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ARTICLE INFO ABSTRACT
Article history: Fatty acids are a vital energy source in fish and are of significant importance to their physiological wellbeing.
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growth and altered fatty acid composition and content in liver tissues. In particular, they show a decrease in
saturated fatty acids and monounsaturated fatty acids, and an increase in polyunsaturated fatty acids except
for docosahexaenoic acid (22:6n— 3) and eicosapentaenoic acid (20:5n — 3). Furthermore, transgenic fish have
decreased levels of serum glucose, triacylglycerol and an increase in 3-hydroxybutyric acid, generally considered

Ié;y\:;t;;dssg.enic fish a starvation marker. As liver tissue is physiologically connected to muscle tissue, here we examined the effects of
Homozygous GH transgenesis on fatty acid contents in muscles of homozygous and heterozygous GH transgenic fish. The
Heterozygous major monounsaturated fatty acids oleic acid (18:1n—9) and palmitoleic acid (16:1n—7) were slightly higher
Amago, Oncorhynchus masou in the control, whereas polyunsaturated fatty acids, except 22:6n—3 and 20:5n— 3, were significantly greater
Muscle in the transgenic fish (P < 0.05), similar to the results from the liver. However, by contrast to the liver, the
Fatty acid contents major saturated fatty acids palmitic acid (16:0) and stearic acid (18:0) and polyunsaturated fatty acids
(22:6n—3) and (20:5n — 3) were significantly higher (P < 0.05) in the transgenic fish than in the controls.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction analysis showed that these GH transgenic amago salmon had a drastic

GH transgenesis in fish almost invariably causes increased growth
performance, for example, GH transgenic salmon typically show a 6 to
11 fold increase in body weight and occasionally a 40 fold or more in-
crease has been reported (Devlin et al., 1994; Rahman et al., 1998).
We have also generated fast-growing GH transgenic amago salmon,
and showed that the fish had down-regulation of A-6 fatty acyl
desaturase (A6FAD) expression using functional microarray analysis
(Mori et al., 2007). This enzyme is important for the modification of
polyunsaturated fatty acids (PUFAs) in many vertebrates (Zheng et al.,
2004), and a decrease in its expression causes changes to the levels of
various PUFAs. In a subsequent study of the effect of GH transgenesis
on metabolic processes, we produced homozygous (Tg/Tg) and hetero-
zygous (Tg/+ ) GH transgenic amago salmon (Kurata et al.,, 2012). Anal-
ysis of these fish showed that serum IGF-1 concentrations were
significantly higher in the transgenic fish than in the controls. The
highest serum GH1 concentrations occurred in the Tg homozygotes,
with a significantly lower level in heterozygotes and the lowest level
in controls. Moreover, an iTRAQ-MS/MS proteome and microarray

* Corresponding author. Tel./fax: +81 466 84 3682.
E-mail address: mori.tsukasa@nihon-u.acjp (T. Mori).

http://dx.doi.org/10.1016/j.aquaculture.2014.10.020
0044-8486/© 2014 Elsevier B.V. All rights reserved.

decrease in the amount of fat tissue that accumulated around the
pyloric caeca compared to the controls, and also had down-regulation
of fatty acid synthase (FAS) in the pituitary (Kurata et al., 2012).

We examined metabolic processes in the liver tissue of GH transgenic
amago salmon and found an enhanced catabolic reaction of fatty acids
compared to controls. This change in catabolism caused an increase in
B-oxidation of saturated (SFAs) and monounsaturated fatty acids
(MUFAs) in homozygous (Tg/Tg) and heterozygous (Tg/+) amago
salmon compared to the controls (Sugiyama et al., 2012). Expression of
the Mid1 interacting protein 1 gene (Mid1ip1), which is important in
enhancing de novo fatty acid synthesis, was down-regulated, and an
increase in 3-hydroxybutyric acid (a ketone body) was observed in the
livers of the GH transgenic fish. These results indicate that the liver tissue
from GH transgenic fish is in a state of starvation. The amounts of SFAs
and MUFAs in the livers were found to decrease in the order homozygous
(Tg/Tg) and heterozygous (Tg/+) GH transgenic, and control fish. By
contrast, the amounts of n—3 PUFA rose in this order.

Fish lipids are rich in PUFAs, and these have important roles in regula-
tion of inflammation (Arts and Kohler, 2009) and the immune system
(Rowley et al., 1995). Therefore, analysis of fatty acid composition in lipids
is a valuable means of understanding physiological changes and the
health condition of both mammals and fish. Therefore, analysis of the
effect of GH transgenesis on lipid metabolism in muscle tissue will
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provide valuable insights into the health and physiological condition of
the fish.

2. Material and methods
2.1. Experimental animals

GH transgenic amago salmon were generated by injecting OnMTGH1
gene construct into fertilized eggs (Devlin et al., 1994). In this experi-
ment, we used heterozygous (Tg/+) GH transgenic amago which
were produced by fertilizing domestic-type sperms with eggs collected
from transgenic fish containing the OnMTGH1. Homozygous (Tg/Tg) GH
transgenic fish were produced by mixing eggs and sperm obtained from
heterozygous (Tg/+) fish. The fish were reared in equal densities in

circulating tanks under a natural light cycle, and fed to satiation with a
stage-specific commercial diet for juvenile fish (1-4CDX and Masu
5-8p from Nippon Formula Feed Mfg. Co., Ltd) until the end of the ex-
periment (about 6 months). The mean weights of the homozygous
(Tg/Tg), heterozygous (Tg/+) (note that all the heterozygotes were pro-
duced using eggs from transgenic fish and sperm from wild type), and
age control (4/+) fish used in this experiment were 131 g, 109 g, and
85 g, respectively. Details of the production and detection of the trans-
genic fish using PCR were described in a previous study (Sugiyama
etal, 2012).

Muscle tissues were obtained from 5-6 specimens of homozygous
(Tg/Tg), heterozygous (Tg/+), and control (+/+) amago, frozen in
liquid nitrogen, and stored at —80 °C until analysis. Extraction and puri-
fication of total lipids were performed following the method of Folch et al.

Tissue Muscle Liver
Common name
Numerical symbol Structure Content (mg/g) [Pattern Content (mg/g) Pattern
(Content of diet)
(mgig)
Myristic acid P 8
14:0 NN N Down| , | Down
(2.1 %) .
Palmitic acid o
almitic aci 1001
. AN, \/\Vi " No
16:0 co ” Up s alteration
(21.3 %)
. (moia)
Paimitoleic acid IR L0
16:1n-7 ' Down o) Down
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Stearic acid 8 w "
N NI et P P 1 ™
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(5.6 %) . o
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(17.4 %) ’ )
cis-Vaccenic acid e A Down
18:1n-7 -
Linoleic acid i
182n-6 P e N Up
(24.3 %)
Arachidonic acid
2024”-6 P Up
(1.0 %)
Eicosapentaenoic acid ) N
20:5n-3 e e
arerauon
(4.2 %)
Docosapentaenoic acid i
22:5“-3 o e it Up
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Fig. 1. Fatty acid contents (mg/g) in muscle tissue from homozygous (black), heterozygous (gray) of GH transgenic amago salmon, and from controls (white), compared with those in liver
tissue (Sugiyama et al,, 2012). Contents of fatty acids were calculated using heptadecanoic acid (17:0) as an internal standard. The changes in content are shown as Up or Down in com-
parison to the control. Data are presented as means = standard error. Asterisk “*” indicates a significant difference (P < 0.05). Figure in parentheses shows fatty acid content (%: W/W) of

the fish diet.
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(1957). Fatty acid methy] esters were prepared by transesterification with
15% boron trifluoride in methanol. Fatty acid composition was analyzed
by detection on a 5890 series Il GC (Agilent Technologies, Inc., Santa
Clarita, CA, U.S.A.) equipped with a flexible fused-silica (FFS) capillary
column (ULBON-HR-SS-10; 0.25 mm LD. x50 m, Shinwa Chemical
Industries, Inc., Tokyo, Japan). Details of the procedure were described
in a previous study (Sugiyama et al., 2012).

2.2. Statistical analysis

Values for fatty acid contents (mg/g) were expressed as means =+ SE,
and data were analyzed by one-way analysis of variance followed by a
posteriori comparison of the significant ANOVA results using Bonferroni
or Dunnett's T3. Levene's multiple comparison test for variances indi-
cated that the assumption of homogeneity of variances was rejected
at the 5% significance level. For our statistical decisions, we used
Dunnett's T3 multiple comparison test for means which is robust for
testing means under heterogeneous variance. Significance was defined
as P < 0.05.

3. Results and discussion

In our previous study, we found that the levels of serum triacylglyc-
erol (TAG) and glucose in GH transgenic amago salmon were signifi-
cantly lower than those of control fish (+/+). Further, the expression
levels of the glucose starvation response genes, glucose regulated
protein 78 kDa (GRP78) was over 10 folds higher than those of the
control liver. Moreover, genes involved in fatty acid catabolism were
up-regulated in the transgenic fish including long-chain-fatty-acid-
CoA ligase 1 (ACSLT) (934 folds higher than control) and acyl-
coenzyme A oxidase 3 (ACOX3) (14.3 folds); the ketone body compound
3-hydroxybutyric acid is present at higher levels in the liver of GH trans-
genic amago salmon than control fish (+/4). However, expression of
Mid1ip1 is down-regulated (107.5 folds) in transgenic salmon
(Sugiyama et al., 2012). Mid1ip1 is an important factor in the activation
of acetyl-CoA carboxylase (ACC), which is known to act as a rate-
limiting enzyme for de novo fatty acid synthesis (Kim et al., 2010).
This may indicate that lipid storage in the liver of GH transgenic fish is
lower than in control fish (4/+). The adipose tissue of GH transgenic
fish is somewhat smaller than in control fish (+/+) (Kurata et al,,
2012). Overall, therefore, the available information from studies on
the liver of transgenic fish suggests that they have a reduced level of
fatty acids as well as of glucose, presumably as a consequence of chang-
es in glucose and lipid metabolism due to GH overexpression (Sugiyama
et al., 2012). In light of the evidence of changes in the liver, we were in-
terested in determining whether the muscle tissue of GH transgenic
amago salmon also displayed the physiological changes associated
with starvation.

Eleven major fatty acids were detected by gas chromatographic
analysis of the total lipid extracts from the muscles of homozygous
(Tg/Tg), heterozygous (Tg/+) and control fish (+/+). The relative
fatty acid contents (mg/g) of the muscles in the homozygous (Tg/Tg)
and heterozygous (Tg/-+) fish are compared to controls in Fig. 1, and
those of liver data were also quoted from our previous report
(Sugiyvama et al., 2012). The muscle tissue used in this experiment
was obtained from the fish used for fatty acid analysis of liver tissue in
a previous report (Sugiyama et al,, 2012).

In some comparisons, there were clear, statistically significant dif-
ferences among the groups; in others, the differences among homozy-
gous (Tg/Tg), heterozygous (Tg/+) and control fish (+/+) were not
significant, however, there was a consistent trend in the pattern of
change between the genotypes.

Thus, for two of the MUFAs identified here, there was a trend to
higher levels in control fish (4/+) than in the transgenic fish:
palmitoleic acid (16:1n—7) and oleic acid (18:1n—9) both occurred
in greater amounts in muscle and liver tissue from control fish (4/+)

than from transgenic fish, and significantly so in the case of 16:1n—7
(P < 0.05). However, a third MUFA, cis-vaccenic acid (cis-18:1n—7),
which is the last substrate in the fatty acid (n — 7 family) synthetic path-
way (Fig. 2), showed the opposite trend and increased in the muscle
from transgenic fish (Fig. 1). Of the three MUFAs, 18:1n — 9 was present
in the largest amounts, followed by 16:1n— 7, and finally cis-18:1n—7
(Fig. 1). We found decreased muscle content for two MUFAs (16:1n—7
and 18:1n—9) but not of 18:1n— 7, and increased content of 5 PUFAs in
the muscle (Fig. 1). These changes are similar to those reported in
rainbow trout subjected to starvation (Johansson and Kiessling, 1991).
Cis-18:1n— 7 was also associated with the production of high concen-
trations of adiponectin (Takkunen et al,, 2014). Adiponectin in skeletal
muscle activates AMP-activated protein kinase, thereby directly regu-
lating glucose metabolism and insulin sensitivity in vitro and in vivo
(Yamauchi et al., 2002). These results are consistent with adaptation
to the low glucose concentration under starvation in the muscle tissue
from transgenic fish.

Three SFAs were identified here. Two of these, palmitic acid (16:0)
and stearic acid (18:0), showed a significant increase in the muscle
from transgenic fish (P < 0.05). The third, myristic acid (14:0) showed
the opposite trend and fell consistently from control (+/+) to homozy-
gous fish (Tg/Tg).

Five PUFAs were identified in this analysis and all showed a trend to-
ward increasing content in the muscles of transgenic fish. For four of
these fatty acids, arachidonic acid (20:4n — 6), eicosapentaenoic acid
(20:5n — 3), docosapentaenoic acid (22:5n— 3), and docosahexaenoic
acid (22:6n— 3), the increases were significant (P < 0.05) in the muscle
from transgenic fish. Although linoleic acid showed the same trend as
other PUFAs, there were no significant inter-genotype differences.

Although the muscle contents of major SFAs (16:0 and 18:0) and
PUFAs (22:6n— 3 and 20:5n— 3) were increased in the GH transgenic
fish (Figs. 1 and 2), only 18:2n—6 of the identified PUFAs did not
show a significant increase in muscle tissue (Fig. 1), but rather was
found at similar levels in all three genotypes examined. This compound
comprises 24% (w/w) of the total fatty acids in the food as shown in
Fig. 1 (Sugiyama et al., 2012). With respect to PUFA content in the muscle
tissue from GH transgenic fish, similar fatty acid content patterns were
seen as in liver tissue except for 22:6n—3 and 20:5n—3 (Fig. 1)
(Sugiyama et al,, 2012). Interestingly, 22:6n — 3 showed the opposite
trend between muscle and liver tissues. However, 22:6n — 3 in the food
comprises over 10% (w/w), this might indicate that content of 22:6n—3
in the transgenic fish having a good appetite is greater than in the control
fish (+/+). Meanwhile, although we found liver from GH transgenic
amago showing vasodilation and presumably angiogenesis (Sugiyama

SFA MUFA PUFA

[n-3 family] [n-6 family]

[n-7 family] [n-9 family]

* Peroxisomal chain-shortening

Fig. 2. Flow chart depicting the metabolic pathways of fatty acids in the muscle tissue of
GH transgenic amago salmon. Up and down arrows beside fatty acids indicate increased
and decreased contents of fatty acids in the muscle of GH transgenic amago salmon,
respectively. Asterisk “*” indicates the process of peroxisomal chain shortening.
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et al, 2010), there is no notable morphological abnormality in the muscle
from transgenic fish. Further, there is a report that 22:6n — 3 was signifi-
cantly inversely-correlated with circulating inflammatory protein (CRP)
(Takkunen et al,, 2014). This may lead the decrease of 22:6n— 3 content
in the liver tissue from GH transgenic fish.

In this analysis of fatty acid contents in the tissues, it is predicted
that GH transgenic fish have the potential to adapt to starvation in the
muscle through cis-18:1n—7. Decrease of 22:6n— 3 in the liver tissue
from the transgenic fish may also indicate inflammatory reaction.
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Abstract Stacked genetically modified (GM) maize
is increasingly produced; thereby, current event-specific
quantitative real-time polymerase chain reaction (qPCR)
methods have led to the overestimation of GM organism
(GMO) content compared with the actual weight/weight
percentage of GM organism in maize samples. We devel-
oped a feasible qPCR method in which the GMO content
is calculated based on the quantification of two herbicide-
tolerant trait genes, S-enolpyruvylshikimate-3-phosphate
synthase from Agrobacterium sp. strain CP4 (cp4epsps)
and phosphinothricin N-acetyl-transferase from Streptomy-
ces viridochromogenes (pat) to quantify the GMO content
in ground grain samples containing stacked GM maize.
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The GMO contents of two genes were quantified using a
plasmid calibrant and summed for quantification of total
GMO content. The trait-specific method revealed lower
biases for examination of test samples containing stacked
GM maize compared with the event-specific method. Our
results clearly show that the trait-specific method is not
only simple and cost-effective, but also useful in quantify-
ing the GMO content in ground grain samples containing
stacked GM maize, which are expected to be major events
in the near future. The developed method would be the only
feasible way to conduct the quantification of GMO content
in the ground maize samples containing stacked GM maize
for the verification of the labeling regulation.

Keywords Genetically modified maize - gPCR -
Trait-specific method - Stacked GM maize

Introduction

In recent years, an increasing number of genetically modi-
fied (GM) crops have been developed using recombinant
DNA technology and are widely cultivated as sources of
food and feed in many countries. GM crops have generally
been assessed and authorized for use as food by adminis-
trative authorities. However, the use of GM crops for food
remains controversial among consumers in many countries.
Labeling of GM foods allows consumers to make informed
food choices. Therefore, many countries have mandated
the labeling of foods containing a specified threshold level
of GM crops (0.9 % in the European Union, 3 % in Korea
and 5 % in Japan) [1]. To monitor the content of GM crops
such as maize [2-8], soybean [2—4, 8-10] and other crops
[11-13] in foods, in general, the quantitative real-time pol-
ymerase chain reaction (qPCR) has been used. In several
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countries including Japan, the regulatory threshold levels of
GMO content are evaluated on a weight/weight (w/w) basis
and are calculated based on the GM event-specific DNAs to
taxon-specific DNA ratio measured using qPCR.

Recently, the production of stacked GM maize grains,
with two or more GM events for enhanced production effi-
ciency [14], has been increasing worldwide. The GMO con-
tent of maize samples containing stacked GM maize is gen-
erally overestimated when determined using gPCR methods,
as compared to the actual w/w percentage of GM maize,
because a kernel of stacked GM maize contains the GM-
specific DNAs in proportion to the number of GM events.
To avoid overestimation, we developed an individual ker-
nel detection method that involves multiplex real-time PCR
using the extracted DNA from individual ground maize ker-
nels [15-18]. This detection system has already been imple-
mented in Japan as an official GM maize detection method
[19]. Moreover, a GMO content evaluation method based
on group testing strategy [20-22] was recently developed
[23]. In this method, GMO content is statistically evaluated
based on qualitative PCR for multiple small portions, con-
sisting of 20 maize kernels. However, these methods are not
applicable to ground grain samples such as corn grits, corn
flour and corn meal. Moreover, both methods are time con-
suming and require additional equipment with large sample
numbers. A simpler, time-saving and cost-effective method
is required for roughly quantifying GMO content in maize
samples containing stacked GM maize.

We previously determined the GM maize content
on a kernel basis and the events of GM maize kernels
in non-identity-preserved (IP) maize samples imported
from the USA in 2005 and 2009 using an individual ker-
nel detection system [24, 25]. The main GM maize events
detected in the non-IP maize samples in 2009 were
MONS88017, MON810 x MON88017, NK603, MONS10,
TC1507 x DAS59122, MONS10 x NK603, TC1507,
DAS59122 and MONS863. With the exception of single GM
maize events of MON810 and MONS863, these GM maize
events contain a herbicide-tolerant trait gene encoding either
5-enolpyruvylshikimate-3-phosphate synthase from Agro-
bacterium sp. strain CP4 (cp4epsps) or phosphinothricin
N-acetyl-transferase from Streptomyces viridochromoge-
nes (pat) (Supplementary Table S1). Moreover, many other
stacked GM maize events detected in the non-IP maize sam-
ples in 2009 also contain cp4epsps or pat. Thus, we hypoth-
esized that the GMO content in ground maize samples con-
taining stacked GM maize might be quantified from the sum
of pat and cpdepsps contents. This hypothetical method,
termed the trait-specific method, might be applicable to
ground samples, whereas the individual kernel detection
method and the group testing method are applicable only to
kernel samples. Moreover, the hypothetical method for the
determination of trait-specific gene might be also applicable
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to kernel samples, with the advantages of easy sample
preparation and enhanced cost-effectiveness. To date, pat
or cp4epsps is used in most GM lines as an herbicide-tol-
erant trait gene. In this study, we developed a trait-specific
method that can quantitate GMO content by measuring only
cp4epsps and pat using qPCR and demonstrated that the
developed method is appropriate for approximate quanti-
fication of GMO content in ground grain samples contain-
ing stacked GM maize by evaluating the performance of the
developed method by quantitating five test samples in com-
parison to the event-specific method. '

Materials and methods

Maize materials

The MONS88017, MON810, MONS863, NK603, MON
88017 x MONS10, MON810 x NK603 and non-GM
maize seeds were kindly provided by Monsanto Co. (St.
Louis, MO). Seeds of TC1507 and DAS59122 were kindly
provided by Pioneer Hi-Bred International (Johnston, 1A).
The 5 % MONS810 certified reference material (CRM), 5 %
NK603 CRM and 10 % TC1507 CRM were purchased
from Sigma-Aldrich (St. Louis, MO).

DNA extraction

The maize seeds were ground using a Mixer Mill MM200
(Retsch, Haan, Germany). Genomic DNA was extracted and
purified from 1 g of ground maize powder using a DNeasy
Plant Maxi Kit (QIAGEN, Hilden, Germany) according to
the manufacturer’s instructions, with the following modifi-
cations. Five milliliters of AP1 buffer (QIAGEN) and 10 pL-
of 100 mg/mL RNase (QIAGEN) were added to the sam-
ple and vortexed thoroughly and then incubated at 65 °C
for 1 h. The mixture was incubated at 65 °C for another 1 h
after the addition of 200 L of Proteinase K (QIAGEN).
During incubation, the mixture was mixed several times by
vortexing the tubes. After incubation, 1.8 mlL. of AP2 buffer
(QIAGEN) was added to the mixture and vortexed and then
incubated on ice for 15 min. The mixture was centrifuged
at 2,300x g for 15 min at room temperature in a swing-out
rotor, and the supernatant was applied to a QIAshredder
Maxi spin column. The column was centrifuged at 2,300x g
for 5 min at room temperature, and 5.1 mL of AP3/E buffer
(QIAGEN) was added to 3.4 mL of flow-through solution,
followed by vortexing thoroughly. The mixture was applied
to a DNeasy Maxi spin column, followed by centrifuga-
tion at 2,300x g for 5 min at room temperature. The column
was washed with 12 mL of AW buffer (QIAGEN) and then
centrifuged at 2,300x g for 15 min at room temperature. To
elute the DNA, 1 mL of pre-warmed distilled water (65 °C)
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Fig. 1 Schematic diagram
of pEC13-3 integrating ten

hmg | SSlib

adh zein |

fragments (mg, SSIIb, ivr,
adh, zein, P35S, cpdepsps, pat,
crylAb and cry3Bbl). Amp*,
ampicillin resistance gene. Ori,
origin of replication

pEC13-3

AmpR

was added to the column. After incubation at room tempera-
ture for 5 min, the column was centrifuged at 2,300xg for
10 min at room temperature. An equal amount of isopropyl
alcohol was added to the eluted solution, and the mixture
was mixed thoroughly. After incubation at room tempera-
ture for 5 min, the mixture was centrifuged at 12,000xg at
4 °C for 15 min. The pellet was rinsed with 500 WL of 70 %
(v/v) ethanol and centrifuged at 12,000x g at 4 °C for 3 min.
The supernatant was discarded and the precipitate was
dried. The DNA was dissolved in 100 pL of distilled water.

DNA concentrations were determined by measuring UV
absorption at 260 nm with a ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE). Samples were
diluted to 20 ng/uL. with sterile distilled water. The extracts
(600 ng) were analyzed by electrophoresis on a 1.0 % aga-
rose gel containing Midori Green Advanced DNA strain
(NIPPON Genetics, Tokyo, Japan).

Preparation of plasmid DNA

To quantitate the GM maize content, we prepared plasmid
DNA as a calibrant. Ten targeted DNA fragments consisting
of five reference genes [high mobility group protein (fmg,
AJ131373), starch synthase Ib (SSIIb, NM_001111410),
invertase A (ivr, ZMU16123), alcohol dehydrogenase 1 (adh,
X04050) and delta zein protein (zein, FI557103)] and five
GM genes [caulifiower mosaic virus 35S promoter (P35S,
AB863197), cpdepsps (AY125353), pat (DQ156557) and two
Bt toxins (crylAb; AY326434 and cry3BbI [26])] were incor-
porated (as shown in Fig. 1) by PCR as described previously
[2] using appropriate primers. The resultant fragment was
ligated into pUC19, and its sequence was confirmed by nucle-
otide sequence analyses and designated as pEC13-3. The cells
of Escherichia coli DH5o were transformed using pEC13-3.
The plasmid was extracted with a Plasmid Mega Kit (QIA-
GEN) and purified by ultracentrifugation with cesium chlo-
ride. The purified pEC13-3 was cut by Ndel, and the resultant
linearized plasmid DNA was purified again by ultracentrifu-
gation with cesium chloride. The copy number of purified
pEC13-3 was estimated as that of SSIIb by qPCR as described
previously [2], and plasmid DNA was diluted with 5 ng/ul
ColE1 plasmid solution in tris-ethylenediaminetetraacetic acid
buffer (Nippon Gene, Tokyo, Japan) to 20, 125, 1,500, 20,000
and 250,000 copies per 2.5 uL.

Table 1 The GM maize event and content (%) of test samples pre-
pared by mixing the ground samples of several GM maize and non-
GM maize

GM maize event Sample number

1 2 3 4 5
MON88017 2.0 1.3 13 15 -
MONS810 x MON88017 - 1.2 1.3 15 3.0
NK603 1.0 0.6 0.7 - -
MONS810 0.9 0.5 0.7 - -
TC1507 x DAS59122 - 0.4 0.5 1.0 1.0
MONS810 x NK603 - 0.4 0.5 1.0 1.0
TC1507 0.6 0.3 - - -
DAS59122 0.3 02 - - -
MONS863 0.2 0.1 - - -
Total , 5.0 5.0 5.0 5.0 5.0

Preparation of test samples

To prepare the five test samples, the ground grain samples
of several GM maize events were mixed with ground non-
GM maize at 5 % (w/w) GMO content (Table 1). Genomic
DNA was extracted from each test sample in three parallels
and diluted to 20 ng/pL with sterile distilled water.

qPCR assay

gPCR assay was performed by trait- and event-specific
gPCR methods using an ABI PRISM™ 7900HT Sequence
Detection System (Life Technologies, Carlsbad, CA).
For the trait-specific method, five sets of primer pairs and
probe (hmg [27-301, SSIIb [31], ivr [32], adh [32] and
zein [32]) were identical with those in previous reports.
Two sets of primer pairs and probe (cp4epsps and par)
were designed using Primer Express software (Life Tech-
nologies) (Table 2). These sets of primer pairs and probe
were evaluated for PCR efficiency and linearity of cali-
bration curves for each gene in pEC13-3. Trait-specific
quantification was performed by quantitating cp4epsps
and pat in each DNA extracted in three parallels. A 25 pL
volume of the reaction mixture contained 2.5 pL of tem-
plate DNA, 12.5 uL of TagMan® Universal PCR Mas-
ter Mix (Life Technologies), 0.5 uM of each primer and
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Table 2 Primers and probes used for qPCR assay

Target gene Accession number Primer or probe name Primer or probe sequence (5'-3") Amplicon

size (bp)

reference gene

hmg AJ131373 hmg-F TTGGACTAGAAATCTCGTGCTGA 79
hmg-R GCTACATAGGGAGCCTTGTCCT
hmg-P FAM-CAATCCACACAAACGCACGCGTA-TAMRA

SS11b NM_001111410 SSIIb3-5 CCAATCCTTTGACATCTGCTCC 114
SSIIb3-3 GATCAGCTTTGGGTCCGGA
SSIIb-P FAM-AGCAAAGTCAGAGCGCTGCAATGCA-TAMRA

ivr ZMU16123 ive-F CGCTCTGTACAAGCGTGC 135
ive-R GCAAAGTGTTGTGCTTGGACC
ivr-P FAM-CACGTGAGAATTTCCGTCTACTCGAGCCT-TAMRA

adh X04050 adh-F CGTCGTTTCCCATCTCTTCCTCC 103
adh-R CCACTCCGAGACCCTCAGTC
adh-P FAM-AATCAGGGCTCATTTTCTCGCTCCTCA-TAMRA

zein FJ557103 zein-F GCCATTGGGTACCATGAACC 104
zein-R AGGCCAACAGTTGCTGCAG
zein-P FAM-AGCTTGATGGCGTGTCCGTCCCT-TAMRA

trait gene

cpdepsps AY 125353 cpdepsps-F TTCACGGTGCAAGCAGCC 82
cp4epsps-R GACTTGTCGCCGGGAATG
cpdepsps-P FAM-CGCAACCGCCCGCAAATCC-TAMRA

pat DQ156557 pat-F GGCCTTCCAAACGATCCAT 96
pat-R CCATCCACCATGCTTGTATCC
pat-P FAM-ATGAGGCTTTGGGATACACAGCCCG-TAMRA

0.2 uM of probe. PCR conditions were as follows: 2 min
at 50 °C, 95 °C for 10 min followed by 45 cycles of 30 s
at 95 °C and 1 min at 59 °C. Standard curves were cali-
brated using the five concentrations of plasmid DNAs, such
as 20, 125, 1,500, 20,000 and 250,000 copies per reaction.
The no-template control containing 5 ng/uL ColE1l plas-
mid was also prepared as the negative control for analysis.
For event-specific quantification, event-specific sequences
of MONS88017, MON810, MONS863, NK603, TC1507
and DAS 59122 were quantitated in each DNA extracted
in three parallels according to the methods reported by the
European Commission’s Joint Research Centre [27-30,
33, 34]. Standard curves were calibrated by using genomic
‘DNA extracted from 5 % MONS810 CRM, 5 % NK603
CRM and 10 % TC1507 CRM, and 10 % MONS88017, 5 %

Data analysis

For trait-specific quantification, the baseline was set to
cycles 3 through 15 and the ARn threshold for plotting
quantification cycle (C,) values was set to 0.2 during expo-
nential amplification. The PCR efficiency (E, %) of refer-
ence genes was calculated using the slope of the standard
curve according to the following formula:

PCR efficiency (E, %) = [10“1/51"1’6)—1} x100 (1)

The ratio of the copy number of Amg and trait gene
(cp4epsps and pat) in GM maize seeds, defined as the
conversion factor (Cy), was calculated using the following
formula:

__ copy number of trait gene in the DNA extracted from GM maize seeds

Cy

copy number of himg in the DNA extracted from GM maize seeds @)

DAS59122 and 10 % MONS863 prepared from ground pow-
ders of GM maize and non-GM maize. Triplicate reactions
for each DNA extracted in three parallels were conducted
using trait- and event-specific gPCR.
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To prevent overestimation of GMO content, we used the
corrected C; value calculated using following formula:

Corrected Cf = z (Cr(eraity X X) 3
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Table 3 The corrected C; calculated from the C; value and the rate of
each GM maize event containing cp4epsps or pat

GM maize event cpdepsps pat

C; X C x*
MONB88017 0.30 0.38 - -
MONS810 x MON88017 0.28 0.34 - -
NK603 0.72 0.18 - -
MONS810 - - - -
TC1507 x DAS59122 - - 0.61 0.42
MONS810 x NK603 0.71 0.10 - -
TC1507 - - 0.30 0.38
DAS59122 - - 0.29 0.20
MONB863 - - - -
Corrected C° 0.41 0.43

# x is the rate of a GM maize event in all main GM maize events con-
taining cp4epsps or pat, which was calculated using the data of GMO
content in the non-IP maize sample imported from the USA in 2009.
The sum of x of all main GM maize events containing cp4epsps or
pat was 1.00

® The corrected C; was calculated from the sum of the prod-
uct of each C; and x as follows: for cp4epsps, the corrected
Cripaepspsy = Crmonssorny (0-30) X Xpvonssorny (0-38) + Cemonsio
x MONS8017) 0.28) x X(MONSI0 x MONS8017) 034 + Crnke03)

0.72) x xpkeosy 0.18) + Cyponsio x nkeozy 0.71) X Xpvonsio
« nkeoyy (0.10) = 0.41; for pat, the corrected Cypy = Cyreiser

« passorzzy (061) X Xeqeisor x passorzy (042) + Cyperson
030 x Xreison 038) + Crpassorzny (029) X Xpassoiz)
(0.20) = 0.43

where C,y is each C; value for cp4epsps or pat in a GM
maize event containing cp4epsps or pat and x is the rate
of a GM maize event in all main GM maize events con-
taining cp4epsps or pat, which was calculated using the
data of GMO content in the non-IP maize sample imported
from the USA in 2009 [25] (Table 3). The corrected C;
was calculated by summing the product of Cyyy and X
(Cyrairy X x) for each GM maize event. The GMO content
(%) of a sample for each trait gene was calculated using the
following formula:

copy number of trait gene in the DNA extracted from a sample

Table 4 The PCR efficiencies (E) and linearity (R?) of calibration
curves for five reference genes and two herbicide-tolerant trait genes
in pEC13-3

Target gene E R?

Mean RSD (%) Mean RSD (%)
Reference gene
Hmg 100.7 22 0.9990 0.08
SS1lb 98.7 2.3 0.9980 0.10
Ivr 96.7 2.4 0.9960 0.39
Adh 96.7 32 0.9961 0.13
Zein 97.0 2.0 0.9989 0.06
Trait gene
Cp4epsps 96.7 3.7 0.9992 0.05
Pat 94.7 3.0 0.9992 0.03

Total GMO content was calculated by summing the
GMO content for each event-specific sequence.

Results and discussion
Construction of plasmid DNA

Plasmid pEC13-3 was constructed by tandem integration
of ten PCR products amplified from five reference genes
(hmg, SSIIb, ivr, adh and zein) and five GM genes (P35S,
cpdepsps, pat, crylAb and cry3Bbl) (Fig. 1) as a calibrant.
The purified pEC13-3 was diluted to 20, 125, 1,500, 20,000
and 250,000 copies per 2.5 pL, equivalent to 0.12, 0.72,
8.6, 115 and 1,440 ng of genomic DNA of F1 GM maize
seed, respectively, based on the genome size of maize (the
diploid DNA content per nucleus, 5.75 pg/2C) [35]. The
dilution series was sufficient to quantitate GM maize con-
tent from 0.23 to 100 % in 50 ng of genomic DNA.

The PCR efficiencies of reference genes in pEC13-3
were calculated by the designated qPCR system (Table 4).

GMO content (%) =

x 100 )

copy number of Amg in the DNA extracted from a sample x corrected Ct

Total GMO content was calculated by summing the
GMO content for cp4epsps and pat.

For event-specific quantification, the baseline was set to
cycles 3 through 15 and the ARn threshold for plotting Cg
values was set to 0.1-0.5 during exponential amplification.
The GMO content (%) of a sample for each GM sequence
was calculated using the following formula:

copy number of event-specific sequence in the DNA extracted from a sample

Among the five reference genes, hmg showed the high-
est PCR efficiency [E = 100.7 %, relative standard devi-
ation (RSD) = 2.2 %], followed by SSIIb (98.7 %), zein
(97.0 %), adh (96.7 %) and ivr (96.7 %), with RSD ranging
from 2.0 % to 3.4 %. Moreover, the standard curve of hmg
showed greater linearity (R* = 0.9990, RSD = 0.08 %)
than that of the other reference genes (0.9960-0.9989),

GMO content (%) =

copy number of endogenous gene in the DNA extracted from a sample

x 100 5)
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with RSD ranging from 0.06 to 0.39 %. The relative copy
number of Amg in some GM maize events was compared
to that of SSIIb, which is a standard reference gene of
maize used in Japanese regulation (Supplementary Table
$2), where that of hmg or SSIIb in the non-GM maize was
1.00. The resulting data of quadruplicate reactions showed
that the mean of the relative copy numbers of hmg (1.21,
RSD = 0.6-12.5 %) was lower than that of SSIIb (1.36,
RSD = 4.1-9.6 %). The estimated copy number of SSIIb
in GM maize was higher than non-GM maize as compared
to that of hmg. These results suggest that Amg is the most
appropriate reference gene for the designated gPCR sys-
tem in this method. On the other hand, the PCR efficien-
cies of the two herbicide-tolerant trait genes, cp4epsps and
pat (96.7 and 94.7 %, respectively), were comparable to the
reference genes (96.7-100.7 %), and both standard curves
of the two genes showed excellent linearity (R* = 0.9992)
(Table 4).

Measurement of conversion factor

To determine the C; value required for the trait-specific
gPCR method, the copy number of Amg and the trait gene
in the genomic DNA extracted from GM maize seed were
each measured. All experiments were repeated three times,
and the mean values were set as the C; value (Table 3). The
Cy value from whole seed [Cyeeq)] should be a mean value
between the C; value from embryo [Cye,,,] and that from
endosperm [Ciepqp), because the DNA amounts derived
from embryo and endosperm are equivalent in each seed
[36]. In F1 hybrid maize having a single copy of the trait
gene per maize genome, the ideal Ciy, is theoretically
expected to be 0.5, and on the other hand, the ideal Cpqo)
should be 0.33 or 0.67 in paternally or maternally derived
GM maize events, respectively [31]. As a result, the ideal
Ciiseea) Should be 0.42 or 0.59. In this study, the experimen-
tal C; values for trait genes in GM maize events having a
single copy of transgene per genome were 0.28-0.30. The
C; values for cp4epsps in NK603 and MON810 x NK603
having two copies of cp4epsps per genome [37] were 0.72
and 0.71, respectively. In TC1507 x DAS59122 having
two copies of pat per genome, the C; value for pat was
0.61. The discrepancy between ideal and experimental val-
ues has been previously reported [2, 31] and may be due to
differences in PCR efficiencies resulting from the amount
of non-targeted sequences in plasmid and genomic DNA
[2] or due to differences in the efficiency of DNA extrac-
tion between reference and trait genes [31].

GM maize imported to Japan contains not only single
GM maize events having a single copy of the trait gene per
genome, but also stacked GM maize events having multiple
copies of the trait gene per genome as previously reported
[25]. The corrected C; values for each trait gene were

@ Springer

required to calculate GMO contents in maize samples con-
taining GM maize events having multiple copies of the trait
gene per genome, because GMO content is overestimated
using the C; value calculated from each GM maize event
having a single copy of the trait gene per genome. There-
fore, the corrected C; value for cp4epsps (0.41), which was
calculated based on each C; value in GM maize events hav-
ing cp4epsps and the rate of a GM maize event determined
from a non-IP maize sample imported from the USA in
2009, was used (Table 3). Similarly, the corrected C; value
for pat (0.43) was used (Table 3).

GMO content in test samples

To approximately quantitate the GMO content in five test
samples (Table 1), which were prepared by mixing the
ground grain samples of several GM maize and non-GM
maize at 5 % (w/w) GMO content (Table 1), we extracted
genomic DNA from each test sample in three parallels
without degradation of DNA (Supplementary Fig. S1) and
performed qPCR assays for trait- and event-specific meth-
ods (Table 5). The trait-specific method results showed
lower RSD (1.3-17.1 %) as compared to those of the event-
specific method (4.1-45.2 %), which is consistent with pre-
viously reported validation studies [28, 38—42]. Moreover,
in the trait-specific method, the biases against theoretical
values, which are calculated on the basis of the copy num-
ber of the trait gene per genome, were positive values for
cpdepsps (3.6-18.6 %) and negative values for pat (—14.8
to —34.2 %). This suggests that the experimental values of
GMO contents for cp4epsps were higher than the theoreti-
cal values, whereas those for pat were lower than the the-
oretical values. On the other hand, the absolute values of
bias against theoretical value for the event-specific method
were much higher (4.5-108.6 %) than those for the trait-
specific method (3.6-34.2 %). In particular, the absolute
values of bias in TC1507 (19.0-108.6 %) were the highest,
followed by DAS59122 (50.3-63.3 %), MONS63 (50.0—
60.0 %), MONS810 (13.0-39.9 %), NK603 (10.9-34.1 %)
and MONR8RQ17 (4.5-16.5 %). These tendencies toward
high biases were also shown in the previously reported
validation studies [28, 38-42], where the biases were
lower than those in this study. In the absolute values of
total bias against theoretical value, there was little differ-
ence between the trait-specific method (1.2-6.8 %) and the
event-specific method (3.6-21.8 %). These results demon-
strate that the trait-specific method has higher repeatability
and lower bias for each reaction, although the two methods
show similar bias overall.

Test sample #1 contained only single GM maize events.
Samples #2, #3 and #4 contained both single and stacked
GM maize events, and the highest content of stacked GM
maize events was in sample #4, followed by samples #3
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Table § The theoretical value Sample number

and experimental value (mean)

of GMO content, relative 1 2 3 4 5

standard deviation (RSD) and

bias for trait- and event-specific Trait-specific method

methods cpdepsps
Theoretical value (%)* 4.0 4.5 5.0 5.0 5.0
Experimental value (mean, %) 43 5.0 52 59 52
RSD (%) 13.9 19 13.2 17.1 11.1
Bias of experimental value against theoretical value (%) 8.5 11.9 3.6 18.6 4.1
pat
Theoretical value (%) 0.9 1.3 1.0 2.0 2.0
Experimental value (mean, %) 0.8 1.0 0.7 1.5 1.3
RSD (%) 1.3 39 4.6 14.8 12.6
Bias of experimental value against theoretical value (%) —14.8 =257 250 —268 342
Total
Theoretical value (%) 49 5.8 6.0 7.0 7.0
Experimental value (mean, %) 5.1 6.0 5.9 7.4 6.5
RSD (%) 11.6 2.1 11.9 164 9.4
Bias of experimental value against theoretical value (%) 4.2 35 -1.2 5.6 —-6.8
Bias of theoretical value against 5 % (%)° -2.0 16.0 20.0 40.0 40.0
Bias of experimental value against 5 % (%)° 2.1 20.0 18.6 47.9 30.5
Event-specific method
MONS88017
Theoretical value (%) 2.0 2.5 2.6 3.0 3.0
Experimental value (mean, %) 2.3 2.4 2.7 3.2 34
RSD (%) 20.2 452 10.5 17.1 19.9
Bias of experimental value against theoretical value (%)  16.5 —4.7 4.5 7.6 14.1
MONS810
Theoretical value (%) 0.9 2.1 2.5 2.5 4.0
Experimental value (mean, %) 0.5 1.4 1.8 1.9 35
RSD (%) 14.1 6.9 14.6 10.7 7.6
Bias of experimental value against theoretical value (%) —39.9 -348 —-289 226 —13.0
NK603
Theoretical value (%) 1.0 1.0 1.2 1.0 1.0
Experimental value (mean, %) 1.2 1.1 1.5 1.3 1.2
RSD (%) 7.3 8.1 10.3 4.4 52
Bias of experimental value against theoretical value (%)  16.0 109 21.9 34.1 20.2
TC1507
Theoretical value (%) 0.6 0.7 0.5 1.0 1.0
Experimental value (mean, %) 1.3 0.8 0.3 0.7 0.7
RSD (%) 44.0 18.4 6.9 7.1 8.0
Bias of experimental value against theoretical value (%)  108.6 19.0 -332 =278 =285
DAS59122
Theoretical value (%) 0.3 0.6 0.5 1.0 1.0
Experimental value (mean, %) 0.5 0.9 0.8 1.6 1.6
RSD (%) 9.8 4.1 10.3 72 8.3
Bias of experimental value against theoretical value (%)  63.2 51.2 50.3 56.8 63.3
MONS863
Theoretical value (%) 0.2 0.1 0.0 0.0 0.0
Experimental value (mean, %) 0.3 0.2 0.0 0.0 0.0
RSD (%) 175 4.7 - - -
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Table 5 continued Sample number
1 2 3 4 5

Bias of experimental value against theoretical value (%)  60.0 50.0 - - -
? This value is calculated Total
based on the copy number of i
transgene per genome Theoretical value (%) 5.0 7.0 73 8.5 10.0
b Bias of theoretical value Experimental value (mean, %) 6.1 6.7 7.0 8.8 10.5
against 5 % GMO content on a RSD (%) 4.8 14.8 43 4.9 4.2
wiw basis Bias of experimental value against theoretical value (%)  21.8 -36 -35 34 45
¢ Bias of experimental value Bias of theoretical value against 5 % (%) 0.0 40.0 46.0 70.0 100.0
against 5 % GMO content on a Bias of experimental value against 5 % (%) 21.8 35.0 40.8 75.9 109.1

w/w basis

and #2. Test sample #5 contained only stacked GM maize
events. In regard to bias of the experimental value against
5 % (w/w) GMO content, the trait-specific method (2.1-
47.9 %) showed lower bias than the event-specific method
(21.8-109.1 %); specifically, the difference in bias between
the two methods was largest in test sample #5 (30.5 and
109.1 % for trait- and event-specific methods, respec-
tively). These results suggest that the overestimation of the
event-specific method was higher than that of the trait-spe-
cific method in proportion to the content of the stacked GM
maize event. Moreover, these results are consistent with the
bias of theoretical value against 5 % (w/w) GMO content
(—2.0-40.0 % for the trait-specific method and 0-100.0 %
for the event-specific method). These results suggest that
the difference in bias between the two methods was attrib-
uted not only to the accuracy of the method, resulting from
the difference in calibrant, PCR efficiency and so on, but
also to the principle of the method. The uncertainty in
GMO content determined by the trait- and event-specific
methods of the sample containing stacked GM maize
events is largely attributed to sample characteristics, such
as the content and the kind of stacked GM maize events.
Theoretically, the uncertainty in GMO content determined
by the trait-specific method is expected to be smaller than
that determined by the event-specific method, because the
overestimation of the trait-specific method is smaller than
that of the event-specific method. This theory was substan-
tiated by this study. Each test sample was designed accord-
ing to the distribution of GM maize events in the US market
in the past, present and future. Test sample #1, containing
only single GM maize events, was modeled on GM maize
events planted in the past. Test samples #2, #3 and #4, con-
taining single and stacked GM maize grains, were modeled
on GM maize events planted in the present, and sample #5,
containing only stacked GM maize grains, was modeled on
GM maize events to be planted in the future. The results of
this study suggest that the trait-specific method has higher
trueness (GMO content on a w/w basis) than the event-spe-
cific method, especially for the GM maize events planted in
the present and future.
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A drawback of the trait-specific method, if any, is the
possible oversight of single GM maize events having no
cpdepsps and pat, such as MON810 and MON863 (Sup-
plementary Table S1). The National Agricultural Statistics
Service (NASS) reported that the percentage of stacked
GM maize events has consecutively increased from 1 % in
2000 to 71 % in 2013 in the USA [43]. Indeed, our pre-
vious studies showed that the percentage of stacked GM
maize events in non-IP samples imported to Japan from the
USA increased from 12 % in 2005 [24] to 35 % in 2009
[25]. Judging from these data, almost all GM maize is com-
posed of stacked GM maize events, indicating that no sin-
gle GM maize events will be distributed commercially in
the future. In this situation, the potential oversight of sin-
gle GM events having no cp4epsps and pat can be ignored.
The content of single GM maize events having no cp4ep-
sps and pat would be measured from non-IP maize samples
imported into japan in future using the individual kernel
detection method [15]. Furthermore, the corrected C; for
cp4epsps or pat would need to be consecutively updated by
monitoring the GM maize events in non-IP maize samples
imported into Japan, because the rates of the GM maize
events would be predicted to vary every year. In addition,
the trait-specific method can prove GMO content, but not
the existence of stacked GM maize events in maize sample,
whereas the individual kernel detection method enables
identification of stacked GM maize event in a maize kernel
by combining with the event-specific method [17, 18, 44].

In countries evaluating GMO content on a w/w basis,
current event-specific method has the potential to lead to
an excess of the regulatory threshold levels of GMO con-
tent in the ground maize samples containing stacked GM
maize events, even though the actual GMO content is lower
than the regulatory threshold levels. We believe that the
proposed trait-specific method would be the only feasible
way to solve this problem and would be useful not only for
the countries importing maize and requiring the verification
of the labeling regulation on a w/w basis, such as Japan and
Korea, but also for the countries exporting maize, such as
the USA and Brazil.
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Conclusion

In this study, we developed a trait-specific method that can
quantitate GMO content by measuring only cp4epsps and
pat using gPCR. This method overcomes the drawback
associated with event-specific methods, in which the GMO
content of stacked GM maize samples is greatly overesti-
mated. The developed trait-specific method would be the
only feasible way to conduct the quantification of GMO
content in the ground maize samples containing stacked
GM maize, which will increasingly be found in the future,
for the verification of the labeling regulation.
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