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PCR-based techniques are the most widely used methods for the quantification of genetically modified
organisms (GMOs) through the determination of the ratio of transgenic DNA to total DNA. It is shown
that the DNA content per mass unit is significantly different among 10 maize cultivars. The DNA
contents of endosperms, embryos, and teguments of individual kernels from 10 maize cultivars were
determined. According to our results, the tegument’'s DNA ratio reaches at maximum 3.5% of the
total kernel’s DNA, whereas the endosperm’s and the embryo’s DNA ratios are nearly equal to 50%.
The embryo cells are diploid and made of one paternal and one maternal haploid genome, whereas
the endosperm is constituted of triploid cells made of two maternal haploid genomes and one paternal
haploid genome. Therefore, it is shown, in this study, that the accuracy of the GMO quantification
depends on the reference material used as well as on the category of the transgenic kernels present
in the mixture.

KEYWORDS: DNA; genetically modified organisms; certified reference materials; maize; endosperm;
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INTRODUCTION Many quantitative methods for GMO analysis have been
developed §). Undoubtedly, the most used is based on the
Polymerase Chain Reaction (PCR) and more particularly the
guantitative real time PCR/}. This technique has been shown

Maize (Zea mayd..) is among the major sources of food
and feed in the world. In the past two decades, tremendous

advances have been achieved in genetic modification of manyy, provide the most accurate determination of GMO content in

crop species including maize. This has led to the release of ManYe o odstuff as reported in many ring test studigs This technigue

transgenic corns that are |ncrea§|ngly grown in a couple of is based on the specific amplification of DNA fragments within
countries |nclud|ng_ mainly the Un!ted State_s and Canacia. Thethe transgenic event. Reference materials containing known
main introduced traits are, to date, insect resistance and herb|C|derati os of GMOs are used as standards for quantification. The

tc()glﬁ/rlgnceﬁ). Thg mgrkgtlnlg o_f gtlanet:fallﬁ.moldlfled organ(ljsms reference material used is often a set of commercial standards
gecentS)ea?sS 'Itﬁlaszeb;tioh(;g?: d t{;?e ES:oIceaancgg(ri?r:}:siol;n(%gc roduced at the Institute for Reference Materials and Measure-
to appr{)ve fhe production and commerciglization of food and ents (IR.MM) (Geel, Belgium). This consists of a dried powder
feed of many genetically modified crops including transgenic Of. a particular transgenic event. The _powd(_er IS obtamed_by
mixing powder from ground transgenic maize kernels with

com and Ito Iregulate, throughl_gw_delmesd Tng l(_jlrect]lvg:/,l(;he powder from nontransgenic kernels at the corresponding ratio.
#‘rt]?snit:]%'?j d(: (tar?esiio(i/c:rlr—% %rglgilrzea::ttlﬁlt ggg /gi /E ng (/(\)/hich S For maize, the transgenic kernels used are hemizygous (obtained
. B through the crossing of a homozygous transgenic parent with a
regulat'ed t.he marketlng of GMOs for food use, and the nontransgenic one).
SO/Z0001EEC, (5) that established the requirement of abeling _ M8 kermels are made, mainly, of a tegumen, an embryo
and an endosperm. Endosperm accounts for@% of total

grréggsegndrcf)cqﬁgticé(sjnigir;]tialnllg/g (eazlr\/ilr?sréggﬁ(t):)?ltr:gnts ;Z?Se kernel's weight. Endosperm development begins with intensive
P ngl”op 9 9 mitosis followed by an endoreduplication of the DNA. This

material must be labeled as containing GMOs. Other countries leads to large cells containing 3C (C being the haploid DNA

gﬁéereﬁltsgl\;et%l:(leitsgldtshe labeling of transgenic food using content per nucleus) toup to 690g; L0). The emb.ry.o is made
’ of small and dense diploid cell41). The DNA origins of the
embryo and endosperm tissues are different. Whereas en-
33*5%21%0%06_V¥h0m COJreSp%nd?nce STI‘%U'd. dbeh addressed (ftelephone dosperms are triploid, resulting from the fusion of two maternal
T Laboratoire gﬁ)&?,é‘gg 00; e-mail david zhang@geves.r). polar nuclei with one sperm nucleus, embryos are diploid,

8 Institut National Agronomique de Tunisie. resulting from the fusion of one haploid maternal nucleus and
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Table 1. Genome Composition of Hemizygous Transgenic Kernel Table 2. DNA Quantity Extracted per 0.1 g of Maize Powder from 10
Tissues with Regard to the Transgenic Parent Cultivars

male transgenic female transgenic cultivar DNA quantity (x¢g) cv
teguments 2Cce 2C* Anjou 285 22.9 0.056
embryo 1C*/1C 1C/1C* Cergi 23.0 0.090
endosperm 1C*2C 1C/2C* DK512 19.3 0.100
F1444 235 0.103
aC indicates a haploid genome.  C* indicates a haploid genome containing Xr?t?wi??eimal 54212 88;;
the transgene locus. Chambord 238 0.120
Prinz 20.8 0.122
one haploid male nucleus. Finally, teguments are diploid and Naudi 245 0.072
wholly of maternal origin. Thus, a hemizygous transgenic kernel DK585 215 0.057

might have different transgene copies depending on the trans-

genic parent and the pollination event as summarizekhivle ) )

1 and stored until use. The entire tegument powder, 20 mg of endosperm,
.In GMO quantification using PCR-based methods, GMO and 6 mg of embryo were further ground with metal beads for 2 min

Lo . . as previously described. The obtained powders were incubated for 30
proportion is given by calculating the transgenic genome copy min at 65°C, with occasional shaking, in 1.2 mL of CTAB extraction

number in the total maize genome copy number. Thus, it is pyffer containingr-amylase (Sigma) (1L of a 10 mg/mL solution)
obvious that the GMO quantification would be dependent on and RNase A (Sigma) (1@L of a 20 mg/mL solution). Twenty
the transgenic parent and the DNA content of the teguments, microliters of a 40 mg/mL solution of proteinase K (Sigma) was added
embryos, and endosperms. Microscopy studies have shown thatind the mixture further incubated for 30 min at 5. Proteins were
embryos are made of small and dense cells, whereas most ofxtracted with chloroform treatment, and the DNA was precipitated
the endosperm cells are |arger and Vacu0|amj :(2) This for 1 h on icewith a 0.25 volume of 10 M of ammonium acetgte an_d
has led to the assumption that the kernel's total DNA is mainly ]?o?'govr?]lgnm; i;%gé;fta;?clf Tpﬁepglelﬁgvazsrecg;/ﬁ;edd b_;t/hcgat];ﬁ;?atlon
’ . . . | . W Wi Wi
made. .Of t.he _embryos DNA. Using this hypOtheSIS.’ GMO 70% ethanol, recovered by centrifugation, and dried. The DNA was
guantification is no longer dependent on the transgenic parent.

. . dissolved for 12 h in 0.&% TE buffer (1 mM TRIS, 0.1 mM EDTA,
However, given the fact that endosperm cells can contain as 8).

much as 690C, this might not be true. To our knowledge, N0 * pNA Quantification. DNA quantity was determined using the
resea_U'Ch group has yet dete_rmlned the total DNA content In picogreen ds DNA quantification kit (Molecular Probes, Leiden, The
the different tissues of the maize kernels or addressed the impaciNetherlands). Fluorescence was detected using the FLx800 microplate
on the accuracy of the GMO quantification. fluorescence reader (Bio-Tek Instruments) and analyzed by KC4
Moreover, in real time PCR quantification of GMO, corn software (2000). DNA was quantified relative to four standards (0.2,
kernels, or any other starting materials, are ground and DNA is 2. 20, and 200 ng).
extracted from the powder. Two PCR reactions, one amplifying
the transgene and the other an endogenous gene in maize, arBESULTS AND DISCUSSION
used to determine the number of copies of transgene and the Tqta DNA Content in Maize Kernels. Four random kernels
total number of genome copies of maize in the sample. Resultsof each of the selected cultivars were individually ground, and
are expressed in percentage by dividing the first by the secondps mg was subjected to DNA extraction. The average DNA
and assumed to be the weight-to-weight ratio in the initial maize quantity was obtained as a mean value of three independent
mixture. This would be right only if all of the maize kemnel  pNA quantifications using a fluorometer. The average value
cultivars, including transgenic ones, contain similar amounts of the four average DNA quantities for each cultivar and the
of DNA per mass unit. This was always implicitly assumed cqefficient of variation are shown ifiable 2.
but, to our knowledge, never checked. The results show that by using our experimental procedure,
‘The goal of this paper is to test the truthfulness of these two the DNA quantity that can be extracted from 0.1 g of maize
widely used hypotheses. The DNA content in teguments, powder ranges from 19.3 to 244g for the 10 cultivars.
embryos, and endosperms of individual kernels and the total considering the extreme values of DNA content in 0.1 g of
DNA content of maize kernels from 10 different cultivars were  maize powder obtained, 1% (w/w) of DK512 powder in Naudi

measured. The impact of the results here found on the howder will correspond to 0.79% of DK512's DNA to total
quantitative detection of GMOs by PCR-related techniques is pNA extracted from the mixture, whereas 1% of Naudi in

discussed. DK512 corresponds to 1.26% of Naudi’'s DNA to total DNA.
The maize cultivars used in this study are nontransgenic.
MATERIALS AND METHODS However, it can be assumed that any transgenic maize would

Materials. Ten different maize cultivars randomly chosen among have comparable DNA contents per mass unit. Indeed, trans-
different maize classes were used in this study: Anjou 285, Cergi, genic events are generated in maize lines selected for high
F1444, DK512, Naudi, Anthares, DK585, Monumental, Chambord, and transformation rates and other interesting traits for laboratory
Prinz. These cultivars represent different types of grains (from dent to yse and manipulation. Once a transformed plant is selected, the
flint) and precocity (from early to late). All are hybrids except F1444.  transgenic locus is transferred through back-crosses to different

Kerel Dissection and DNA Isolation.Kernels from each cultivar  gyisting cultivars. Thus, one transformation event can be
were incubated itN-cetyl-N,N,N-trimethylammonium (CTAB) extrac- introduced into many cultivars, giving an isogenic transgenic

tion buffer [20 g/L CTAB; 1.4 M NacCl; 0.1 M tris[hydroxymethyl]- . .
aminomethane (TRIS); 20 mM ethylenediaminetetraacetic acid (EDTA), .cultlvar. For example, the Mon810 event has been introduced

pH 8] for 48 h. Teguments, embryos, and endosperms were separatedt0 the DK512 cultivar, giving the DK513 transgenic cultivar.
from individual kernels. Tissues were lightly ground kit 7 mmsolid It is assumed that the only difference between the original
steel bead in a paint shaker SO-10m Fluid Management (Sassenheimgultivar and the transgenically derived cultivar is the transgene
The Netherlands) for 2 min. Tissues were lyophilized for 24 h, weighed, product. Theoretically, no significant difference would be
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Table 3. DNA Quantity Extracted per 0.1 g of Maize Endosperm or Table 4. Relative DNA Content Ratio of Teguments, Endosperm, and

Embryo Powder from the Cultivar Cergi Embryo to Total Genomic DNA for 10 Cultivars from the Average

Value of Four Independent Kernels
starting material (mg) DNA (ug) cv

endosperm 10 4588 116 tegument endosperm embryo
20 13.725 021 av(®%) SD  av(%) SO av(%) SD
40 13.089 0.08 Anjou 285 1.86 0.76 51.83 342 46.31 377
embryo 15 60.135 0.09 Cergi 1.56 047 5463 322 4380 3.47
3 70.992 0.02 DK512 1.49 043 3627 237 6224 2.78
6 111588 0.25 Fl444 0.64 014 5264 105 4672 0.94
Monumental 2.99 0.88 37.46 2.69 59.55 2.52
Anthares 2.95 0.87  48.86 539 4819 5.09
. . . Chambord 2.03 0.52 59.41 0.75 38.56 0.48
obsgrved in total DNA content per mass unit of these transgenic py,, 1.99 032 4071 2158 5729 2150
cultivars compared to the nontransgenic ones. Naudi 351 078 5257 428  43.92 4.36
Taken together, in the total DNA extracted from a maize DK585 237 062 4215 194 5548 1.48

mixture, the DNA ratio of any specific cultivar, whether it is
transgenic or not, cannot be automatically assumed to be
proportional to the weight ratio of that cultivar in the maize
mixture. Caution should be taken before PCR-based quantifica-
tions of GMOs, which are given as DNA ratios, are converted

Table 5. Calculation of Total Haploid Genome Copies Harboring the
Transgene Locus in 100 ng of Total Genomic DNA of the IRMM's
Mon810-Certified Materials

into weight-to-weight ratios. GMO (%) Ct EmCt EmCt* EnCt EnCt* oy
Optimization of Extraction Procedure for Teguments, 01 367  19.25 9625  19.25 6.41 16.04
Embryos, and Endosperms.To compare the DNA contents 0.5 1925 9625 48125 9625 3208  80.21
in the different tissues of the individual kernels, the DNA ; 333 %35-5 132-55 %35-5 lgg-%g égg-g%
extraction procedure should be finely optimized for each of these s 1005 0625 18125 9625 32083 80208

tissues. DNA extraction efficiency is known to be dependent
on the particle size (13,4). We checked first that our grinding

procedure gives powders made 8100 uM particles for all  c4n pe inaccurate if this buffer extracts the DNA more efficiently
tissues (data not shown). In the second round, we determinediom one tissue powder than from the others. To test this
the optimal quantity of the endosperm and of the embryo powder hypothesis, we used an SDS-based extraction buffer (100 mM
to be extracted. Using the same experimental procedure, WEeTR|S: 50 mM EDTA: 500 mM NaCl: 0.5% SDS: 3.8 g/L
extracted the DNA from increasing amounts of starting en- sogium bisulfite) and the same downstream experimental
dosperm and embryo powder. The total DNA quantity that can ,rqcedure. We have found comparable ratios using this buffer
be extracted from 0.1 g of endosperm or embryo powder was (gata not shown), eliminating the possibility that the CTAB-
calculated, and the results are showrTable 3. based buffer would extract DNA from one tissue powder more
Higher starting quantities of endosperm and embryo powders efficiently than from the others.
were tested and gave lower yields (data not shown). The results, Thys, these results indicate that about half of the total DNA
shown in Table 3, indicate that, using our experimental extracted from the maize kernels originates from the endosperm
extraction procedure, the highest yield would be achieved usingtissue and the other half from the embryo tissue. The en-
around 20 mg of endosperm powder and 6 mg of embryo gosperm’s DNA and the embryo’s DNA are of different natures
powder as starting material. Actually, smaller quantities might g5 the first is made of two maternal haploid genomes and one
have led to lower yields because of a weak carrier effect during paternal haploid genome, whereas the second is made of one
the precipitation, whereas all of the DNA could not be extracted maternal and one paternal haploid genome. Tegument DNA,
efficiently using 1.2 mL of extraction buffer and higher starting \yhich is wholly maternal, can be neglected as it reaches at
amounts of powder. We also have found that all of the material maximum 3.5% of total DNA. These findings have a strong
that was obtained by grinding a kernel's tegument should be jmpjication over GMO quantification. Indeed, certified reference
treated at once (data not shown). materials (CRMs) produced by the IRMM and used for maize
Kernel Tissue DNA Content and Impact on GMO GMO quantification are made of mixtures of non-GMO powder
Quantification. For each cultivar, the DNA of the tegument, and a powder obtained by grinding transgenic hemizygous
endosperm, and embryo of four different kernels was extracted kernels. Using PCR-based quantification would allow, theoreti-
according to the procedure described. Three independentcally, an accurate quantification of only the hemizygous
quantifications were realized for each DNA solution. The total transgenic maize obtained by a comparable pollination event.
DNA content of each of the tissues was calculated according  For Mon810 IRMM'’s certified material, for example, the
to the starting material weight used in the extraction and the transgenic hemizygous kernels were obtained by crossing a
total tissue weight. Average values of a particular tissue’s DNA transgenic male with a nontransgenic female. In PCR-based
to total DNA and standard deviations are givenTiable 4. quantification, 100 ng of total DNA is usually used for the PCR
The average tegument DNA ratio to total DNA ranges from reaction, which corresponds to 38500 haploid genorids. (
0.64 to 3.51%. The endosperm DNA ratio ranges from 36.27% Mon810 IRMM'’s certified material is available as a set of five
for cv. DK512 to 59.41% for cv. Chambord. Finally, the embryo powders containing 0.1, 0.5, 1, 2, and 5% of transgenic material.
ratio varies from 38.56% (Chambord) to 59.55% (cv. Monu- |n 100 ng of DNA extracted from these powders, the total
mental). haploid genome copies harboring the transgene locus (Ct*) can
These results were obtained using a CTAB-based buffer for be calculated for any of these reference powders as shown in
the extraction procedure from the different tissues. CTAB-based Table 5 and using the following formulas:
extraction buffers are the most widely used for GMO quanti-
fications (6. The ratio of a particular tissue’s DNA to total DNA Ct=38500x GMO%
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Table 6. Simulation of GM Content on Different Contamination Situations in Maize Using Mon810-like CRMs

situation 1% of the GM contamination by Ct EmCt EmCt* EnCt EnCt* Ct estimated GMO %
1 hemizygous GM locus from male parent transgenic 385 1925 96.25 1925 64.17 160.42 1
2 hemizygous GM locus from female parent transgenic 385 192.5 96.25 1925 128.33 224.58 14
3 homozygous GM locus 385 192.5 192.5 192.5 192.5 385 24

where Ct is the total genome copies originating from the Table 7. Calculation of Haploid Genome Copies Harboring GM Locus

transgenic kernels; in 100 ng of Total Genomic DNA of 1% Mon810-Certified Reference
Material (IRMM413-3) According to the Percent of DNA Extracted from
EmCt= Ct/2 the Endosperm
where EmCt is the total genome copies issuing from the embryos e“dOSPerT § . . es“”‘atoed
of the transgenic kernel as approximately 50% of the total DNA DPNAratio(%) Ct  EmCt EmCr EnCt EnCt Ct  GMO%
extracted from a kernel originates from the embryo tissue; 36 385 2644 1232 1386 462 1694 106
50 385 1925 9625 1925 64.17 1604 1
EnCt= Ct/2 60 385 154 77 281 77 154 0.96

where EnCt is the total genome copies issuing from the o ) o
endosperm of the transgenic kernehaB0% of the total DNA The overestimation of GMO content in samples might increase

extracted from a kernel originates from the embryo tissue; the risks of sellers, whereas the buyers’ risks are limited.

These results were obtained using the assumption that half

EmCt* = EmCt/2 of the total DNA arises from endosperm cell DNA. However,
in the 10 cultivars studied, we have shown that the endosperm’s

where EmCt* is the total genome copies harboring the transgenepNA to total DNA ratio can range from 36.27 to 59.41%. Still,

and deriving from the embryo's DNA of the hemizygous Table 7 shows that the variation of the percentage of DNA
transgenic kernels; extracted from endosperm found in the present study has only
an insignificant influence on the total genome copies harboring

EnCt* = EnCtx 1/3 the GM locus and therefore on GMO quantification.

where EnCt* is the total genome copies harboring the transgene Taken tog_e_the_r, the results found in this study indicate that
and deriving from the endosperm’s DNA of the hemizygous GMO quantification depends on the nature of the reference
transgenic kernels (Indeed, in Mon810 IRMM's certified material and the nature of the transgenic material present in the

material, the transgenic kernels are hemizygous and Wereanalyzed sample. We have shown that, theoretically, an accurate

obtained using a transgenic male parent that brings only Onedetermination is possible only if these two materials are of the
haploid transgenic genome to the triploid endosperm tissue.);same nature.
and

ABBREVIATIONS USED

Ct* = EmCt* + EnCt* ) -~ ) B
GMO, genetically modified organisms; CRM, certified refer-

where Ct* is the total genome copies harboring the transgene.ence materials; PCR, Polymerase Chain Reaction; CTAB,;
According to this, the total copies genome number containing N-cetyl-N,N,N-trimethylammonium bromide; TRIS, tris[hy-

the transgene can be linearly linked to the GMO% in this droxymethyllaminomethane; EDTA, ethylenediaminetetraacetic

specific IRMM'’s certified material with the following equation: ~ acid; SDS, sodium dodecy! sulfate.

Ct* = 160.41x (GMO%). In the quantification of the Mon810

event GMO content in a given sample, at least three theoretical A\ckNOWLEDGMENT
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