S) is therefore a prominent target due to its high prevalence in transgenic
crops.? Although PCR offers high specificity and sensitivity, it requires expensive instrumentation such
as a thermocycler and it is unfit for on-site applications.

Isothermal DNA amplification methods, such as the helicase-dependent amplification (HDA) are a
promising alternative to current PCR technology. Originally developed by Vincent et al.,® HDA is based
on the use of a DNA helicase that separates enzymatically complementary DNA template strands
along the amplification reaction. Thus forward and reverse primers can hybridize to the target
sequence, which is then extended by a DNA polymerase.

We have recently published a successful HDA-based assay for the detection of the 35S promoter in
transgenic maize.'® It was shown HDA is able to detect reliably 0.5% MONS810, 1% Bt1l and 1%
NK603 within 90 min reaction time. However, what limits its on-site application is the visualisation of
the generated target copies on an agarose gel. A rapid visual detection by the use of an intercalating
dye (SYBR® Green ) to stain amplified products after HDA reaction led to false-positive results since
small primer-dimer products were also stained and thus allowed no differentiation between GM and
non-GM samples.

To overcome these limitations, other HDA-based assays detecting various pathogenic organisms but
also PCR-based assays used different forms of nucleic acid lateral flow immunoassays (NAFLIA).”'15
Beside the simple test procedure and instrument-free detection, formats and set-ups of NAFLIA can
perfectly be adapted to the analyt of interest.*®

In the present work we aimed to modify and optimize a HDA-based P35S assay for the detection with
a nucleic acid lateral flow immunostrip to simplify the determination of amplification products. Our
approach relies on the labelling of HDA primers with digoxigenin (DIG) and biotin (BioTEG),
respectively, which produces double-stranded DNA amplification products carrying both labels. An
antibody testline captures DIG, attached to one end of the amplification product, while biotin on the
other end binds to streptavidin-coated gold nanoparticles. A coloured signal is only obtained in the
presence of amplified target molecules. Hence, the herein described test procedure enables a faster

and more sensitive detection of transgenic maize than the assay previously published.

Experimental

Reagents and apparatus

Certified reference materials of GM maize lines (MON810, Btl1l and NK603) were obtained from the
Joint Research Centre, Institute for Reference Materials and Measurements (Geel, Belgium).

IsoAmp® Il Universal tHDA Kit was purchased from New England Biolabs (Ipswich, MA, USA). All
primers, streptavidin-coated gold nanoparticles (20 nm), Tween-80, bovine serum albumin (BSA) and
mineral oil were obtained from Sigma-Aldrich (St Louis, MI, USA). Sheep anti-digoxigenin antibody

was purchased from Roche Diagnostics (Rothkreuz, Switzerland). KapaTM SYBR Fast, agarose and
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loading dye were purchased form Peglab (Erlangen, Germany). Ultra-low range DNA ladder (0.01-0.3
kb) and SYBR Gold stain were obtained from Invitrogen (Carlsbad, CA, USA). Common buffer
components were obtained from Roth (Karlsruhe, Germany).

HDA primers used in this study are listed in Table 1. The target region to be amplified for the specific

detection of the 35S promoter was published for the use in PCR'"*®

and only recently used for a HDA
assaylo. However, for lateral flow immunostrip application the primers were labelled and the forward
primer was modified to optimize the annealing. Reference PCR primers for P35S were used as
reported and validated previously.4

HDA reactions were carried out on an Eppendorf Thermomixer Plus (Eppendorf, Hamburg, Germany).
Electrophoresis equiment and Gel Doc Imaging System were purchased from Biorad (Hercules, CA,
USA). PCR reactions were performed on a 7500 Fast Real-Time PCR system (Applied Biosystem,

Grand Island NY, USA).

Table 1 Primers used for HDA-based detection of 35S promoter in genetically modified maize. Sequence madifications of the published H35S-F

primer are written in bold and renamed in H35S-F_m primer.
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Name Sequence (5'-3") 5' Label  Amplicon Annotation
Original HDA assay H35S-F ATTGATGTGATATCTCCACTGACGT - 101 bp Originate from Ref. 17, 18 — PCR
—Ref. 10 H35S-R CCTCTCCAAATGAAATGAACTTCCT - application
Modified HDA H35S-F. m  —TGATGTGATATCTCCACTGACGTAAG DIG Labelled & developed in this study
assay for strip test . 99 bp
application H35S-R CCTCTCCAAATGAAATGAACTTCCT BioTEG Labelled

DNA extraction

DNA was extracted from certified reference materials with defined contents of GM maize by using an
optimized cetyltrimethylammonium bromide protocol.”® NanoVue Plus spectrophotometer (GE

Healthcare, Little Chalfont, UK) was used for the control of DNA quality and quantity.
HDA reaction

The HDA-based P35S detection assay was performed as previously published by Zahradnik et al. [10]
with some modifications. In brief, HDA reactions were carried out in a total volume of 25 pL following a
two-step protocol. Therefore, 12.5 pL of mix A containing 1x annealing buffer Il, 300 nM each primer
and 1 pL DNA (concentration 40 ng pL™") was overlaid with mineral oil (Sigma-Aldrich, St Louis, MI,
USA) and heated at 95°C for 4 min for initial targ et DNA denaturation. Subsequently, reactions were
equilibrated at 65°C for 3 min followed by additio n of mix B, containing 1x annealing buffer Il, 8 mM
MgSO,, 80 mM NacCl, 3.5 pL IsoAmp® dNTP solution and 3.5 puL IsoAmp® enzyme mix. The reaction
mixtures were incubated at 65°C for 60 min. All re actions were entirely performed on a heating block.
Amplification products were verified by transferring 5 uL aliquots on a 2.5% agarose gel stained with
SYBR Gold.

Nucleic acid lateral flow immunostrip
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Laminated cards (ref. HFOOOMC100), nitrocellulose membranes (ref. HF09002XSS), glass fibre pads
(ref. GFCP103000) and cellulose fibre pads (ref. CFSP173000) used to assemble the test strip were
obtained from Millipore (Billerica, MA, USA). A Biojet Sprayer from Bio DOT (Irvine, CA, USA) was
used for the immobilization of the antibody testlines.

The lateral flow strips (6 mm x 50 mm) consisted of a conjugate pad, a laminated nitrocellulose
membrane and an absorbent pad. Prior to assembly, the sheep anti-digoxigenin antibody testline was
sprayed (anti-DIG, 200 ng cm™, i.e. 120 ng per 6 mm strip) on the nitrocellulose membrane and dried
over night in a desiccator at room temperature. Conjugate and absorbent pads were assembled with 2
mm overlapping between each component and the assembled master card was cut into 6 mm wide
strips. The strips were stored in a desiccator at room temperature.

Before applying the sample on the lateral flow strip, 5 pL of the HDA reaction volume was added to 75
uL running buffer [0.5 M PB, pH 8, 1% (w/v) BSA, 0.1% (v/v) Tween-80] and 20 uL streptavidin-coated
gold-nanoparticles in a new tube. From this mixture, 20 pL were then applied to the conjugate pad and
the strip was placed into 250 pL of running buffer. Positive results were visualized as red lines with the

naked eye within 5-10 min.
Real-time PCR reaction

Real-time PCR reactions were performed to confirm the results obtained from HDA. One microliter of
DNA extract (concentration 40 ng uL'l) was added to 14 pL of reaction mix containing KapawI SYBR
Fast, primers (concentration 0.1 uM each, if not stated otherwise) and water. PCR conditions were as
follows: 2 min at 95°C for initial denaturation, f ollowed by 45 cycles of 15 s at 95°C and 1 min at 60°
C.

Results and discussion

Development of the lateral flow immunostrip test for the detection of HDA products

The focus of this study was to simplify the visual detection of amplification products by adapting a
HDA-based P35S detection assay to a nucleic acid lateral flow immunostrip, whose principle is shown

in Fig. 1. To our knowledge, it is the first HDA-application to detect the 35S promoter of GM maize in

combination with a lateral flow strip test.
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Figure 1 Schematic illustration of the assembly and the principle of the nucleic acid lateral flow immunostrip used in this study for the visual

detection of HDA-derived products.

Labelling of HDA products

The first step towards on-strip application was to tag the HDA primers with DIG- and biotin-labels,
respectively. Experiments were performed according to Zahradnik et al.'® with 5% MONS810 in
duplicates and the reaction products put on an agarose gel to determine whether the established HDA
assay may be affected by labelling. Furthermore, the reactions were carried out together with
unlabelled HDA primers, used as a positive control to verify negative amplification results.

The experimental set-up and results, given in Table 2 revealed no amplification when combining
biotinylated forward primer (H35S-F) with DIG-labelled reverse primer (H35S-R) or DIG-labelled
H35S-F and biotinylated H35S-R. We observed that labels (either biotin or DIG) on the forward primer
(H35-F) affected the amplification whereas labels on the reverse primer (H35-R) left HDA unaffected.
This was demonstrated when using only one labelled primer within the HDA reaction, while using the
other primer unlabelled.

Attempts with increased and decreased HDA reaction temperatures (63-67° C) did not improve the
amplification (data not shown).

However, in contrast to HDA assays, the conventional PCR reactions with labelled HDA primers
showed overall positive amplification of P35S target sequence. Additionally, amplification efficiency did
not differ significantly compared to unlabelled primers (data not shown).

Since the negative results were forward primer label-specific we slightly modified the sequence of the
primer H35-F. We removed the first two bases (AT) and added three target specific bases at the 3’
end (AAG), to keep the melting temperature close to 65°C. This modified forward primer (named as
H35S-F_m) was then labelled with DIG and tested in HDA, using BioTEG-labelled H35S-R as reverse
primer. The modification of the sequence of the forward primer had significant effects on the outcome
of the reaction. Experiments performed with H35S-F_m (DIG labelled) and H35-R (BioTEG-labelled)
showed superior amplification results, in HDA and PCR reactions.

We assume the labelling of the forward primer affected the enzymes used in HDA, the helicase or the
DNA polymerase, as they are essential for the amplification reaction. The following facts may support

our assumption: first, failure of the amplification process only occurred in HDA; conventional PCR
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reactions were entirely unaffected by labelling. Although HDA follows a PCR-like reaction scheme —
flanking a target sequence with two primers — it differs significantly in its main components from PCR.
HDA uses a thermostable UvrD helicase and a thermostable exonuclease-deficient DNA polymerase,
which are provided as “IsoAmp® enzyme mix”. Unlike HDA, the conventional PCR uses thermal
cycling to separate target strands and Tag-polymerase to extend the two primers. Second, HDA is
more sensitive to defined parameter settings concerning primer design and amplicon selection.
Explicitly recommended annealing temperatures, lengths and GC contents for primer and target

regions are crucial in order to guarantee optimal amplification.?

Table 2 Development of DIG and BioTEG labelled primers for HDA amplification. The amplification of HDA or PCR product is indicated by (\/), no

target amplification is indicated by (X).

H35S-F H35S-F_m H35S-R
(forward) (forward) (reverse) HDA PCR
modified product product
Label Label Label
- - v v
DIG BioTEG x v
BioTEG DIG x v
DIG - x v
- DIG v v
- BioTEG v v
BioTEG - x v
DIG v v
DIG BioTEG v v

! positive control
Optimization of the HDA assay

Pre-tests with labelled HDA amplicons indicated that the amplification efficiency of the previously
published assay™, using primers in a concentration of 60 nM was insufficient to detect GM contents
below 5 % on the strip (data not shown). Thus, we tested increased primer concentrations, ranging
from 60 nM to 180 nM (final concentration) using HDA by analyzing 0.5% MON810.

A primer concentration of 150 nM revealed the most efficient product amplification (Fig. 2). Along with
the increased amount of P35S-specific HDA product, also an increase in low molecular weight by-
products was observed (0% MONS810 and no template control). These products are non specific as
they are also detected for the negative control and may result from primer-dimers/oligomers that arise
due to the isothermal amplification conditions. As in PCR reactions, they are amplified with similar
efficiencies as the target sequence once they are formed. Attempts to eliminate these by-products by
adjusting the reaction temperature and the MgCl, concentration were unsuccessful (data not shown).
However, we assume these unspecific products to be homo-dimers/oligomers of one particular primer
(i.e. carrying uniform labels) since these by-products do not carry both label molecules and therefore
give no signal on the lateral flow strip as shown below. Thus the detection of P35S-specific target
copies on the lateral flow immunostrip is not affected negatively by these primer by-products.

In addition, the reaction time significantly decreased by the increase of the primer concentrations;

same was reported by Montre et al.”* As shown in Fig. 3, HDA with primer concentrations of 150 nM
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can be accomplished in 60 min instead of 90 min, as described by Zahradnik et al." Hence, all further

experiments were performed with primer concentrations of 150 nM.

T T R RN e o W r I 1 RN

60 ni ) 150 ni ,

Figure 2 Increase in primer concentration from 60 nM (lane 1-6) to 150 nM (lane 7-8) of each primer (final concentration in 25 pL reaction volume).
The HDA reactions were performed with 0.5% MONB810 (lanes 1+2, 7+8), 0% MONB810 (lanes 3+4, 9+10) and no-template control (lanes 5+6,
11+12). 2.5% agarose gel with 5 pL aliquots applied; M ultra-low range DNA ladder (0.01-0.3 kb)

11 12 M

=1 R 90 mi
30 min 60 min 0 min £y

Figure 3 Decrease in reaction time of the HDA assay from 90 min to 60 min. 1% MONB810 (lanes 1+2, 5+6, 9+10), no-template controls (lanes 3+4,
7+8, 11+12), M ultra-low range DNA ladder (0.01-0.3 kb); 2.5% agarose gel with 10 pL aliquots applied

Development of the lateral flow immunostrip test

Colloidal gold-nanoparticles were selected for signal generation due to their characteristic optical

properties and widespread applications.”**

We used commercially available streptavidin-coated
particles (20 nm diameter) to circumvent tedious synthesis, functionalization and purification
approaches.

The antibody testline concentration and running buffer conditions were mainly derived from a
previously reported NAFLIA assay14 and slightly adjusted. Testlines were generated by immobilizing
the anti-DIG antibody in a concentration of 120 ng antibody per strip, which was sufficient to obtain

intense coloured testlines.

Performance of the lateral flow immunostrip test for the detection of P35S-specific HDA

products
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Specificity

Three GM maize lines (MON810, Bt11 and NK603) and three non-GM maize varieties were tested by
HDA in five replicates. Aliquots of the HDA reaction were then applied on the lateral flow immunostrip
(after mixing with running buffer and gold nanoparticles) and also put on an agarose gel to verify the
results.

The HDA-strip combination revealed a reliable detection of transgenic maize (5 out of 5 replicates for
all tested GM maize lines) and gave no positive result in case of non-GM maize and no-template
controls (0 out of 5 replicates). This was equivalent to the results obtained from HDA combined with
subsequent gel electrophoresis (Fig. 4). Furthermore, results were confirmed by real-time PCR (data

not shown). Thus the HDA-based P35S strip assay is capable to differentiate between GM and non-

GM maize.

Figure 4 Specificity of the HDA-based P35S assay combined with the detection via electrophoresis (A) and lateral flow strip (B) for the
determination of three transgenic maize lines (lanes 1-3), three GM-free maize varieties (lanes 4-6). MON810 (lane 1), Bt11 (lane 2), NK603 (lane
3), GM-free maize | (lane 4), GM-free maize Il (lane 5), GM-free maize Ill (lane 6), no-template control (lane 7), M ultra-low range DNA ladder
(0.01-0.3 kb)

Sensitivity
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To establish the limit of detection, reference material of MON810, Bt11l and NK603 in concentrations
of 5%, 2%, 1%, 0.5% and 0% was analysed in five replicates. HDA reaction products were then
applied to the lateral flow immunostrip and detected via agarose gel for verification.

The HDA-strip combination revealed a limit of detection of 0.5% GM content for all tested certified
reference materials (5 out of 5 replicates). These results were similar to HDA combined with gel
electrophesis, see Fig. 5. Hence, the HDA-based P35S strip assay is able to detect concentrations

below 0.9%, which is the demanded GMO threshold level of the European Union for food labelling.

MONB10 NK603

Figure 5 Sensitivity of the HDA-based P35S assay tested by analyzing transgenic maize reference material MON810, Btll, NK603 in
concentrations ranging from 5 - 0% GM content. Detection via agarose gel electrophoresis (A) and lateral flow immunostrip (B). 5% (lane 1+6+11),
2% (lane 2+7+12), 1% (lane 3+8+13), 0.5% (lane 4+9+14), 0% (lane 5+10+15); n=5; M ultra-low range ladder (0.01-0.3 kb)

Conclusion

The proposed combination of HDA with a nucleic acid lateral flow immunostrip offers considerable
advantages compared to the previously published format with agarose gel detection of amplified
products. It facilitates a user-friendly detection and significantly speeds up the testing procedure (80
min for the agarose gel, in contrast only 5-10 min for the strip test). Additionally, we were able to
reduce the reaction time of the P35S-HDA assay itself by optimizing the primer concentrations. This

makes it possible to perform the entire assay within 70 min — from the amplification of P35S target
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copies to visual detection via the strip. Furthermore, it was shown that this method specifically
distinguishes GM from non-GM maize and offers sensitive detection of transgenic maize without
sophisticated and costly equipment. A summary of enhancements is given in Table 3.

We like to emphasize the described HDA-based P35S strip assay is a model to demonstrate the
potential of an isothermal DNA amplification method in terms of its on-site applicability to detect the
35S promoter of transgenic maize. However, for prototyping and future commercial application as a
rapid GMO screening method, internal amplification controls need to be included as a control line on
the strip to verify the results (herein accomplished by agarose gel). Therefore, co-amplification of an

endogenous maize gene (e.g. zein®) may be favourable.

Table 3 Summary of the enhancements of the assay in comparison with the previously one published by Zahradnik et al.’®

Modified HDA assay with Previous HDA assay with
strip detection gel detection™
Detection limit
MON810 0.5% 0.5%
Bt11 0.5% 1%
NK603 0.5% 1%
Time to amplify the P35S-target sequence 60 min 90 min
Time to detect/visualize the amplified products 5-10 min 80 min
Required laboratory equipment Heating block; strip Heating block; Electrophoresis station,

UV transluminator, Photosytem
On-site applicability Yes No
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