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Abstract
For the purpose of supervision and academic research on GMO, it was necessary to establish a simple and effective on-
site qualitative and quantitative method for GMO detection. In this paper, double-stranded displacement probes were first 
designed to monitor the quantitative LAMP amplification, and calcein was used effectively in LAMP reaction for qualitative 
measurement. High specificity of the methods was identified by testing 16 crops. The rice endogenous gene SPS and M12 
event-specific gene can both be quantified in a wide dynamic range (200–20,000 copies). The LOD and LOQ of both genes 
were 20 and 200 copies, respectively. When the methods were used to analyze rice samples, 0.5% (w/w) of the GM rice M12 
event could be quantified accurately and 0.1% (w/w) could be detected qualitatively. These results indicated that the devel-
oped methods were specific, sensitive and repeatable, and proven to be an efficient alternative to real-time PCR. Moreover, 
the developed methods were more suitable for the reliable quantification in poor-equipped laboratories or on-site detection.

Keywords Loop-mediated isothermal amplification (LAMP) · Rice · Genetically modified rice M12 event · Quantification

Abbreviations
LAMP  Loop-mediated isothermal amplification
GM  Genetically modified
PCR  Polymerase chain reaction
LOD  Limit of detection
LOQ  Limit of quantification

Introduction

In recent years, many qualitative and quantitative methods 
for the detection of nucleic acid ingredients of genetically 
modified (GM) crops were explored, such as polymerase 
chain reaction (PCR), real-time PCR and digital PCR 
[1–6]. However, these methods required rapid thermo-
cycling to complete the amplification, and precise temper-
ature control equipments were needed. Thus, these meth-
ods were more suitable to be used in the well-equipped 
laboratories rather than in on-site or poor-equipped labo-
ratories. Loop-mediated isothermal amplification (LAMP), 
depending on auto-cycling strand displacement DNA syn-
thesis performed using the Bst DNA polymerase, has been 
developed to amplify nucleic acids specifically at a stable 
temperature by using 4–6 primers. Meanwhile, a simple 
isothermal condition can make sure the experiment to go 
smoothly. Thus, the LAMP method may be more suit-
able to be used in on-site or poor-equipped laboratories. 
Indeed, the LAMP method has been already applied to 
qualitatively detect GM crops, such as oilseed rape, soy-
bean, maize, cotton, sugarcane, cattle and rice with cry1Ab 
gene [7–12]. However, compared with real-time PCR, on-
site quantitative isothermal amplification techniques have 
not been developed for rapid and effective quantitation of 
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GMO. So, quantitative LAMP method for on-site testing 
or for grass-root laboratories was still needed.

In LAMP assay, a set of four to six specially designed 
primers are used to amplify specific sequences of DNA 
under isothermal conditions between 60 and 65  °C. 
Thereby, it obviates the need for a thermal cycler and pro-
vides the exceptionally higher specificity of amplification 
than conventional PCR method [13, 14]. Meanwhile, the 
results of LAMP reactions can be determined visually by 
adding the manganese ion indicator calcein: the color of 
the solution changes to green in the presence of LAMP 
amplicons; otherwise, it remains orange when there is no 
amplification in the reaction system [15]. At the beginning 
of the invention of LAMP technology, it was reported that 
LAMP technology can be used to quantify nucleic acid 
by real-time monitoring the turbidity of the reaction sys-
tem [16, 17]. Subsequently, two other research teams used 
real-time turbidimetry to study the quantitative method of 
LAMP technology [7, 18]. However, the real-time turbi-
dimetry depended on the white precipitates of magnesium 
pyrophosphate, which cannot form a homogeneous system. 
Thus, the baseline would vary in the amplification process 
resulting in poor repeatability and a standard curve with 
an unsatisfactory linear relationship. Meanwhile, it was 
reported that the LAMP method can be used to quantify 
nucleic acid by adding fluorescent dyes [19]. However, 
there was no detailed information on how to use the real-
time LAMP method for quantification. In real-time PCR, 
the problem of baseline instability and non-specificity 
amplification could be solved by the application of fluo-
rescence labeled probes [4, 20]. Therefore, it might be 
feasible to apply fluorescent labeled probes into LAMP 
to establish a real-time isothermal amplification method. 
However, the strand-displacing Bst DNA polymerase with-
out hydrolytic activity was used in the LAMP reaction, 
instead of Taq polymerase [14]. Therefore, the conven-
tional hydrolytic probes were not suitable for the real-time 
fluorescent LAMP reaction because it cannot release the 
fluorescent signals during the positive LAMP amplifica-
tion. If a pair of appropriate reverse complementary and 
replacement probes were used in the LAMP reaction, the 
problem might be solved.

The GM rice (Oryza sativa L.) M12 event, showed 
strong potential for resistance to bacterial leaf blight in 
a field trial [21], was one of the potentially commercial-
ized GM crops. Wherein, rapid and accurate methods for 
the screening and quantification of GM rice M12 event 
was still needed. Here, we assessed real-time quantitative 
LAMP method with double-stranded displacement probes 
to quantify the concentration of GM rice M12 event, and 
the results were also compared with those from real-time 
PCR and digital PCR method. Meanwhile, in order to 
establish a visual on-site screening method for GM rice 

M12 event, calcein was used to monitor the color change 
in the reactions.

Materials and methods

Materials

The 100% (w/w) GM rice M12 event was a gift from the 
Chinese Academy of Agricultural Sciences; GM rice event 
TT51-1, KF6, KMD, conventional wild-type rice culti-
var “minghui 63” and GM soybean GTS-40-3-2 and GM 
corn NK603 were stored in our own laboratory at – 20 °C. 
Wheat (Triticum aestivum), barley (Hordeum vulgare), 
sugarcane (Saccharum officinarum), buckwheat (Fag-
opyrum esculentum), Soybean (Glycine max), corn (Zea 
mays), rapeseed (Brassica napus), tomato (Lycopersicon 
esculentum), potato (Solanum tuberosum) were collected 
from the local market and then stored in our own labora-
tory at – 20 °C.

DNA extraction

The extraction of genomic DNA was performed according 
to the CTAB protocol [22]. All the purified DNA were 
measured and evaluated using the Qubit nucleic acid and 
protein analyzer (Qubit™ 3 Fluorometer, ThermoFisher, 
USA).

Oligonucleotide primers and probes for LAMP 
and digital PCR

Two sets of LAMP primers, containing two inner primers 
FIP (F1c-F2) and BIP (B1c-B2), two outer primers (F3 and 
B3) and two loop primers (FLP and BLP), were designed 
corresponding to the sequence of rice endogenous gene 
SPS (sucrose phosphate synthase) and the left border 
flanking sequence of GM rice M12 event by online soft-
ware PrimerExplorer V5 (Fig. 1). A pair of reverse com-
plementary probes for quantitative LAMP was designed 
to target the template between the F1 and B1 regions of 
the amplicons and were labeled with FAM and BHQ1 at 
their 5′ and 3′ ends, respectively. Following the optimum 
design principle of the LAMP  primer14, all of the prim-
ers and probes were designed and checked for homology 
with software BLASTNr within the GenBank databases 
to increase the specificity and sensitivity of the method. 
The same sequence of SPS and M12 event-specific gene 
were used to design the primers and probes for digital PCR 
by the Primer Premier 5.0 software program (PREMIER 
Biosoft International, Palo Alto, USA). The details of the 
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primers and probes used in this study are given in Table 1 
and synthesized by Invitrogen Co. Ltd. (Shanghai, China).

The operating procedure of LAMP

All of the LAMP assays were performed using 5 μL of 
template DNA (10 ng/μL) in a final volume of 20 μL 
of the LAMP reaction mixture composed of 200  mM 
of each dNTP (Takara, Japan), 0.8 M betaine (Sigma, 
USA), 20 mM Tris–HCl (pH 8.8), 10 mM KCl, 10 mM 
 (NH4)2SO4, 2 mM  MgSO4, 0.1% Tween 20 and 6.4 U of 
Bst DNA polymerase large fragment (New England Bio 
Labs, USA). The final concentrations of the six prim-
ers were as follows: 0.2 mM each of the outer primers 
F3 and B3, 1.6 mM of the inner primers FIP and BIP, 
and 0.4 mM each of the loop primers FLP and BLP. The 
LAMP reaction was performed with 80 min at 65 °C. For 
visual LAMP reaction, 0.1 mM calcein was added into the 
reaction mixture. After the reaction, the derived products 
were removed from the heat block (Eppendorf, Germany) 
and directly observed by the naked eye. In real-time quan-
titative LAMP reaction, instead of the calcein, 0.1 mM of 

Fig. 1  Loop primers design for GM rice M12 event. The nucleic acid 
sequences used to design primers were shown in bold fonts, and the 
direction of the sequences in primers were marked by arrows. a The 
sequence of rice endogenous gene SPS. b The left border flanking 
sequence of GM rice event M12

Table 1  Oligonucleotide primers and probes of the SPS and M12 even-specific gene designed for the LAMP and digital PCR analysis

Target gene Method The name of 
primers and 
probes

Sequence (5′–3′) Type of the sequence

SPS LAMP SPSF3 GAG TGG ATC TGT TTA CTC GT Outer primer
SPSB3 ACT CTT GGA GGT AAG GCC Outer primer
SPSFLP CTC CCC ATA GCT CCA GTC C Loop primer
SPSBLP GCT GGT GCG TAC ATT GTG C Loop primer
SPSFIP GGA ACC GGA GTT AAC ATT TCA GCA AGT GTC ATC TCC TGA 

AGT 
Inner primer

SPSBIP GAG AGG GAA GCG GTG AGA GTT TTA CGG AGG TAC TTG TCC Inner primer
SPSD FAM-CCG GTT CCA CTG ACG GAG AGGG Probe
SPSQ CCC TCT CCG TCA GTG GAA CCGG-BHQ1 Probe

Digital PCR SPS-F GAG GTC ACC AAG GCT GCC AGTG Forward primer
SPS-R GCA CTC CTG ATT CTT CCA GGC TTC Reverse primer
SPS-P VIC-TAG GCT TCC CAG CAG GCA ACCAA-BHQ1 Probe

The event specific 
gene of GM rice 
M12

LAMP M12F3 GGG ATT TAT AGG GAC AAT TGG CTA TG Outer primer
M12B3 CCG GAG AAC CTG CGT GCA ATC Outer primer
M12FLP GCT CAC TGA CTC GCT GGA GCA CTA Loop primer
M12BLP GGC GCA GGG GAT CAA GAT C Loop primer
M12FIP TAC CGC ATC AGG CGC TCT TCC GCT GCA CCA GGT CAG CAA 

GTC CTTC 
Inner primer

M12BIP AAC TGG ATG GCT TTC TTG CCG CCA TGC GAA ACG ATC CTC 
ATC CTGTC 

Inner primer

M12D FAM-CCT TAC GCA TCT GTG CGG TAT TTC Probe
M12Q GAA ATA CCG CAC AGA TGC GTA AGG -BHQ1 Probe

Digital PCR M12F GAG AAC AAG AAG CCC CTT CTG TCT CG Forward primer
M12R AAG GTA CTA AAG CTT GAA AAT CCT AAGGC Reverse primer
M12P FAM-CAC ATT CGG CAG TGA AAC TCT TGA GCGCC-BHQ1 Probe
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reverse complementary probes labeled with the dyes FAM 
and BHQ1, respectively, were added into the reaction mix-
ture to hybridize with the amplicons during amplification. 
The signals were measured using FAM channel (excita-
tion, 460–490 nm; emission, 520–550 nm) of fluorometric 
thermal cycler (LC480; Roche, USA).

Digital PCR procedure and data analysis

Different from LAMP reaction, the probes used in digital 
PCR were hydrolysis probes as there were Taq DNA poly-
merase with hydrolytic activity in the digital PCR reaction. 
The digital PCR mixture was prepared as follows: 10 μL of 
2 × droplet digital PCR Master Mix (Bio-Rad, Pleasanton, 
USA), 1 μL of each primer (final concentration of 300 nM) 
and probe (final concentration of 180 nM), 5 μL of tem-
plate DNA with the concentration of 5 pg/μL, 50 pg/μL, 
0.5 ng/μL, 2 ng/μL and 2 μL of nuclease and protease-free 
water were mixed to complete a 20-μL reaction volume, 
respectively. A QX200™ droplet generator (Bio-Rad, 
Pleasanton, CA) was used to generate the droplets. The 
reactions were performed on the GeneAmp® PCR System 
9700 (ABI, USA) with the following step: 52 °C for 5 min, 
95 °C for 5 min (1 °C/s); 60 cycles of 94 °C for 15 s and 
60 °C for 1 min (0.5 °C/s), 98 °C for 10 min (1 °C/s). 
After amplification, the plate was loaded onto the QX200 
system. The fluorescence was monitored using FAM and 
HEX channel, and the analysis of the droplet fluorescence 
was done with QuantaSoft Software version 1.6.6.0320 
(Bio-Rad, Pleasanton, USA). All of the thresholds were 
set up manually to allow the distinction between positive 
and negative droplets, and the concentrations of DNA were 
calculated automatically by the instrument according to 
the Poisson distribution principle. Only the reactions with 
more than 10,000 accepted droplets were used for analysis.

Specificity of the assay

The specificity of SPS and event-specific gene of GM 
rice M12 event using in LAMP method was duplex con-
firmed using double-stranded displacement probes and 
calcein analyses mentioned above. The genomic DNA 
used for the specificity analysis of rice endogenous gene 
SPS were wild-type rice “minghui 63” (positive control), 
4 GM rice events (i.e. M12, TT51-1, KF6 and KMD) and 
9 gramineae closely related to rice in taxonomy and com-
mon crops (wheat, barley, sugarcane, buckwheat, soybean, 
corn, rapeseed, tomato, potato). The specificity of M12 
event-specific gene was verified using genomic DNA from 
non-GM wild-type rice “minghui 63” (negative control), 
GM rice M12 event (positive control), GM rice events 

TT51-1, KF6 and KMD, GM soybean GTS-40–3-2 and 
GM corn NK603.

Calibration curve and the accuracy 
of the quantitative LAMP for GM rice event M12

The DNA concentration of the GM rice M12 event was 
determined by Qubit™ 3 fluorometer, then diluted with 
tenfold serial into five gradients (from 10 ng/μL to 1 pg/μL) 
and 5 μL of each template DNA, theoretically containing 
100,000 copies, 10,000 copies, 1000 copies, 100 copies, and 
10 copies of SPS and M12 event-specific genes, respectively, 
was added into a final volume of 20 μL of the LAMP reac-
tion mixture. Since the rice single-copy genomic mass is 
about 0.5 pg these two target genes were all single-copy 
genes [21, 23, 24]. Then, the LAMP test was carried out 
with three repeats for each reaction and the POI (point of 
inflection), which was defined as the time corresponding to 
the maximum slope in the real-time fluorescence curve [19], 
was adopted for the LAMP quantification. The calibration 
curve was made using the POI value of quantitative LAMP 
(X axis) and the logarithmic theoretical concentration of tar-
get genes (Y axis). Furthermore, the SPS and M12 event-spe-
cific genes with theoretical content of 20,000 copies, 5000 
copies, 500 copies and 50 copies, which were determined by 
Qubit™ 3 Fluorometer, were all absolute quantified in trip-
licate using both digital PCR and LAMP, respectively. The 
accuracy was determined by evaluating the bias between the-
oretical value and experimental value, and the precision was 
determined by the standard deviations (SD) and the relative 
repeatability standard deviation (RSDr). The quantitative 
results of the LAMP method were analyzed and compared 
with the results of digital PCR for the same sample in this 
experiment and other results of real-time PCR in literature.

LOD and LOQ of the quantitative LAMP for GM rice 
M12 event

To determinate the LOD and LOQ of the quantitative 
method, four levels of serial dilution samples with the con-
centration of 200, 100, 10 and 1 pg of each template DNA, 
theoretically containing 400, 200, 20 and 2 copies of SPS 
and M12 event-specific genes, were added into a final vol-
ume of 20 μL of the LAMP reaction mixture and quantita-
tively analyzed using the calibration curve. Each concentra-
tion of the samples was performed in triplicate. Meanwhile, 
calcein was added into the LAMP reaction of the above gra-
dients of template DNA to get the visual results.
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Quantification of the contents of GM rice M12 event 
in rice samples

To verify the practical application of this quantitative 
LAMP method, different contents of GM rice M12 event 
samples were used for quantitative analysis. The samples 
with different mass ratios of GM rice M12 event mixed 
with “wild type indica rice cultivar “minghui 63”, which 
were 100%, 5%, 0.5% and 0.1% (w/w), were prepared 
as follows: a mixture content 5% (w/w) M12 was made 
by mixing 0.5 g of rice seed of homozygous M12 event 
with 9.5 g of “minghui 63” rice, and then the mixture 
was homogenized into a powder; then a mixture content 
0.5% (w/w) M12 was made by mixing 1 g 5% (w/w) M12 
content with 9 g of “minghui 63” rice, followed by homog-
enization into a powder. The mixture content 0.1% (w/w) 
was prepared in the similar way. The qualitative and quan-
titative LAMP assays of rice endogenous genes SPS and 
M12 event-specific gene mentioned above were used to 
test all these samples in three parallels. None-GM rice 
“minghui 63” was used as the negative control. The abso-
lute copy numbers of the two target genes were calculated 
by quantitative LAMP and the GM content (the ratio of 
exogenous and endogenous genes) was compared with the 
mass concentration of the samples.

Results

Specificity of the qualitative and quantitative LAMP 
for GM rice M12 event

First, the specificity of SPS gene was evaluated using 
the double-stranded displacement probes and calcein. 
The results showed that no unspecific amplification was 
observed with any of the tested nine crops (i.e. wheat, 
barley, sugarcane, buckwheat, soybean, corn, rapeseed, 
tomato and potato), while non-GM rice (the wild-type rice 
“minghui 63”, positive control) and 4 GM rice events (i.e. 
M12, TT51-1, KF6 and KMD) can be detected specifically 
(Fig. 2a, b). It indicated that the LAMP detection system 
for rice endogenous gene SPS was highly specific whether 
using calcein or double-stranded displacement probes. 
Thus, the methods could be used to distinguish rice from 
other crops. Furthermore, the specificity of the methods 
using the double-stranded displacement probes and calcein 
for M12 event was further identified using seven samples 
including “minghui 63” rice, 4 GM rice events (i.e. M12, 
TT51-1, KF6 and KMD1), GM soybean GTS-40-3-2 and 
GM corn NK603. It was found that positive results were 
only obtained for GM rice M12 event in both the double-
stranded displacement probes and calcein analyses, while 

negative results were seen for other six crops, since other 
threr GM rices (i.e. TT51-1, KF6 and KMD rice), GM 
soybean GTS-40-3-2 and GM corn NK603 contained no 
target genes (Fig. 2c, d). Therefore, these results showed 
that the visible and real-time quantitative LAMP assays 
in this study were all specific for the identification of the 
target genes.

Accuracy of the quantitative LAMP

For easy operation, two standard curves of the target genes 
(i.e. SPS and M12 event specific gene) were drawn using 
the POI (point of inflection) value of quantitative LAMP 
(X axis) and the logarithmic theoretical concentration of 
target genes (Y axis). The R2 of the standard curve for SPS 
and M12 event-specific gene from the quantitative LAMP 
methods were 0.998 and 0.997, respectively (Fig. 3). Thus, 
the POI values were linearly related to the amount of tar-
get genes (log copy numbers of target gene), indicating 
that the standard curves can be used for the quantitation. 
Furthermore, the methods were used to amplify the target 
genes with theoretical content of 20,000, 5000, 500 and 50 
copies, so as to obtain the corresponding POI value. Then 
the established standard curves were used to calculate the 
concentration of target genes according to the correspond-
ing POI values. The results showed that the negative con-
trol samples for both genes were 0 copy, while the average 
concentrations of these four samples were 68.29 ± 17.66 
copies to 19,231.48 ± 2679.27 copies for SPS gene and 
56.63 ± 17.09 copies to 18,029.01 ± 843.10 copies for M12 
event-specific gene in the reaction, respectively (Table 2), 
wherein, for the sample with a theoretical content of 50 
copies, the RSDr of the two target genes among three rep-
licates exceeded 25%, which were inconsistent with the 
current international quantitative method required [25, 
26]. Therefore, the accuracy of the quantitative result of 
the sample with theoretical content of 50 copies was not 
very well. However, the RSDr values of the other three 
replicates of the sample with a theoretical content of 
20,000, 5000 and 500 copies were all within 25%. And the 
bias ranged from -3.84 to 12.88%, meeting the quantitative 
requirements (i.e. within ± 25%) [25, 26]. Therefore, the 
quantification of the sample with a theoretical content of 
20,000, 5000 and 500 copies was considered to be accurate 
and reliable.

In order to further ensure the accuracy of the devel-
oped quantitative LAMP methods, digital PCR was also 
used to quantify the SPS and M12 event-specific gene in 
the homozygous GM rice M12 event with the theoretical 
contents of 50, 500, 5000 and 20,000 copies. The results 
of digital PCR showed that the quantitative concentration 
of SPS were from 48.13 ± 2.88 to 21,414.05 ± 275.02 cop-
ies, and the concentration of M12 event-specific gene was 
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from 51.33 ± 6.43 to 22,980.00 ± 367.15 copies. Moreover, 
compared withthe results from real-time LAMP and digital 
PCR (Table 2), the quantitative results were consistent for 
the samples with theoretical concentration of 500 copies and 
higher. Therefore, when the theoretical content of the two 
target genes was equal or greater than 500 copies, it was 
reliable to use the developed real-time LAMP method for 
rapid on-site quantification [26].

The LOD and LOQ of the quantitative LAMP for GM 
rice M12

Since the theoretical content of the two target genes was 50 
copies for SPS or M12 event-specific gene, the result from 
the developed LAMP methods was not reliable. Thus, it 
was needed to identify the LOD and LOQ of the real-time 
and visible LAMP methods. The samples with a theoretical 
level of 400, 200, 20 and 2 copies were analyzed using the 
calibration curves established by the above methods. The 

Fig. 2  The specificity of SPS and M12 event specific gene analyses 
using double-stranded displacement probes and calcein. a Amplifi-
cation curve of LAMP using double-stranded displacement probes 
for the SPS gene. From left to right above the baseline were posi-
tive control (the wild-type rice “minghui 63”), M12, KF6, TT51-1 
and KMD, the wheat, barley, sugarcane, buckwheat, soybean, corn, 
rapeseed, tomato, potato and no template control (NTC)  (ddH2O) 
were below the baseline. b Visible products of SPS gene amplified by 
LAMP with calcein. The meaning of the labeling was as follows: 1–2, 
positive control (the wild-type rice “minghui 63”); 3–4, M12; 5–6, 
TT51-1; 7–8, KF6; 9–10, KMD; 11–12, wheat; 13–14, barley; 15–16, 
sugarcane; 17–18, buckwheat; 19–20, soybean; 21–22, corn; 23–24, 

rapeseed; 25–26, tomato; 27–28, potato; 29, NTC  (ddH2O). c Ampli-
fication curve of LAMP using displacement probes for the M12 event 
specific gene. The positive control (the GM rice event M12) was 
above the baseline, and the GM rice event TT51-1, KF6, KMD, GM 
soybean GTS-40-3-2, GM corn NK603, negative control (the wild-
type rice “minghui 63”) and NTC  (ddH2O) were below the baseline. 
d Visible products of M12 event specific gene amplified by LAMP 
with calcein. The meaning of the labeling was as follows: 1–2, GM 
rice event M12; 3–4, GM rice event Bt 63; 5–6, GM rice event KF6; 
7–8, GM rice event KMD; 9–10, GM soybean GTS-40-3-2; 11–12, 
GM corn NK603; 13–14, negative control; 15, NTC  (ddH2O). Notes: 
1 cycle = 1 min
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results showed that only two of the three repetitions of the 
sample with two copies of SPS gene had positive fluores-
cent signal, while the M12 event-specific gene had only one 
positive signal (Table 3). Meanwhile, it was also impossible 
for the naked eye to observe the color changes in all three 
repetitions of 2 copies of target genes in the LAMP reaction 
with the calcein (Fig. 4). However, for the samples with 20 
copies of SPS and M12 event-specific gene, although posi-
tive signals could be both observed in all the LAMP reac-
tion with calcein or double-stranded displacement probes, 
the quantitative RSDr value or bias was more than 25%, 
which did not meet the quantitative requirements at this 
concentration [25, 26]. Thus, the quantitative result was 
also not reliable when the concentration of target gene was 
low to 20 copies. For the samples with 200 and 400 copies 
of SPS and M12 event-specific gene, the quantitative results 
were 175.36 ± 31.66 and 432.51 ± 29.72 for SPS gene, and 
162.78 ± 35.46 and 365.34 ± 51.89 for M12 event-specific 
gene (Table 3), respectively. The bias was within acceptable 
range (< 25%), and the RSDr values of all the three repli-
cates were not more than 25%, which indicated the quan-
titative results were accurate for the samples with 200 and 
400 copies of the two target genes. Therefore, for the sam-
ples with equal or greater than 20 copies of SPS and M12 
event-specific gene, it could be qualitatively detected by the 
developed LAMP methods, either with calcein or probes. 
And for the samples with equal or greater than 200 copies 
of SPS and M12 event-specific gene, it could be quanti-
fied accurately and reliably by the developed quantitative 

Fig. 3  The standard curves of the LAMP assay with double-stranded 
displacement probes. The standard curves were established using the 
POI (point of inflection) value (X axis) and the logarithmic concen-
tration of target gene (Y axis). The theoretical concentrations of the 
target gene used for constructing the standard curves were 100,000, 
10,000, 1000, 100 and 10 copies in each reaction. a The standard 
curve of rice endogenous gene SPS. b The standard curve of M12 
event specific gene

Table 2  Quantitative detection of the M12 event-specific gene by quantitative LAMP and dPCR method

a The “theoretical concentration” was calculated according to the purified DNA measured using the Qubit nucleic acid and protein analyzer
b The “average quantitative concentrations” was the average copy number of three parallels in the total reaction volume for each sample
c SD means the standard deviations
d RSDr means the relative repeatability standard deviations
e “/” No valid data were obtained

Target gene Theoretical 
concentration 
(copies)a

Quantitative LAMP dPCR

Accuracy Precision Accuracy Precision

Average quantita-
tive concentrations 
(copies)b

Bias (%) SDc RSDrd (%) Average quantita-
tive concentrations 
(copies)

Bias (%) SD RSDr (%)

SPS 0 0 /e / / 0 / / /
50 68.29 36.59 17.66 25.86 48.13 − 3.74 2.88 5.99
500 564.40 12.88 122.79 21.76 507.62 1.52 33.71 6.64
5000 5364.87 7.30 832.29 15.51 4965.62 − 0.69 111.42 2.24
20,000 19,231.48 − 3.84 2679.27 13.93 21,414.05 7.07 275.02 1.28

M12 event 
specific 
gene

0 0 / / / 0 / / /
50 56.63 13.25 17.09 30.17 51.33 2.67 6.43 12.52
500 541.95 8.39 17.38 3.21 528.67 5.73 28.73 5.43
5000 4734.23 − 5.32 861.82 18.20 5500.00 10.00 131.15 2.38
20,000 18,029.01 − 9.85 843.10 4.68 22,980.00 14.90 367.15 1.60
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LAMP method with double-stranded displacement probes. 
Thus, the LOD and LOQ of the LAMP method used in 
this study were 20 and 200 copies for the two target genes, 
respectively.

Quantification of the contents of GM rice M12 event 
in rice samples

Furthermore, in order to verify the developed LAMP 
method for quantifying different contents of GM rice M12 
event in rice sample, the initial concentration of the two 
target genes in the 0.1–100% (w/w) GM rice M12 event 
were calculated by the developed real-time LAMP. It was 
found that no amplification signal of M12 event specific 
gene was observed in the non-GM rice “minghui 63”, while 

other assays showed positive results (Fig. 5, Table 4). For the 
sample containing 0.1% GM rice M12 event, the calculating 
GM concentration varied from 0.2 to 1.3% for three parallels 
with a RSDr of 91.2%, though the positive results were both 
obtained with the calcein and double-stranded displacement 
probes. Taking into account the performance requirements 
of European Network of GMO Laboratories (ENGL) [26], 
these data were assumed to be unacceptable at this concen-
tration. However, for the higher concentration levels 0.5%, 
5% and 100%, they were determined as 0.46% ± 0.07%, 
5.28% ± 0.53% and 92.84% ± 3.94%, respectively. Thus, the 
accuracy and precision were acceptable since the bias was 
from 5.57 to 8.64% and the RSDr was from 4.2 to 14.2%. 
These data showed that when the content of M12 was equal 
or greater than 0.5% in rice samples, the results from the 

Table 3  LOD and LOQ of LAMP in the M12 event-specific gene

a The “theoretical concentration” was calculated according to the purified DNA using the Qubit nucleic acid and protein analyzer
b The “quantitative concentrations” was the copy number for each sample in the total reaction volume with quantitative LAMP
c “–” No operation was taken
d “/” No valid data were obtained

Target gene Theoretical concen-
tration (copies)a

Quantitative concentrations (copies)b Average quantitative con-
centrations (copies)

Bias (%) SD RSDr (%)

1 2 3

SPS 0 0 –c – /d / / /
2 4.53 / 2.4 / / / /
20 27.25 21.94 35.31 28.16 40.82 6.73 23.90
200 151.37 163.47 211.24 175.36 − 12.32 31.66 18.05
400 444.29 398.71 454.53 432.51 8.13 29.72 6.87

M12 event spe-
cific gene

0 0 – – / / / /
2 0.16 / / / / / /
20 37.98 16.79 23.83 26.20 31.01 10.79 41.20
200 174.14 191.16 123.03 162.78 − 18.61 35.46 21.78
400 337.29 425.22 333.50 365.34 − 8.67 51.89 14.20

Fig. 4  Visible color change of the LAMP assays for quantify different 
concentration of template DNA. a The visible LAMP reaction of SPS 
gene. b The visible LAMP reaction of M12 event specific gene. The 
meaning of the labeling was as follows: 1–3, 400 copies of GM rice 

M12 event; 4–6, 200 copies of GM rice M12 event; 7–9, 20 copies 
of GM rice M12 event; 10–12, 2 copies of GM rice M12 event; 13, 
negative control; 14, NTC  (ddH2O)
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developed quantitative LAMP methods were accurate and 
reliable. In addition, since the word’s lowest detection limit 
0.9% was established in European Union [27], the developed 
quantitative LAMP methods were effective and reliable and 
can be used widely.

Discussion

Currently, real-time PCR and digital PCR were widely used 
in quantitative detection of GMO, as they had relatively high 
levels of precision and accuracy [4, 28–34]. However, they 
required precise laboratory instrument, which restricted their 
use in on-site or poor-equipped laboratories. Compared with 
real-time PCR and digital PCR, LAMP showed comparable 
or even better results with simple experimental condition. In 
LAMP, its specificity was not worse or even better than that 
in real-time PCR theoretically [15], since it contained 4–6 
distinct primers targeting 6–8 sequences. In another study, 
LAMP was even shown to be less susceptible to background 
DNA than real-time PCR [14]. Usually, the LAMP method 
was used to qualitatively detect GM crops. However, in this 
study, LAMP was developed as an efficient quantitative 
method by using the new designed double-stranded dis-
placement probes, and it was proved to be an alternative to 
real-time quantitative PCR analyses, especially in on-site or 
poor-equipped laboratories.

For real-time PCR and digital PCR, the quantitative limits 
ranged from 5 to 300 copies approximately [3–5, 35–39], 
and it was reported that the LOD and LOQ were 10 and 100 
copies, respectively, when the real-time PCR was used to 
analyse the GM rice M12 event [40]. In this study, the SPS 
and M12 event-specific genes with a content of less than 50 
copies were quantified by digital PCR, and the accuracy and 
precision meet the general quantitative requirements. While 
using the developed quantitative LAMP method to analyze 
the same GM sample in this study, the LOD and LOQ were 
20 and 200 copies respectively. Thus, the sensitivity of the 
quantitative LAMP using the double-stranded displacement 
probes in this study was slightly lower compared with the 
real-time PCR and digital PCR. Moreover, when the copy 
numbers of the target genes were more than 200 or the GM 

Fig. 5  Detection of rice sample with different GM contents by visible 
LAMP amplification with calcein. a SPS gene, b M12 event specific 
gene. The meaning of the labeling was as follows: 1–3, 100% GM 
rice event M12; 4–6, 5%GM rice event M12; 7–9, 0.5%GM rice event 
M12; 10–12, 0.1%GM rice event M12; 13–15, wild-type rice “ming-
hui 63” 16, NTC  (ddH2O)

Table 4  Determination of the content of GM rice M12 event in rice samples

a The “mass concentration” was calculated by the ratio of GMO mass and the total mass
b The “average concentration” was the average copy number of three parallels for each sample in the total reaction volume
c The “GM concentration” was defined as the practical concentration based on the ratio of the copy number of M12 event-specific gene to rice 
endogenous gene SPS
d “/” No valid data were obtained

Mass concen-
tration (%)a

SPS M12 event specific gene GM concentration (%)c RSDr (%) Bias (%)

Average concentration 
(copies/reaction)b

RSDr (%) Average concentration 
(copies/reaction)

RSDr (%)

0 21,977.34 10.18 0 /d 0 / /
0.1 21,502.84 ± 2003.99 9.32 13.12 ± 11.32 86.3 0.06 ± 0.06 91.2 − 37.94
0.5 21,641.99 ± 2432.36 11.24 98.46 ± 14.23 14.5 0.46 ± 0.07 14.2 − 8.64
5 19,248.18 ± 1417.26 7.36 1013.90 ± 101.36 10.0 5.28 ± 0.53 10.1 5.57
100 20,018.38 ± 2094.07 10.46 18,531.05 ± 1186.14 6.4 92.84 ± 3.94 4.2 − 7.16
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content was more than 0.5% (w/w), it could be quantified 
accurately by the quantitative LAMP with double-stranded 
displacement probes. However, for the quantification of GM 
material using real-time PCR or digital PCR, as low as 0.1% 
of the GM content was reliably quantified [29, 41]. Though 
the sensitivity of the quantitative LAMP using the double-
stranded displacement probes in this study was slightly lower 
compared with real-time PCR and digital PCR method, the 
developed LAMP method still meets the international mini-
mum labeling requirements (i.e. 0.9% in European Union, 
5% in Japan, 1% in Brazil, etc.) [27]. Meanwhile, the LAMP 
assay developed in this study can provide a simple approach 
for quantifying GMO content in the basic laboratory or on-
site quantitative testing which cannot be completed by the 
other two methods.

Although quantitative LAMP methods with turbidity had 
been proved to be feasible theoretically [7, 16–18], there 
were few follow-up studies in the past few years. In the real-
time LAMP, there were insufficient data to prove the accu-
racy and accuracy of the quantification [17, 18]. It may be 
due to the instability of turbidity in LAMP amplification 
or the inaccuracy of portable instruments. However, when 
the double-stranded displacement probes were used in this 
study, the positive signals were more stable and the precision 
of the experiment turned to be better, and the linear correla-
tion between POI value and log(template concentration) was 
high enough to enable the quantitative analysis. Therefore, 
the novel real-time LAMP assays with double-stranded dis-
placement probes designed in this study were considered 
to be an improvement of the LAMP assay. Moreover, the 
developed LAMP method would be a good supplementary 
method for DNA-based quantitative techniques.

Conclusions

In this study, it was already proved that the developed LAMP 
was an efficient alternative to screen and quantify the GM 
rice M12 event. It had ideal specificity on the detection of 
SPS and M12 event-specific gene. Meanwhile, the methods 
had the good performance to quantify GM rice M12 event 
ingredients in rice sample. Moreover, the LAMP reaction 
does not require expensive equipment (particular thermal 
cycle instrument or Gel electrophoresis equipment), and the 
reaction can be conducted quantitatively using a simple and 
portable device (a thermo-stable block). Furthermore, when 
the GM content was equal or greater than 0.5% (w/w), it 
could be quantified accurately by the quantitative LAMP 
with double-stranded displacement probes. Thus, the LAMP 
assay developed in this study can provide a simple method 
aiming to quantify GM ingredients in imported and domes-
tic foods, and it can be used as an effective alternative to 

quantify GMO content in the basic laboratory or on-site 
quantitative testing.
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