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Abstract
MON810 maize was first commercialized in 1997 and it is one of the most marketed genetically modified crops worldwide. 
Although MON810 maize has been studied extensively, its genetic stability and epigenetics have not been studied very 
well. We used next-generation sequencing to investigate the genetics and epigenetics of the cry1Ab coding region and its 3′ 
flanking genomic region in three different MON810 maize varieties. Genetic characterization of the cry1Ab coding region 
allowed us to identify and quantify several sequence variants. Samples from seeds containing a stacked MON810 event 
had more variants than MON810 single event varieties. Specifically, position 71 of the analyzed region varied in 15 of 600 
samples tested and thus appears to be a mutational hotspot. In addition, position 71 varied at very different frequencies in the 
samples. Epigenetic analysis revealed a low degree of methylation, making it difficult to associate the coding region variants 
with methylation status. In conclusion, the variation in the coding region is either due to the increased age of the seeds from 
the tested maize varieties, which is known to increase the mutation rate, or due to the presence of a second (non-functional) 
cry1Ab fragment in the genome of the MON810 maize variety.

Keywords  Genetic stability · GMO · MON810 · Amplicon sequencing · SNP · Bt maize · Methylation · Bisulfite 
sequencing

Introduction

A high percentage of economically important crops such as 
soybeans, maize, cotton, and canola are transgenic. Insect 
resistance is one of the most frequently marketed GM traits 

worldwide. In 2016, insect resistant maize hybrids were 
cultivated on an area of 53.7 million hectares, which cor-
responds to 88.6% of the farmland used for GM maize. The 
majority of GM maize varieties are stacked events, which 
contain mainly transgenes conferring herbicide resistance 
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and insect resistance [1]. In this work, the term single event 
is used for GM plants containing a single transgene, and 
the term stacked event is used for plants produced via con-
ventional cross-breeding of single events, which results in 
plants with more than one transgene. Next to conventional 
breeding, re-transformation, or co-transformation can be 
used for gene stacking, but these are not addressed in the 
current work. The recombinant cry1Ab-expressing insect 
resistant maize variety MON810 (trade name: Yieldgard®) 
was first commercialized in the US in 1997. It was developed 
by Monsanto to protect maize plants from feeding damage 
caused by the European corn borer (Ostrinia nubilalis), the 
southwestern corn borer (Diatraea grandiosella), and the 
pink borer (Sesamia cretica) [2].

MON810 maize cultivars contain a transgene cassette 
consisting of a 35S promoter derived from the cauliflower 
mosaic virus, an hsp70 intron from a maize heat shock pro-
tein, and a cry1Ab element derived from Bacillus thuring-
iensis (see Fig. 1) [3]. The MON810 event was produced by 
microprojectile bombardment of embryogenic maize tissue 
with a plasmid [4]. This method of transformation can lead 
to multi-copy events [5] with complex integration patterns 
if whole plasmids are used for bombardment (instead of low 
doses of cassette DNA) [6]. Rearranged fragments of the 
full-length transgene with varying copy numbers are fre-
quently detected after bombardment [7]. Rearrangements 
may also be caused by regenerating transformed plants 
through tissue culture [5, 8, 9]. In fact, MON810 shows a 
complex integration pattern because of a truncation event 
that led to the complete loss of the NOS terminator at the 
3′ end of the recombinant cry1Ab gene [10]. The MON810 
transgene also interrupts exon 8 of the putative maize HECT 

E3 ligase gene 8 (on chromosome 5) and has an additional 
insertion [11] with 100% homology to the Zea mays mito-
chondrial genome within the first 44 bp of its 3′ flanking 
region. However, Monsanto [2] stated in their technical 
report that “Southern blot analysis of corn event MON810 
demonstrated that a single functional copy of the cry1Ab 
coding sequence was integrated into the corn genome”. 
Thus, the integration of non-functional fragments of the 
recombinant cry1Ab coding sequence or other parts of the 
transformation vector at additional sites in the genome has 
not been explicitly excluded. Nevertheless, other studies 
assessing the MON810 copy number by real-time PCR and 
digital PCR showed that only one insert is present in the 
genome of different MON810 maize varieties [12, 13]. Fig-
ure 1 shows the MON810 transgene cassette.

Commercialization of a GM crop requires a regulatory 
approval that is usually contingent on a positive safety 
assessment (positive means that the GM crop is considered 
as safe) [14]. Molecular characterization is a crucial part 
of safety assessments and usually relies on the results of 
Southern blot analysis and Sanger sequencing. It is used 
to determine the copy number and function of the insert, 
transgene stability and integrity, the DNA sequence of the 
insert and the flanking genomic regions, as well as the gen-
eral characteristics of the introduced trait and possible inter-
actions among stacked transgenes [15, 16]. However, while 
genetic stability of the transgenic locus has to be verified 
in single events (over five generations), it is sufficient for 
stacked events to establish that the integrity of authorized 
single events has been preserved [15].

We know from earlier investigations of MON810 maize 
that the coding region of the MON810 cry1Ab gene has a 

SNP 
position 
71 

180 bp target region for 
genetic characterization 

Mt DNA   
(45 bp) 

3`FR 5`FR P-e35S hsp70 Cry1Ab 

345 bp target region for 
methylation analysis 

Fig. 1   Illustration of the genetic elements of the MON810 transgene 
cassette and the analyzed regions. The integrated transgene cassette 
consists of the constitutive 35S promoter from the cauliflower mosaic 
virus, the hsp70 intron, and a truncated cry1Ab coding sequence. 
The 180-bp target region (Amplicon-3m810fw + rev; marked with 

arrows), which was selected for genetic characterization, ranges from 
the cry1Ab element to the mitochondrial (Mt) DNA in the 3′ flank-
ing region (3′FR). The frequently detected variant at position 71 lies 
within this 180-bp target region. The 345-bp target region (Meth F 
fw + rev) was used for methylation analysis



1475European Food Research and Technology (2018) 244:1473–1485	

1 3

variant (a heterozygous C → T transition at position 71) in 
a few samples of the stacked MON810 variety 4421VT3, 
but investigations of a MON810 single event did not reveal 
any variants [17, 18]. The influence of gene stacking on the 
genetic stability of transgenic inserts remains unclear. There-
fore, we have analyzed three other MON810 commercial 
varieties to improve the safety assessment of MON810 and 
to investigate the impact of transgene stacking in recently 
detected variants. In this study, we focused on the molecular 
characterization of the cry1Ab coding region by NGS. We 
employed amplicon sequencing for the detection and quan-
tification of very low-frequency variants, as well as to more 
accurately characterize specific genomic regions [19]. In 
addition, we used conventional PCR to determine the zygo-
sity of the MON810 insert and to gain a better understanding 
of its genetic structure. We also investigated the methyla-
tion patterns in the cry1Ab coding region. 5-methylcytosine 
resulting from the methylation of cytosine is an important 
epigenetic mechanism and very common in eukaryotes [20]. 
Therefore, we hypothesized that this epigenetic regulatory 
mechanism could be linked to the observed genetic insta-
bility in that region. We used bisulfite sequencing, which 
is considered to be the “gold standard” method for DNA 
methylation studies, to assess the link between DNA meth-
ylation and the frequent occurrence of C → T transitions in 
the cry1Ab coding region [21].

Materials and methods

Biological materials

Three maize varieties were analyzed: hybrid 631RR2/Bt, 
hybrid DKB 350YG, and a third MON810 hybrid (name 
not specified). Hybrid 631RR2/Bt (Croplan Genetics®) 
is a stacked event (single cross hybrid) with the unique 
identifier MON-ØØ6Ø3–6 x MON-ØØ81Ø-6. It contains 
two transgenes, a herbicide resistance transgene (event 
NK603, trade name: Roundup Ready), and an insect 
resistance transgene (event MON810, tradename: Yield-
gard). NK603 enables resistance against the herbicide 
Roundup. MON810 produces a toxin (Cry1Ab, derived 
from Bacillus thuringiensis) against lepidopteran insects. 
Each transgene of the stacked event is located on a differ-
ent chromosome. Hybrid 631RR2/Bt was obtained from 
the US market (Indiana, 2005) and the hybrid seeds were 
used for our analyses. DKB 350YG and the unspecified 
MON810 hybrid are single events, each containing the sin-
gle transgene MON810 with the unique identifier MON-
ØØ81Ø-6. DKB 350YG (Dekalb Brasil®) was obtained 
from the Brazilian market in 2013. The unspecified 
MON810 variety was obtained from Germany in 2008. 
Genomic DNA was extracted from 200 individual maize 

grains from the unspecified MON810 variety, the 631RR2/
Bt variety, and the DKB 350YG variety, respectively.

Extraction of genomic DNA

Maize grains were individually homogenized with a 
household garlic crusher. Then, 150 mg of the homog-
enized grains was incubated (o/n) with a mixture of 820 µL 
of TNE buffer [10 mM Tris (pH 8), 150 mM NaCl, 2 mM 
EDTA (pH 8), 1% SDS], 150 µL of 5 M guanidine HCl, 
and 30 µL of proteinase K (600 µg/mL) at 60 °C under 
constant shaking. Next, the mixture was centrifuged for 
5 min at 16,100×g. Then, 300 µL of chloroform (99%) 
was added to 600 µL of the supernatant and the mixture 
was vortexed for 20 s. Then, the mixture was centrifuged 
at 16,100×g for 8 min to separate the phases and 500 µL 
of the aqueous phase was transferred into a new tube. Two 
microliters of RNAse (8 µg/mL) was added to the aqueous 
phase and the mixture was incubated at 60 °C for 30 min 
under constant shaking. The extracted DNA was purified 
using the Wizard DNA Clean-up System (Promega). After 
a pre-elution with 20 µL of ddH2O, the DNA was eluted 
with 10 mM Tris buffer (pH 7.4, 70 °C) for 10 min. The 
eluted DNA was immediately stored at − 20 °C.

DNA quality check

Agarose gel electrophoresis, as well as spectrophotometry, 
were used to assess DNA quality. DNA samples and Quan-
titas DNA Marker (Biozym) were loaded onto a 1% w/v 
agarose gel containing ethidium bromide and were then 
run for 23 min (140 V, 400 mA, 100 W). Afterwards, the 
gel was viewed under UV light using a Chemi XRS Gel 
documentation system (Bio-Rad). Samples with clear and 
sharp bands in the upper region of the gel were considered 
acceptable. DNA from these samples was then measured 
with a Nanophotometer (Implen). DNA sample purity was 
assessed using the 260/280 absorbance ratio. Samples with 
a ratio between 1.75 and 1.90 were used for additional 
analyses.

DNA quantitation

DNA concentrations were measured using a Qubit® 2.0 
Fluorometer (Life Technologies) with a Qubit® dsDNA BR 
Assay Kit (Life Technologies). The instrument uses fluores-
cent dyes that bind to specific target molecules to determine 
the concentration of nucleic acids. Therefore, quantitation 
by the Qubit® 2.0 Fluorometer method is more sensitive than 
the widespread UV absorbance method [22].
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PCR‑based zygosity testing

MON810 zygosity was determined by adapting a PCR-based 
testing method developed by Liu and Chen [23]. Three prim-
ers (HECTExfwd, CRYfwd, and HECTupRev3, see Table 3) 
[11] were used to identify the degree of MON810 zygosity 
in the maize samples. The primer pair HECTExfwd/HEC-
TupRev3 was used to detect the wild type (no MON810 
transgene). CRYfwd and HECTupRev3 were used to identify 
the 3′-border region of MON810 in genomic and transgenic 
DNA (in a hemizygous or homozygous state). Maize sam-
ples that are homozygous for MON810 will produce only 
the MON810-specific CRYfwd/HECTupRev3 fragment 
and not the wild-type fragment. Samples without MON810 
will produce only the wild-type HECTExfwd/HECTupRev3 
fragment. Samples that are hemizygous for MON810 will 
produce both the wild type and MON810 fragments.

The PCR was performed using genomic DNA as a tem-
plate. Each 20 µL reaction contained 4 µL of 5X Green 
GoTaq® Reaction Buffer (Promega), 250 nM of each forward 
primer, 500 nM of the reverse primer, 250 µM of each deox-
ynucleoside triphosphate (dNTP), 1.5 U of GoTaq® G2 DNA 
Polymerase (Promega), and 60 ng of DNA. A Mastercycler® 
(Eppendorf) was used for this analysis. The temperature pro-
file is shown in Table 1.

The commercial hybrid NK603 AG8025 was used as a 
negative control (producing only the wild-type band) and 
the commercial hybrid PR33P67 (Pioneer Hi-Bred), which 
contains the MON810 trait in a hemizygous state, was used 
as a positive control (producing two bands, one for MON810 
and one for the wild type).

SNP genotyping using high‑resolution melting 
analysis

The first step of high-resolution melting (HRM) analysis 
uses real-time PCR to amplify the target sequence [24]. Each 
16 µL reaction used the Type-it HRM PCR Kit (Qiagen), 
8 µL master mix, 700 nM primers, and 1.6 µL of diluted 
DNA (40 ng/µL) template. HRM analysis was performed 
on a Rotor-Gene Q instrument (Qiagen) with a tempera-
ture ramping rate of 0.2 °C per 4 s. The initial and final 

temperatures were 80 and 92 °C. The thermocycling profile 
used is shown in Table 2. The melting curves and the tem-
perature-shifted curves were normalized to enable sample-
to-sample comparisons. Modified curves and HRM scores 
were obtained using the Rotor-Gene Q series software (ver-
sion 2.0.2.4, Qiagen). After normalization, the normalized 
and temperature-shifted melting curves were used to derive 
the final curve. One sample (per run) was selected as a ref-
erence genotype (HRM score of 100%) for the difference 
plot. The software compared the melting curves between the 
samples and the reference and generated confidence intervals 
relative to the selected genotype.

To identify samples with sequence variations in the 
180 bp target sequence (Fig. 1), 600 genomic samples con-
taining the MON810 insert were screened by HRM analysis. 
Amplicons with sequence variations have different melting 
curve shapes and, therefore, lower HRM scores, which ena-
bles the identification of DNA samples containing these 
variations. Each variety was tested separately and a maxi-
mum of 70 genomic DNA samples was analyzed per run 
(one replicate per run). Every run was repeated on a differ-
ent day. The mean of the HRM scores was calculated, and 
in each run, the seven samples with the lowest HRM scores 
and the reference sample (with an HRM score of 100%) 
were selected for amplicon sequencing. In total, 24 samples 
of each variety were sequenced. We have described the use 
of HRM analysis for variant detection several times [17, 25, 
26].

Amplicon sequencing

Amplicon paired-end sequencing of the 180 bp target region 
(Fig. 1) was performed to characterize samples with low 
HRM scores in detail. Deep sequencing of amplicons (PCR 
products) enables the detection and quantification of very 
low-frequency variants (even frequencies of 1% are detecta-
ble), as well as accurate characterization of specific genomic 
regions [19].

The 16S Metagenomic Sequencing Library Prepara-
tion protocol [27] and the protocol of Dobrovolny et al. 
(2018, under review) were modified to sequence amplicons 
on an Illumina MiSeq sequencer. According to the 16S 

Table 1   Thermal cycling profile of the PCR zygosity experiment

Cycle step Temperature 
(°C)

Time Number 
of cycles

Initial denaturation 94 10 min
Denaturation 94 30 s 30
Annealing 54 60 s
Extension 72 60 s
Final extension 72 8 min

Table 2   Thermal cycling profile of the HRM analysis experiment

Cycle step Temperature (°C) Time Number 
of cycles

Initial denaturation 95 5 min
Denaturation 95 10 s 40
Annealing 55 30 s
Extension 72 20 s
HRM 80–92 + 0.2 °C every 4 s
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Metagenomic Sequencing Library Preparation protocol 
[27], Illumina overhang adapter sequences were added to 
the MON810 coding region primer sequences [18] to gen-
erate amplicon primers (Amplicon-3m810fw and Ampli-
con-3m810rev). All primers used in this work are listed in 
Table 3. Amplicon PCR was performed in a thermal cycler 
(Eppendorf) to amplify the region of interest. Then, 2.5 µL 
of genomic DNA (5 ng/µL), 5 µL of each primer (1 µM) 
(Amplicon-3m810fw and rev, see Table 3), and 12.5 µL of 
HotStarTaq Master Mix (Qiagen) were used to set up the 
reaction. The temperature profile of the amplicon PCR is 
shown in Table 4.

Subsequently, amplicon PCR products were purified 
using AMPure XP beads to eliminate free primers and 
primer dimers. Index PCR was used to attach dual indices 
and sequencing adapters to the purified amplicons. Each 
index PCR reaction contained 5 µL of purified PCR ampli-
con product, 5 µL of each primer [Nextera XT Index Primers 
1 and 2 (Illumina)] [28], 25 µL of HotStarTaq Master Mix 
(Qiagen), and 10 µL of ddH2O. The thermal cycler profile 
used for index PCR is shown in Table 4. A second clean-up 
step was performed on the PCR products and the purified 
products were quantified using the Qubit® 2.0 Fluorometer 

(Life Technologies). Depending on the size of the DNA 
amplicon, products were diluted with 10 mM Tris (pH 8.5) 
to a 4 nM concentration. Five microliters of each diluted 
sample was pooled together, and 5 µL of this pool was com-
bined with 5 µL 0.2 N NaOH and incubated for 5 min at 
room temperature to denature the DNA. The denatured DNA 
was diluted with 990 µL of pre-chilled HT1 buffer and the 
resulting 20 pM denatured library was stored at − 20 °C 
until sequencing. For amplicon sequencing, 2 µL of the 
20 pM denatured library was spiked into a whole bacterial 
genome sequencing run (300 bp paired-end sequencing) 
using the MiSeq Reagent Kit v3 (Illumina). Sequencing data 
were evaluated using the CLC Genomics Workbench version 
10.1.1 (Qiagen).

Bisulfite sequencing

For bisulfite sequencing, 24 selected DNA samples (see 
section “Methylation status in the coding region of the 
MON810 cry1Ab gene”) were bisulfite-converted and puri-
fied using the EpiTect® Bisulfite Kit (Qiagen) according 
to the manufacturer’s protocol. Next, amplicon sequenc-
ing was performed as described above (section “Amplicon 
sequencing”). Only the amplicon PCR primers, reagents, 
and PCR temperature profiles were different. For amplicon 
PCR with bisulfite-converted samples, a specific primer pair 
targeting the coding region of the MON810 cry1Ab gene 
was designed using Kismeth [29] and Illumina overhang 
adapter sequences [27] were added to the primer sequences. 
The resulting primers are depicted in Table 3 (Meth F fw 
and Meth F rev). Each 25 µL amplicon PCR reaction mix-
ture contained 50 ng of bisulfite-converted DNA, 5 µL of 
5X Colorless GoTaq® Buffer (Promega), 0.625 µL of each 
primer (10 µM) (Meth F fw and Meth F rev, see Table 3), 
250 µM of each dNTP, and 1.875 U of GoTaq® Hot Start 

Table 3   Primers used in this work

Primer Sequence

HECTExfwd 5′-TCA​ATC​ATC​AAA​GCA​TCA​TCG-3′ [11]
CRYfwd 5′-TCT​TCA​CGT​CCA​GCA​ATC​AG-3′ [11]
HECTupRev3 5′-TTT​GGG​AAG​GAA​AAG​GTA​TC-3′ [11]
Amplicon-3m810fw 5′-TCG​TCG​GCA​GCG​TCA​GAT​GTG​TAT​AAG​AGA​CAG​CCA​AGC​ACG​AGA​CCG​TCAA-3′ modified after [18]
Amplicon-3m810rev 5′-GTC​TCG​TGG​GCT​CGG​AGA​TGT​GTA​TAA​GAG​ACA​GGC​TCG​CAA​GCA​AAT​TCG​GAA​-3′ modified after 

[18]
Nextera XT Index 1 Primers [28]
Nextera XT Index 2 Primers [28]
Meth F fw 5′-TCG​TCG​GCA​GCG​TCA​GAT​GTG​TAT​AAG​AGA​CAG​GGY​GAY​GAT​GTG​TTY​AAG​GAG​AA-3′
Meth F rev 5′-GTC​TCG​TGG​GCT​CGG​AGA​TGT​GTA​TAA​GAG​ACA​GAA​ARC​CAA​ACT​CAR​ATR​AAT​CAAAA-3′
AmpliconATP1-1 fw 5′-TCG​TCG​GCA​GCG​TCA​GAT​GTG​TAT​AAG​AGA​CAG​TGA​AYG​AGA​TTY​AAG​YTG​GGG​AAA​TGG​T-3′ modi-

fied after [30]
AmpliconATP1-1 rev 5′-GTC​TCG​TGG​GCT​CGG​AGA​TGT​GTA​TAA​GAG​ACA​GCC​CTC​TTC​CAT​CAA​TAR​RTA​CTC​CCA​-3′ modified 

after [30]

Table 4   Thermal cycling profile of the amplicon PCR and the index 
PCR

Cycle step Temperature (°C) Time Number of cycles

Initial denaturation 95 15 min
Denaturation 95 30 s 40 for amplicon 

PCR
8 for index PCR

Annealing 62 for amplicon 
PCR

55 for index PCR

30 s

Extension 72 30 s
Final extension 72 10 min
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DNA Polymerase (Promega). Amplicon PCR products were 
purified as described in the “Amplicon sequencing” section. 
The purified amplicons were used as templates for index 
PCR. Each 50 µL index PCR reaction contained 5 µL of 
purified amplicon PCR product, 5 µL of each primer [Nex-
tera XT Index Primers 1 and 2 (Illumina)], 10 µL of 5X 
Colorless GoTaq® Buffer (Promega), 3.75 U of GoTaq® 
Hot Start DNA Polymerase (Promega), and 250 µM of each 
dNTP. Thermal cycling temperature profiles are shown in 
Table 5. Afterwards, the index PCR samples were treated 
as described in the “Amplicon sequencing” section. CG, 
CHG, and CHH methylation patterns were analyzed and 
displayed using the CLC Genomics Workbench version 
10.1.1 (Qiagen).

Bisulfite conversion frequency

To determine the bisulfite conversion rate, a universal 
endogenous control gene developed by Wang et al. [30] was 
used. Illumina overhang adapter sequences were added to 
the sequences specific to the endogenous ATP1-1 control 
gene. The resulting primers are shown in Table 3 (Ampli-
conATP1-1 fw and rev). Amplicon PCR and index PCR 
were set up, as described in “Amplicon sequencing” section, 
and differed only by the specific primers used. The thermal 
cycler temperature profiles for amplicon PCR and index 
PCR are shown in Table 6. After index PCR, control samples 
were treated as described in “Amplicon sequencing” section. 

The bisulfite conversion frequency was calculated using the 
CLC Genomics Workbench version 10.1.1 (Qiagen).

Results

Genetic characterization of the MON810 cry1Ab 
coding region

First, we screened all samples by HRM analysis to detect 
mutations in the 180 bp target region. The mean of the HRM 
scores of two HRM runs was calculated and the samples 
with the lowest mean HRM scores as well as the reference 
samples were chosen for amplicon sequencing (a total of 
72 samples, 24 of each variety). The mean HRM scores of 
these samples are presented in Table 7. Next, the 3′ flanking 
region of MON810 was analyzed for sequence variations by 
amplicon sequencing. Insert Table 7.

The 72 sequenced samples (Table 7) generated between 
5308 and 26,990 sequencing reads. All sequenced samples 
passed a quality filter (trimming) to eliminate sequencing 
errors. Thereby, between 0 and 289 reads were removed for 
each sample. Reads were mapped to the reference sequence 
and the CLC Variant Detector was used for SNP calling. The 
minimum variant frequency was set to 1% to prevent false-
positive variants due to sequencing signal noise. Table 7 
gives an overview in which of selected samples variations 
were detected. Seventeen of the 72 sequenced samples had 
a variant in the coding region of MON810 cry1Ab with a 
minimum variant frequency of 1% (see Fig. 2). Fifteen of the 
17 samples with a variant harbored the previously described 
variant (T instead of C) at position 71 of the analyzed region. 
However, the frequency of the variant at position 71 ranged 
from 1.2 to 53.2%. 631RR2/Bt samples 63, 68, 74, and 207 
had the highest frequencies of variant 71 (31.7, 53.2, 52.2, 
and 26.8%). Low-frequency (< 2%) transitions were detected 
at positions 39 (C → T), 50 (G → A), 53 (C → T), 71 (C 
→ T), 79 (C → T), 83 (C → T), and 91 (G → A). Of the 17 
samples with a variant, 14 were derived from the stacked 
MON810 event (631RR2/Bt), two were from the unspecified 
(single event) MON810 variety, and one was from the (sin-
gle event) hybrid DKB 350YG. An overview of the results 
from the SNP analysis is depicted in Table 8.

Taken together, noticeably, more samples from the 
stacked MON810 event (631RR2/Bt) had a variant in the 
cry1Ab coding region and at higher frequencies compared 
to samples from the single event varieties (DKB 350YG 
and the unspecified MON810 variety). The variant frequen-
cies of samples from sequenced single events were < 2%, 
whereas the samples from the stacked event variety had 
variant frequencies up to 53.2% (see Table 8). Furthermore, 
the heterozygous variant at position 71 (C → T) was the 
most common variant in all of the tested samples and had 

Table 5   Thermal cycling profile of the amplicon PCR and the index 
PCR with bisulfite-converted samples

Cycle step Tempera-
ture (°C)

Time Number of cycles

Initial denaturation 94 10 min
Denaturation 94 30 s 40 for amplicon PCR

8 for index PCRAnnealing 50 30 s
Extension 72 45 s
Final extension 72 10 min

Table 6   Thermal cycling profile of the Amplicon PCR and the Index 
PCR for the endogenous gene control

Cycle step Tempera-
ture (°C)

Time Number of cycles

Initial denaturation 95 15 min
Denaturation 95 30 s 35 for amplicon PCR

8 for index PCRAnnealing 54 30 s
Extension 72 45 s
Final extension 72 10 min
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the highest variant frequencies (between 1.2 and 53.2%). 
The cytosine-to-thymine transition at position 71 does not 
lead to an amino acid change (silent mutation) [17] and the 
low-frequency variants at positions 50, 53, and 83 are also 
silent mutations. In contrast, the low-frequency variants at 
positions 39, 79, and 91 result in amino acid changes. The 
C → T transition at position 39 results in the translation 

of a phenylalanine (F) instead of a leucine (L), the C → T 
transition at position 79 leads to a valine (V) instead of an 
alanine (A), and the G → A transition at position 91 results 
in an arginine (R) instead of a histidine (H). It was striking 
that all variants were either C → T or G → A transitions. C 
→ T transitions are very frequent at 5-methylcytosine sites. 
This is because deamination of 5-methylcytosine leads to 
thymine, which is not recognized by the enzyme uracil-DNA 
glycosylase and, therefore, not repaired [31]. This prompted 
us to investigate the methylation status of this region.

Methylation status of the MON810 cry1Ab coding 
region

Bisulfite sequencing was used to investigate the meth-
ylation status of the MON810 cry1Ab coding region in 
detail. The bisulfite-sequenced region was 345 bp, which 
included the 180 bp region used for SNP characteriza-
tion (Fig. 1). Position 71 of the 180 bp fragment appears 
to be a mutational hotspot, which prompted our detailed 

Table 7   Results of HRM analysis and amplicon sequencing

The mean values of the obtained HRM scores are shown. Low HRM scores indicate mutations
*By amplicon sequencing

631RR2/Bt 
samples

Mean HRM 
score (%)

SNP detec-
tion*

DKB 350YG 
samples

Mean HRM 
score (%)

SNP detec-
tion*

Unspecified 
MON810 samples

Mean HRM 
score (%)

SNP 
detec-
tion*

82 4.07 ✓ 242 52.74 ✗ 22 23.51 ✗
130 28.93 ✓ 136 56.24 ✗ 282 38.62 ✗
68 51.05 ✓ 66 56.73 ✗ 296 49.56 ✗
74 51.61 ✓ 185 66.18 ✗ 46 50.11 ✗
117 54.28 ✓ 187 66.33 ✗ 41 53.12 ✗
121 60.35 ✓ 190 69.01 ✗ 40 54.53 ✗
35 64.80 ✗ 216 70.03 ✗ 34 55.82 ✓
129 64.82 ✓ 191 71.34 ✗ 44 55.98 ✗
207 64.92 ✓ 181 72.61 ✗ 5 57.31 ✓
81 67.02 ✓ 194 74.73 ✗ 323 60.10 ✗
72 68.68 ✓ 48 75.71 ✓ 234 61.94 ✗
1 69.35 ✗ 163 75.83 ✗ 116 62.61 ✗
120 69.82 ✓ 184 76.12 ✗ 206 63.07 ✗
41 70.13 ✗ 186 76.39 ✗ 187 63.12 ✗
63 70.49 ✓ 138 76.59 ✗ 269 66.82 ✗
205 79.58 ✗ 141 76.70 ✗ 126 68.58 ✗
182 80.22 ✗ 219 78.23 ✗ 319 68.79 ✗
206 81.48 ✗ 155 78.29 ✗ 435 77.24 ✗
158 83.35 ✗ 126 79.10 ✗ 444 77.57 ✗
181 83.77 ✓ 189 80.50 ✗ 446 82.82 ✗
201 84.12 ✓ 54 89.00 ✗ 402 83.26 ✗
39 100.00 ✗ 123 100.00 ✗ 14 100.00 ✗
108 100.00 ✗ 253 100.00 ✗ 276 100.00 ✗
173 100.00 ✗ 225 100.00 ✗ 292 100.00 ✗

631RR2/Bt (stacked
variety)
DKB 350YG (single
event)
Unspecified MON810
variety (single event)

Fig. 2   Distribution of samples with a sequence variant in the 
MON810 cry1Ab coding region. The stacked variety 631RR2/Bt had 
the highest variant frequency
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investigation of its methylation status. In total, eight sam-
ples of each variety were bisulfite-sequenced. For variety 
631RR2/Bt with stacked transgenes, four samples with a 
high frequency of variants at position 71 and four sam-
ples without any nucleotide variations were selected for 
bisulfite sequencing. Only samples without variants were 
chosen for methylation analysis from the DKB 350YG and 
unspecified MON810 varieties. The analyzed samples gen-
erated between 4612 and 49,062 reads. A maximum of two 
reads was removed via quality trimming for each sample. 
Bisulfite reads were mapped to the reference sequence. 
Methylation levels were quantified using the Bisulfite 
Sequencing tool of the CLC Genomics Workbench (ver-
sion 10.1.1). The analyzed region (excluding primer 
regions) included 25 cytosines in CpG motifs, 22 cytosines 
in CHG (where H is an A or T) motifs and 71 cytosines in 
CHH (where H is any base other than G) motifs. Overall, 
the average methylation level of the 24 bisulfite-sequenced 
samples was low (0.83% overall methylation, with 0.86% 
CpG, 0.78% CHG, and 0.86% CHH). The bisulfite conver-
sion frequency averaged 97.9%. Figure 3 shows the meth-
ylation levels for each individual variety.

To determine if DNA methylation differed significantly, 
we compared the methylation levels in the different motifs 
(CpG, CHG, and CHH)

1.	 among the three different varieties (631RR2/Bt, DKB 
350YG and the unspecified MON810 variety);

2.	 between 631RR2/Bt samples with a high-frequency vari-
ant and 631RR2/Bt samples without a variant.

In addition, we compared the methylation levels exclu-
sively at position 71 (a CHH motif) between 631RR2/Bt 

Table 8   Overview of detected 
variants in the three tested 
varieties

The upper column shows the position and type of variant. Frequencies of the different variants are depicted 
in %

SNP 39 (C 
→ T)

SNP 50 (G 
→ A)

SNP 53 (C 
→ T)

SNP 71 (C → T) SNP 79 (C 
→ T)

SNP 83 (C 
→ T)

SNP 91 
(G → 
A)

631RR2/Bt 
samples

 63 – – – 31.71 – – –
 68 – – – 53.15 – – –
 72 – – – 6.15 – – –
 74 – – – 52.24 – – –
 81 – – – 4.27 – – –
 82 – – 1.42 1.16 – – –
 117 – – – 2.61 – – –
 120 – – – 1.28 – – –
 121 1.11 1.24 – 1.68 – – –
 129 – – – 1.74 – – –
 130 – – – 12.68 1.26 – –
 181 – – – – – 1.17 –
 201 – – – 1.78 – – –
 207 – – – 26.80 1.25 – –

DKB 350YG samples
 48 – – – – – – 1.46

Unspecified MON810 samples
 5 – – – 1.60 – – –
 34 – – – 1.87 – – –

0.00

0.50

1.00

1.50

2.00

2.50

CpG CHG CHH

631RR2/Bt

Unspecified MON810
variety
DKB 350YG

%
 o

f m
et

hy
la

�o
n 

Fig. 3   Cytosine methylation levels in the cry1Ab coding region and 
the 3′ flanking region among the three tested MON810 maize vari-
eties. The levels of cytosine methylation were measured in the CG, 
CHG, and CHH motifs. Vertical bars show the positive standard devi-
ation
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samples with a high-frequency variant and 631RR2/Bt sam-
ples without a variant.

There were no statistically significant differences among 
the three different varieties (ANOVA, p ≤ 0.05). No signifi-
cant differences were detected between the tested 631RR2/
Bt samples either (ANOVA, p ≤ 0.05). Interestingly, the 
methylation status of the analyzed region was not correlated 
with the presence or the absence of sequence variants. To 
gain a better understanding of the genetic structure of the 
MON810 locus, the insert zygosity was investigated in the 
three different varieties (631RR2/Bt, DKB 350YG, and the 
unspecified MON810 variety).

MON810 zygosity

MON810 hybrid maize grains can have different genetic 
structures: hemizygous (produced by a transgenic male 
or female parent) or homozygous at the transgenic locus 
[32]. If the genetic structure is homozygous at the transgene 
locus, it would theoretically be possible to detect two differ-
ent alleles for every nucleotide position of MON810 (one 
maternal and one paternal). Since we discovered different 
alleles in our samples, MON810 zygosity was determined by 
conventional PCR as described in the “Materials and meth-
ods”. Overall, 20 samples of each variety were investigated 
to identify the MON810 insert zygosity. All samples ana-
lyzed produced two bands on the agarose gel, the wild-type 
band, and the MON810-specific band, which means that 
they were hemizygous for the transgene locus. Therefore, 
we assumed that all of the analyzed F1 seeds from 631RR2/
Bt, DKB350YG, and the unspecified MON810 variety were 
hemizygous for the MON810 insert.

Conclusions and discussion

Although there are already studies describing the molecu-
lar characterization of MON810 maize [10–12, 17, 18, 
33–37], the complex integration pattern of the MON810 
event [10, 11], recent SNP findings in commercial MON810 
maize [17], and a fragile 45S rDNA phenotype in a stacked 
MON810 variety [36], as well as its frequent use world-
wide [1], clearly indicate that MON810 maize varieties war-
rant further investigation. Currently, NGS is the method of 
choice for a detailed molecular characterization of transgenic 
events. NGS has many advantages over traditional Southern 
blot analysis; for example, NGS is much better at identify-
ing incomplete and multiple integration events in complex 
regions [16, 38].

Deep sequencing of amplicons from the cry1Ab coding 
region and its flanking region verified the frequent pres-
ence of a heterozygous C → T transition at position 71, 
which was reported previously [17]. In contrast to our earlier 

study [17], NGS was used, and therefore, it was possible to 
quantify the frequencies of this variant. Additional maize 
varieties were also analyzed, allowing us to directly com-
pare the variant frequencies between the different varieties 
and between single and stacked events. We observed more 
samples with coding region variants and much higher vari-
ant frequencies in the stacked MON810 event (631RR2/Bt) 
than in the single events (DKB 350YG and the unspecified 
MON810 variety). The occurrence of a T at position 71 was 
up to 53% in samples from variety 631RR2/Bt compared 
to < 2% in samples from the unspecified MON810 variety. 
Thus, the occurrence of sequence variants differs markedly 
between single and stacked events. Whether the stacking of 
transgenes alone is the reason for the increased mutation 
rate in the tested stacked event has to be clarified in further 
experiments. Possibly, other factors (e.g., age of the seeds) 
may contribute to genetic differences as well.

Interestingly, all identified variants were either C → T or 
G → A transitions. Furthermore, four of the seven identified 
variants depicted in Table 8 were silent mutations. These 
were located at the third position of the codon, which is 
known to be degenerated. Many amino acids are encoded 
by more than one codon. Such codons are called synony-
mous codons [39]. Although synonymous codons encode 
the same amino acid, codon usage is not random. Codon 
usage influences gene expression levels, protein folding, and 
protein cellular function [39, 40]. Thus, also silent mutations 
can have huge impact on proteins. The recombinant cry1Ab 
toxin of MON810 maize seems to be significantly stronger 
expressed compared to natural cry1Ab toxins due to modi-
fied codon usage prior to transgene insertion [41]. Protein 
folding and toxin activation may also be influenced in the 
recombinant cry1Ab toxin due to modified codon usage, but 
also because of major changes on the DNA level [42]. Syn-
onymous codon usage patterns can vary markedly among 
genomes, but also within a genome. The evolutionary pres-
sure on codon bias is explained by selection for translational 
efficiency, GC mutational bias, and by mRNA secondary-
structure stability [40]. Cry genes are AT-rich compared to 
endogenous plant genes. This preference can lead to seri-
ous problems such as low expression if a cry gene becomes 
inserted into a plant organism. To enable stable and strong 
transgene expression, codon optimization is commonly 
performed prior to transgene insertion [43]. This was also 
performed for the cry1Ab gene; several A and T nucleotides 
were replaced by C and G nucleotides, which are preferred 
codon endings in Zea maize [41, 44]. In view of this, it was 
remarkable that the variants we have detected are only A 
and T variants, which does not reflect the distribution of 
nucleotides in the Z. mays background.

Another important result from our study is the determi-
nation of the zygosity of the MON810 transgene. We found 
that the transgenic locus was hemizygous in all three tested 
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varieties. This means that the analyzed maize grains inher-
ited the transgene only from one parent (a transgenic male 
or female parent). We detected two alleles at single nucleo-
tide positions of the MON810 transgene in individual maize 
grain samples. If the maize varieties were homozygous at the 
transgene locus, it would theoretically be possible to detect 
two different alleles at single nucleotide positions. Given 
the fact that the analyzed maize grains were hemizygous 
for the transgene locus, somatic mutations might explain 
the identification of two alleles at single positions in the 
MON810 transgene. Moreover, it has to be noted that every 
single seed of an ear is an independent event [45]. Thus, a 
mutation in pollen grain or ovule might also be the cause of 
the observed mutations. Moreover, in many plant species, 
genetic mutations and changes in chromosome structure 
in embryo meristems increase as the seeds age. The muta-
tion rate can increase substantially in later developmental 
phases (seed senescence) [46]. Since we analyzed older 
maize grains, this may have influenced the sequence varia-
tions that we observed.

The identification of two alleles at single positions of the 
MON810 transgene may also be explained by the existence 
of a second (possibly only partial) copy of the recombinant 
cry1Ab gene, which contains a thymine instead of a cytosine 
at position 71. A BLAST search of the primer sequences 
(Amplicon-3m810fw and rev) used for SNP characteriza-
tion revealed that the reverse primer can also bind to maize 
mitochondrial DNA. This is because the last base of the 
transgene and the first 44 bp of the 3′ flanking region of 
MON810 are 100% homologous to maize mitochondrial 
DNA (see Fig. 1). This additional, most-likely unintended, 
insertion of mitochondrial DNA has become a functional 
part of the cry1Ab coding region since it contains the stop 
codon for the cry1Ab gene. However, the forward primer can 
only bind to the cry1Ab coding region, so it can be assumed 
that this primer pair is specific to only one locus in the 
MON810 varieties’ genomes (providing that no other copies 
are present). Monsanto states that only one functional copy 
of the cry1Ab gene is present in the maize genome and other 
studies confirmed the presence of only one MON810 insert 
in the MON810 maize genome [12, 13]. Nevertheless, since 
particle bombardment frequently results in variable copy 
numbers of rearranged transgene fragments [7], it is possible 
that small non-functional fragments of the cry1Ab coding 
sequence coupled to the mitochondrial DNA sequence are 
also contained in the MON810 maize genome and that these 
fragment(s) have been overlooked until now. Mandatory 
transgene characterization might be complicated by these 
sequence variations. Consequently, transgene presence and 
frequency may be underestimated [47].

Most remarkably, position 71 of the cry1Ab sequence 
seems to be a mutational hotspot in at least three MON810 
maize varieties (631RR2/Bt, the unspecified MON810 

variety, and variety 4421VT3 [17]). Mutational hotspots 
can arise through the pro-mutagenic activities of cytosine 
modifications such as methylation, deamination, and halo-
genation [20]. DNA methylation of cytosine in symmetrical 
CG motifs is the most common methylation pattern in plants. 
However, in plants cytosine can also be methylated at sym-
metrical CHG (H is A or T) or asymmetrical CHH (H is A, 
C or T) sites [30]. Moreover, C → T transitions frequently 
occur at 5-methylcytosine sites because deamination of 
5-methylcytosine leads to thymine, which is not recognized 
by the enzyme uracil-DNA glycosylase and, therefore, not 
repaired [31]. Since all detected variants were either C → 
T or the complementary G → A transitions, we analyzed 
the methylation status of the cry1Ab coding region and its 
3′ flanking genomic region by bisulfite sequencing. How-
ever, the methylation status was very low (0.83% overall 
methylation, of which 0.86% were CpG, 0.78% were CHG, 
and 0.86% were CHH) and no significant differences were 
detected among the varieties or between samples with or 
without variants. Therefore, we conclude that the presence 
of variants in the cry1Ab locus is not influenced by methyla-
tion status.

The methylation status of stacked versus single events 
(MON-89Ø34-3 and MON-ØØ6Ø3-6) was previously inves-
tigated [48] and differences in cytosine methylation levels 
were found in the FMV promoter and cry2Ab2 transgene in 
four Bt-expressing hybrid varieties. Comparing single and 
stacked events in the same genetic background also revealed 
differences in the 35S promoter sequence and the results of 
transgene transcript accumulation levels showed differences 
in both cry1A.105 and cry2Ab2 transgenes among the four 
Bt-expressing hybrid varieties. However, only the methyla-
tion level of the cry2Ab2 transgene differed between single 
and stacked events. Such differences are important for the 
ongoing discussion about whether stacked events should be 
regulated as conventional hybrids or as new GM plants [49]. 
If they are regulated as conventional hybrids, it is sufficient 
to refer to the validation parameters for each individual 
single event. In contrast, if they are regulated as new GM 
plants, the risk assessment has to be repeated with plants 
materials from stacked events.

Spontaneous mutations can occur in all living organisms 
during DNA replication, homologous or intrachromosomal 
recombination, mitosis and meiosis [9, 18]. Furthermore, 
hemizygous DNA architectures show considerably more 
ectopic recombination events compared to homozygous 
DNA architectures, which can lead to severe chromosomal 
rearrangements [50]. In addition, transposable elements and 
repetitive DNA sequences have the ability to alter genomes, 
e.g., create or reverse mutations. Transposable elements can 
also increase gene copy number or even lead to the crea-
tion of new genes through exon shuffling [51, 52]. Moreo-
ver, DNA repeats can cause instabilities via homologous 
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recombination. Mobile elements and repetitive DNA 
strongly influence genome diversity [53]. Due to plasticity, 
plant genomes have the ability to reorganize themselves at 
the DNA level, but also at the chromatin level [54]. It needs 
to be clarified, if transgene stacking increases genetic reor-
ganization, which would mean an increased mutation rate 
compared to the natural mutation rate.

The results of our study support the statement by Wami-
nal et al. [36]: “In the context of genetic engineering, it 
may be useful to note that transformation itself is known to 
be mutagenic, and during plant transformation, each trans-
formation event receives a unique transgene integration 
pattern, and thus, a unique accompanying genomic rear-
rangement. Thus, it is logical to treat each event individu-
ally and uniquely”. We also share the opinion that every 
event should be examined and evaluated separately. Since 
in GM risk assessment, toxicological tests are usually per-
formed with cry proteins purified from laboratory strains 
of bacteria engineered to express cry protein instead of 
using cry proteins extracted from the assessed GM plant 
[42], toxicological relevant issues may be overlooked. 
This is especially relevant when evaluating stacked events, 
which may contain genetic differences in the transgene 
compared to single events. In view of this, we recommend 
a separate assessment for stacked events, which includes 
DNA-sequencing data of the transgenes.

Given our results, we have to clarify, if transgene stack-
ing has an influence on the genetic stability, which would 
justify a separate evaluation of single and stacked events 
in the authorization of GM plants. Furthermore, molecular 
mechanisms responsible for the differences between sin-
gle and stacked events have to be identified. Nevertheless, 
transgene integration processes can have unpredictable 
plant-wide effects on different processes and signaling 
pathways due to the interactions of biological networks 
[55]. These effects can be observed on the genomic, epi-
genomic, transcriptomic, proteomic, or metabolomic lev-
els. To better understand interactions in plant biological 
networks, to improve breeding techniques, and to perform 
adequate risk assessments, it is important to identify and 
investigate such unintended effects.
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