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Abstract To develop effective alternatives for detecting ge-
netically modified organisms, we constructed one loop-
mediated isothermal amplification (LAMP) event-specific de-
tection method for wheat B73-6-1 in this study. This event-
specific LAMP assay can be performed within 38 min without
any PCR equipment and the LAMP products can be directly
observed by the naked eye instead of conventional gel elec-
trophoresis analysis. The limits of detection of these
established visual LAMP assays were about six copies of
haploid wheat-genomic DNA. Furthermore, the high specific-
ity of LAMP assays was determined. High specificity and
sensitivity, cost-effectiveness, and low requirement of equip-
ment of the developed event-specific LAMP assay of B73-6-1
allow this method to be useful in transgenic wheat samples
analysis, especially in highly processed products.

Keywords LAMP - Event-Specific Detection -
Wheat B73-6-1 - GMO
Background

Biotech crop hectares increased by an unprecedented 100-fold
from 1.7 million hectares in 1996, to over 170 million hectares
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in 2012 (James 2012). In recent years, special concerns have
been raised about the safety assessment of foods and food
ingredients derived from genetically modified organisms
(GMOs). To strengthen the regulation of GMOs, more than
50 countries and areas have published a series of laws and
rules for GMO regulation and labeling. Several countries have
implemented mandatory labeling for foods derived from
transgenic plants, for example, threshold levels for unintended
mixing of GMOs in non-GMOs has been defined as 0.9 % in
European Union, 3 % in Korea, 5 % in Japan, and 0 % in
China. Since labeling of foods containing GMO ingredients is
mandatory in many countries, the demand to develop easy and
reliable detection methods for GMOs is very high. Conse-
quently, the development of reliable methods of GMO detec-
tion, identification, tracing, and quantification has become
increasingly important.

Now, lots of conventional and quantitative real-time PCR
methods for GMOs have been developed and validated. Loop-
mediated isothermal amplification (LAMP) is a novel nucleic
acid amplification assay capable of providing results faster
than PCR-based assays (Wang et al. 2012; Xu et al. 2010;
Njiru 2012). LAMP generates a large amount of DNA with
high specificity, allowing amplification to be detected by the
naked eye as fluorescence or turbidity (Mori et al. 2013).
LAMP has been used to detect several GMOs, including
MS8 and RF3 oilseed rape (Lee et al. 2009), Roundup Ready
soybeans (Fukuta et al. 2004; Liu et al. 2009), GTS 40-3-2
(Lan et al. 2008), and MON89788 (Fukuta et al. 2004), and
has been proposed as a useful tool for the rapid and accurate
diagnosis of pathogen (bacteria, virus, and parasite, etc.) in
resource-limited laboratories (Fu et al. 2011).

Wheat is the most important crop in the world in terms of
the area under cultivation, yield, and geographical distribu-
tion. Also, wheat is unique among cereals in that it can be used
to make leavened bread. This results from the unusual biome-
chanical properties of the gluten proteins, which form a net-
work in dough and confer elasticity and extensibility (Barro
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etal. 1997). So, wheat is widely used in food processing (e.g.,
for bread, pasta, noodles) and as feed for livestock (Alvarez
et al. 2000). Wheat flour is different from other cereal flours,
including maize, because it contains gluten that gives it the
elasticity and extensity required for bread making (Barro et al.
1997). The elasticity of wheat dough depends mainly on the
high molecular weight (HMW) glutenin, so they are important
determinants of bread-making quality (Shewry et al. 2003).
The transgenic wheat, B73-6-1, overexpresses an increased
amount of a HMW glutenin subunit, which endues wheat
B73-6-1 more elasticity than the non transgenic wheat. Now-
adays, the transgenic wheat line B73-6-1 has been confirmed
by large-scale testing of grain grown in field trials (Darlington
et al. 2003), and has passed the intermediate testing phase
followed by the environmental release phase. So, it is repre-
sentative of the type of transgenic wheat which may grow
commercially in the future (Zhang et al. 2012).

Currently, only two event-specific PCR (Zhang et al. 2012;
Xu et al. 2013), one screening qualitative PCR (Luan et al.
2007), and one screening quantitative PCR (Bai et al. 2009)
were established, and no detection method was developed for
GM wheat B73-6-1. In this study, we developed a LAMP
assay based on the 3’ integration flanking sequence of
pHMW 1DxS5 vector of B73-6-1 revealed by genome walking
to rapidly identify B73-6-1 wheat (Zhang et al. 2012). This
method is of high specificity, high sensitivity, and rapid iden-
tification for detection of GM wheat B73-6-1.

Materials and Methods
Plant Materials

GMO wheat B73-6-1, B72-8-11, B102-1-2, GTS 40-3-2,
maize 3272, canola RT73, rice Bt63, and non-GMO wheat
523b, Nib8, 3-74-38, Jinghua 1, Jingdong 1, tomato, potato,
cotton, and canola were supplied by Heilongjiang Entry—Exit
Inspection.

Primer Design

The B73-6-1 wheat event-specific sequences were selected as
the target. All LAMP primers were designed by the online
software http://primerexplorer.jp/e/ (Eiken Chemical Co., Ltd.,
Tokyo, Japan). Three primer sets were designed to select one
set for the LAMP assay, including two outer primers (F3 and
B3), a forward inner primer (FIP; Flc + F2) and a backward
inner primer (BIP; Blc + B2) in one primer set. As “c”
represents a complementary sequence, the Flc or Blc
sequence is complementary to the F1 or Bl sequence,
respectively. The location and detailed sequences of primer
set 2 is shown in Table 1, and primer set 1 and primer set 3
are not shown.

DNA Extraction and Purification

DNAs from all plant materials were extracted from B73-6-1
seeds using Plant Genomic DNA Kit (Tiangen Biotech
(Beijing) Co., Ltd). And the concentration of the sample has
been accurately determined as 100 ng/uL by dilutions of
template with ddH,0.

LAMP Assay

The LAMP reaction was performed in a total volume of 25-uLlL
mixture, containing 1x ThermoPol buffer, 0.2-uM HMW-GS F3
and B3, 1.6-uM HMW-GS FIP and BIP, 1.6-mM dNTPs, 1.0-M
betaine, 2.4-mM MgSQO,, 16 U/uL Bst DNA polymerase, and
1 puL (100 ng) template DNA. The mixture was incubated at
63 °C for 70 min and then heated at 80 °C for 5 min to terminate
the reaction. Template DNA was replaced by ddH,O as negative
control. A portion of each product was analyzed by 2 % agarose
gel electrophoresis stained with ethidium bromide. In addition,
the LAMP-amplified products were directly observed by the
naked eye through adding 2 uL 1,000xSYBR Green I (Sigma)
into the reaction mixture. The amplification product can also be
visually inspected for the color change from orange to green, and
the no template controls (NTC) reaction will remain orange. The
tubes were observed by naked eyes and photographed under the
natural light by obtaining fluorescence spectra (Realtime
Turbidimeter LA-320c).

Results and Discussion
Design of the LAMP Primers

Notomi et al. developed the novel method that can amplify a
few copies of DNA to 107 in less than an hour under isother-
mal conditions and with greater specificity. They described the
mechanism, sensitivity, and specificity of this amplification
method, termed LAMP (Notomi et al. 2000). One ideal
LAMP assay relies on the concurrence of the Bst DNA
polymerase with strand displacement activity and a set of four
specially designed primers capable of recognizing a total of
six distinct regions on the target DNA (Bi et al. 2012; Parida
et al. 2008; Mori and Notomi 2009). The LAMP reaction
requires a set of four primers, which are two inner primers
(FIP and BIP) and two outer primers (F3 and B3) (Fig. 1a).
FIP and BIP recognize two regions on the template DNA
(Nagamine et al. 2002). LAMP primers of B73-6-1 event
were designed based on the event-specific sequence of 3’
flanking sequence of foreign plasmid pHMW1Dx5 in B73-
6-1 revealed by genome walking (Zhang et al. 2012). The
primers HMW-F3, HMW-B3, HMW-FIP, and HMW-BIP
recognizing a 217-bp target sequence (Fig. 1b). The nucleo-
tide sequences of these primers are shown in Fig. 1b.
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Table 1 Primers used in this

study Primers’ name Primers’ sequence (5'-3")
HMW-GS F3 CTTCATATCTTTCAATGGACG
HMW-GS B3 CAAAACAAGAAAAAGCCCTT
HMW-GS FIP (Flc + F2) GGACCATTTCGCAGATGTAATGACCACACCGTAATCACGACG
HMW-GS BIP (Blc + B2) ACGCTTTTACCTGCTTAACCATTTCAAAATTGAAAAGATCAACTCGG

Evaluation of the Reaction Efficiency of LAMP Assays

The LAMP products are a mixture of stem-loop DNAs of
various sizes and cauliflower-like structures with multiple
loops induced by annealing between alternately inverted re-
peats of the target sequence in the same strand (Njiru et al.
2008). After amplification, LAMP products were
electrophoresed in an agarose gel, and positive reactions
yielded typical ladder-like bands (Fig. 2b). All positive sam-
ples detected by gel electrophoresis or in real time using
fluorescence spectra monitor could also be detected visually
by addition of SYBR Green I to the product. This ability
highlights another advantage of LAMP technique: the results
of amplification can visually be observed through the addition
of'a DNA intercalating dye (Fig. 2¢), eliminating the need for
gel electrophoresis and greatly reducing the time taken for
result analysis.

This phenomenon allows easy and rapid visual identifica-
tion that the target DNA was amplified by LAMP. Therefore,
LAMP is a highly sensitive and specific DNA amplification
technique suitable for detection of GMO (Guan et al. 2010;
Fukuta et al. 2004; Lan et al. 2008; Liu et al. 2009) or
diagnosis of an infectious disease (Iwamoto et al. 2003;
Kuboki et al. 2003; Mori et al. 2001) both in well-equipped
laboratories and in field situations.

In order to test the reaction efficiency of the developed
LAMP assays, the different primer sets (sets 1, 2, and 3) were
designed in B73-6-1 LAMP assay. The LAMP was conducted
based on the change of turbidity (Parida et al. 2007). As
shown in Fig. 2a, the event-specific LAMP products could

Fig. 1 Primers’ design for B73- a
6-1 LAMP assays. a Schematic

diagram for LAMP primer

design. b Nucleotide sequences

used for designing the primer sets;

wheat B73-6-1 LAMP primers b
are highlighted in bold and

underlined

be observed at 38-min amplification with primer set 2, where-
as the LAMP products were observed only after 60 min
amplification with primer sets 1 and 3.

Also, the results were obtained in agarose gel electropho-
resis analysis (Fig. 2b) and visual observation using SYBR
Green I (Fig. 2¢). The primer sets’ screening results indicated
that the established LAMP assay with primer set 2 has higher
reaction efficiency than the assays with primer sets 1 and 3,
suggesting that the primer set 2 (hereinafter referred to as
“primer set”) is sufficient for rapid amplification of target
DNAs.

Optimization of the LAMP Assays

The most significant advantage of LAMP is the ability to
amplify specific sequences of DNA under isothermal condi-
tions between 60 and 65 °C. This ability allows the method to
be performed with only simple and cost-effective reaction
equipment amenable to use in common laboratories (Han
et al. 2007; Yoshikawa et al. 2004; Njiru et al. 2008). In the
present study, we found that the amplified efficiency of LAMP
assays using primer sets 1 and 3 were obviously lower than
that using primer set 2 (Fig. 2a). The optimal reaction temper-
ature of 63 °C was determined by comparing the LAMP-
amplified efficiencies under various temperatures ranging
from 60 to 65 °C (data not shown). In addition, different
primer concentrations and the ratios between inner primers
(HMW-FIP and HMW-BIP) and outer primers (HMW-F3
and HMW-B3) were also optimized. The LAMP assays for
B73-6-1 events were established based on the optimized

F3 F2 F1 B1c B2c¢c B3c

F3c F2c Fic B1 B2z B3

F3

GATACCTTCA AATTTCTTAC GCCCATAGTA GTTGTCAATT GAAGACATAA AATCTTCATA TCTTTCAATG

F1

GACGGCACAC CGTAATCACG ACGAATGGCA AATTTAACCT GCCCGGTCAT TACATCTGCG AAATGGTCCA

B1

GGTCAGCATC ATTGATATGA TCTGAGAACG CTTTTACCTG CTTAACCATT TCTCTCCAGA AACTTAATGT

B2 B3

ATTCTGTAGG TTGCTAATTT CCGAGTTGAT CTTTTCAATT TTCAACTTCG CATCAGCAAG GGCTTTTTCT

TGTTTTGCTT TTTCACGAGA
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Fig. 2 Detection results of B73-6-1 LAMP assays with three primer sets.
a Turbidity detection. b Agarose gel electrophoresis. Lane I NTC; lane 2
50-bp DNA ladder marker; lane 3 primer set 1; lane 4 primer set 2; lane 5
primer set 3. ¢ Visual observation

reaction conditions described in “Materials and Methods”
section. In our experiment, SYBR Green I was added, which
made it easy to judge the result by monitoring the amplifica-
tion curve.

The LAMP reaction enabled detection within 1 h, and it
needed only a conventional water bath or heating block,
which was faster and less expensive than conventional PCR
assays. Nagamine et al. (2002) accelerated the LAMP reaction
through application of two loop primers to the reaction mix-
tures. This LAMP could be performed at 38 min from the
beginning, and the derived LAMP products could be directly
observed by naked eye employing SYBR Green I dye without
any equipment instead of conventional gel electrophoresis
analysis.

The accumulation of reaction product was completed in 5
to 10 min, and the amplicon was stable in the reaction system
with additional incubation time. So, the analysis methods of
LAMP results were flexible and more amendable to use in the
field or in an underequipped laboratory.

Specificity of LAMP Assay

To evaluate the specificity of the developed LAMP assays,
several GMO (wheat 73-6-1, wheat B72-11-8, wheat B102-1-
2, GTS 40-3-2, GM 3272 maize, rice Bt63, and canola GT73)
and non-GMO (wheat 523b, wheat Nib8, wheat 3-74-38,
wheat Jinghua 1, wheat Jingdong 1, tomato, potato, cotton,
canola) were used. In the specificity test, 100-ng total corre-
sponding plant genomic DNA was used as the template in
each LAMP assay. As expected, in the LAMP assay, the
typical ladder-like pattern products and green color of the
reactions were only obtained in the tests using wheat B73-6-
1 genomic DNA samples as templates, no amplified products
and orange color were observed in other GM and non-GM
crops as well as the NTC (Fig. 3a). In addition, we found that
all the results obtained from gel electrophoresis and visual
observation by addition of SYBR Green I was consistent in

1 2 3 4 5 6 7 8 9 10 1112 13 14 15 16 17 18

b 4 5 6 7 8

T ‘!'HM’P'

9 14 15

T"N AALA

Fig. 3 LAMP specificity for different crops. a Agarose gel electropho-
resis detection. Lane 1 wheat B72-8-11; lane 2 wheat B102-1-2; lane 3
wheat 523b; lane 4 wheat Nib8; lane 5 wheat 3-74-38; lane 6 wheat
Jinghua 1; lane 7 wheat Jingdong 1; lane 8 GTS 40-3-2; lane 9 maize
3272; lane 10 canola RT73; lane 11, rice Bt63; lane 12 tomato; lane 13
potato; lane 14 cotton; lane 15 canola seed; lane 16 50-bp DNA ladder
marker; lane 17 wheat B73-6-1; lane 18 NTC. b Visual observation of
LAMP reaction. / wheat B73-6-1; 2 wheat B72-8-11; 3 wheat B102-1-2;
4 wheat 523b; 5 wheat Nib8; 6 wheat 3-74-38; 7 wheat Jinghua 1; §
wheat Jingdong 1; 9 GTS 40-3-2; 10 maize 3272; 11 canola RT73; 12
rice Bt63; /3 tomato; /4 potato; /5 cotton; /6 canola seed; and /7 NTC

the three LAMP assays (Fig. 3b). These data confirmed that
the developed LAMP assays had high specificity for amplify-
ing the target DNAs.

Limit of Detection of LAMP Assay

For GMOs detection, high sensitivity is important and neces-
sary because the degradation of low-quantity DNA derived
from GMOs often occurs in practical detection. Lee et al.
assessed the LAMP protocol for the detection of transgenic
MSS8 and RF3 oilseed. And the results show that detection of
0.01 % GMO in equivalent background DNA was possible
and dilutions of template suggested that detection from single
copies of the template could be possible using LAMP (Lee
et al. 2009). The limit of detection (LOD) of visual LAMP
assays established for transgenic soybeans (GTS 40-3-2 and
MONS89788) were about four copies of haploid soybean ge-
nomic DNA and much higher than those of reported conven-
tional PCR assays (Guan et al. 2010).

To test the LOD of B73-6-1 LAMP assay, non-GM wheat-
genomic DNA was serially diluted with ddH,O to final con-
centrations of 5.0, 1.0, 0.5, 0.1, and 0.05 % (w/w). One
microliter (100 ng) diluted DNA sample was used as template
in each reaction, and the corresponding copy number of the
transformation event B73-6-1 were 300, 60, 30, 6, and 3
copies in each reaction, respectively. As shown in Fig. 4, the
amplified LAMP products and green color were observed in
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Fig. 4 LOD of LAMP assay by agarose gel electrophoresis analysis and
visual observation using SYBR Green 1. a. Agarose gel electrophoresis
detection. Lane 1 NTC; lanes 2—4 three replicates of GM of 5.0 % (300
copies) content; lanes 5—7, three replicates of GM of 1.0 % (60 copies)
content; lanes 8—10, three replicates of GM of 0.5 % (30 copies) content;
lanes 11—13 three replicates of GM of 0.1 % (6 copies) content; lanes 14—
16 three replicates of GM of 0.05 % (3 copies) content; lane 17 50-bp
DNA ladder marker. b Visual observation of LAMP reaction. / NTC; 2—
4 three replicates of GM of 5.0 % (300 copies) content; lanes 5—7 three
replicates of GM of 1.0 % (60 copies) content; lanes 8—10 three replicates
of GM of 0.5 % (30 copies) content; lanes 11—13 three replicates of GM
0f0.1 % (6 copies) content; lanes 14—16 three replicates of GM of 0.05 %
(3 copies) content

each dilution by three replicates except for the levels of
0.05 %. Thus, the LOD of LAMP assay was as low as
0.1 % (0.1 ng), corresponding to about six copies.

Repeatability of LAMP Assay

Repeatability and reproducibility of B73-6-1 event-specific
LAMP assay were determined using the B73-6-1 DNA with
different contents of 5.0 % (300 copies), 1.0 % (60 copies),
0.5 % (30 copies), 0.1 % (6 copies), and 0.05 % (3 copies) by
three parallels replications (Fig. 4), and the results of the
repeatability and reproducibility tests indicated that the B73-
6-1 event-specific LAMP assay was reliable in B73-6-1 wheat
detection.

Testing of Blind Samples by LAMP Assay

Mixed samples were prepared to evaluate the accuracy and
precision of the established real-time PCR methods in this

@ Springer

1 2 3 4

Fig. 5 Visual observation of blind samples by LAMP assay. /-4 GM-
blind samples with GM wheat B-73-6-1 of 75.0, 50.0, and 5.0 % contents,
and NTC

study. GM B73-6-1 wheat DNA samples BS1, BS2, and BS3
with 75.0, 50.0, and 5.0 % (w/w) purity, were artificially
prepared by mixing the pure B73-6-1 DNA with non-GM
wheat genomic DNA on a genome/genome basis and were
used for detection in developed B73-6-1 event-specific
LAMP assay. All the blind samples could be detected as
positive by B73-6-1 event-specific LAMP assay, which
indicates that the developed B73-6-1 LAMP assay is
creditable and suitable for the detection of wheat B73-
6-1 and its derivates (Fig. 5).

Conclusion

In this study, we developed the visual and rapid detection
methods for wheat B73-6-1 using the optimized LAMP meth-
od. LAMP is one isothermal nucleic acids amplification tech-
nique. This LAMP assay can be performed at 63 °C without
PCR thermal cyclers within shorter time (38 min in this
study). In combination with SYBR Green I dye, the amplified
products can be directly detected by the naked eye instead of
the conventional gel electrophoresis analysis or fluorescent
detection. In addition, the LOD of developed wheat B73-6-1
LAMP assay with the value of six copies are remarkably
sensitive. All the results demonstrated that the developed
visual LAMP assay is convenient and rapid for GMOs detec-
tion. Furthermore, high specificity and sensitivity, cost-
effectiveness, and low requirement of equipment of the devel-
oped visual LAMP assay allow this method to be useful in
transgenic wheat samples analysis, especially in highly
processed products.
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