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Abstract The application of gene technology is becoming
widespread much thanks to the rapid increase in technol-
ogy, resource, and knowledge availability. Consequently,
the diversity and number of genetically modified organisms
(GMOs) that may find their way into the food chain or the
environment, intended or unintended, is rapidly growing.
From a safety point of view the ability to detect and
characterize in detail any GMO, independent of publicly
available information, is fundamental. Pre-release risk
assessments of GMOs are required in most jurisdictions
and are usually based on application of technologies with
limited ability to detect unexpected rearrangements and

insertions. We present an array-based approach to address
these problems and show with three examples (GTS 40-3-2
Roundup Ready and event A5547-127 soybean as well as
T25 Liberty Link Maize) that the method can detect and
characterize GMOs with high accuracy while making very
few prior assumptions about the actual genetic modifica-
tions or constructs in question. Based on the array results, a
simple polymerase chain reaction-scheme is also described
that will enable the user to characterize the inserted
sequences to DNA sequence level. The method may
provide the biotechnology developers and risk regulators
with a useful tool to improve pre-market risk assessments
as well as seed producers and other food chain and
environmental stakeholders with a platform to improve
their ability to detect and characterize GMOs.
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Introduction

There are many ways in which the heritable characteristics
of a species can be improved. Selective breeding has led to
the plethora of phenotypically distinct breeds of dogs, and
the Belgian Blue cattle is an example of selective breeding
where the genetic factors involved have been characterized
in detail (Grobet et al. 1997). Other strategies rely on the
mutagenic effect of radiation or chemical treatments in
order to generate varieties that again can be screened and
bred (for examples, see Cecchini et al. 1998 and Maple and
Moller 2007).

Most of the commercially available genetically modified
organisms (GMOs) have been generated using more
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targeted and controlled molecular biology techniques.
When a GMO is generated, the coding capacity of a
recipient genome is altered. This is usually done by the
introduction of a genetic construct. Such constructs can be
pieced together using bacterial vector systems combined
with cutting and pasting of genetic elements, and the final
cassette will include such components as selective markers,
trait genes, and appropriate promoter and terminator
elements. Selective markers are used in the bacterial part
of the system in order to ensure that the correct genetic
construct is carried by the bacterial clone chosen to
propagate the plasmids that will eventually be used in the
ultimate transformation, and a separate selection marker is
sometimes needed to select for the final transgenic
individual. The trait gene inserted is the element that
encodes the genetic trait one wishes to introduce, whereas
the selection marker simplifies the process of eliminating
individuals where the genetic cassette has not been inserted
or where it has been inserted in a locus that does not give
high levels of expression. In some cases, the trait gene itself
encodes a gene product that will enable direct selection so
that a separate selection marker is not necessary in the final
step of the transformation. An example of this is the NK603
(Roundup Ready) Maize where resistance against the
herbicide Roundup is the trait gene and where expression
of this gene also was used to allow selection of transgenic
plants (see http://www.agbios.com/docroot/decdocs/02-
269-007.pdf).

A wide array of methods has been developed for the
stable introduction of genetic constructs in eukaryotic
systems. Depending on the species, any number of
strategies can be used to ensure that the genetic cassette
becomes a covalently integrated part of the recipient
nuclear or organellar genome. For animal cell lines, viral
vectors, biolistic guns, electroporation, heat shock, or
carrier molecule such as cationic lipids can be used to
induce transport of high molecular DNA across the cellular
membrane (Bonetta 2005). For plants, the two most
commonly used approaches are biolistic bombardment and
Agrobacterium-mediated transformation. For biolistic trans-
formation, a small particle (usually gold or some other sort
of metal) is covered with DNA containing the constructs of
interest, and the DNA is physically shot into the recipient
cell nucleus (Taylor and Fauquet 2002). When using
Agrobacterium, one takes advantage of Agrobacterium
tumefaciens’ natural ability to transform plant cells; upon
infection, natural strains of A. tumefaciens can transfer a
segment of DNA called T-DNA (transfer DNA) from a
tumor-inducing (Ti) plasmid to the plant chromosomal
DNA and cause Crown Gall disease (Chilton et al. 1977). It
was suggested early on that by changing the DNA sequence
of the T-DNA, specific gene constructs rather than the
natural T-DNA can be introduced into plant cells using this

system (Joos et al. 1983), and there are now many
sophisticated approaches to this (Komari et al. 2006).

Both with regards to hectarage and variety diversity, the
amount of genetically modified crops grown is increasing
(James 2008). In 2008, the number of countries planting
biotech crops reached 25 (with 55% of the world’s
population), and there was an overall increase of 9.4% in
GMO hectarage worldwide. Globally, 65.8 million hectares
of herbicide tolerant soybean was grown, and virtually all
Argentinean soybean hectarage (18.1 million hectares) was
dedicated to production of Roundup Ready Soybean (RRS;
James 2008).

In order to regulate import and export, assess safety,
monitor farming, and comply with international as well as
national regulations, it is of great importance to monitor the
presence and distribution of GMOs. Many different
methods and strategies have been developed that focus on
the detection and quantification of GMOs that have been
approved (Hernandez et al. 2005; Rodriguez-Lazaro et al.
2007), but given the widespread use of GMOs, it is also
important to be aware of the possibility that unknown,
insufficiently characterized or unexpected GMOs might be
present in the food chain. Recent examples of this include
the contamination of Chinese and US rice supply by
unapproved GM variants Bt63 and LL601 (Mäde et al.
2006; Akiyama et al. 2007; Vermij 2006), the distributions
of unapproved Bt10 corn from the USA (Macilwain 2005),
the undocumented genetic alterations found in RRS (Windels
et al. 2001), the presence of transgenic DNA constructs in
native maize grown in the remote mountains of Mexico
(Pineyro-Nelson et al. 2009), and the escape of GM creeping
bentgrass (Agrostis stolonifera) from field trials in USA
(Zapiola et al. 2008).

It is also possible that in the future, harmful GMOs
might be released, and to this end, we have developed a
microarray-based method for the detection of a large
number of genetic elements that can be expected to be
found in genetically altered plants. More than 2.7 million
basepairs of sequence data relevant for plant biotechnology
was targeted with a set of more than 93,000 probes. We
show that we can detect and characterize to DNA sequence
level both soy and maize GMOs with high accuracy. The
method makes very few assumptions and seems to work
well even when analyzing large genomes.

Materials and Methods

Array Design and Synthesis

Using the same concept as described in (Tengs et al. 2007),
high-density microarrays were designed from sequences
downloaded from publicly available databases. Briefly, all
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sequences annotated as ‘vectors’ in GenBank were down-
loaded, and from this database, all sequences containing at
least one (partial) version of the cauliflower mosaic virus
(CaMV) P35S promoter were used. CaMV P35S is the
most commonly used genetic element in genetic transfor-
mation of plants (Cummins et al. 2000; Feinberg et al.
2005; Fernandez et al. 2005) and was in this context treated
as a marker for DNA sequences relevant for plant
biotechnology. This approach resulted in a broad collection
of sequences, and in addition, various databases were
mined to find full-length sequence data from the majority
of trait genes listed in the GM database at the AGBIOS
website (http://www.agbios.com/main.php). Trait genes
included the vip3A gene and cry genes from Bacillus
thuringiensis, the 5-enolpyruvylshikimate-3-phosphate syn-
thase gene from A. tumefaciens, and other commercially
used gene sequences. In addition, we included a series of
genes that might be candidates for bioterrorism-related
biotechnology, such as the toxin genes ace, zot, and ctx
from Vibrio cholerae; genes involved in ricin production in
Ricinus communis; and the anthrax lethal factor gene from
Bacillus anthracis (Supplementary Material 1).

Analyzing this collection of 343 sequences, it became
obvious that there was a high degree of redundancy when
looking at the genetic elements and sequence motifs. With
the same approach as in (Tengs et al. 2007), probes were
selected that would give maximum coverage for our set of
sequences given the number of probes we could fit on our
array (105,000 per array on a two-array slide). We chose a
probe overlap scheme where the majority of the probes
were tiled with seven basepair intervals throughout both
strands of the array design sequences. Arrays were
synthesized by Agilent Technologies, Inc (Santa Clara, CA,
USA) and contained a total of 93,128 unique 60-basepair
probes tiled throughout both strands of 2,757,516 basepairs of
target sequence. More than 99.99% of the probes overlapped
with other probes with 53 basepairs or more on both strands.

Array Hybridization and Data Analyses

Maize DNA was purchased from The American Oil
Chemists’ Society (AOCS; Urbana, IL, USA). Non-GM
maize (AOCS 0306-C) was used as a reference and T25
(AOCS 0306-H; also referred to as P35S/bar or Liberty
Link Maize event T25; OECD unique identifier [UI]=ACS-
ZM003-2) was used as sample. Non-GM soybean reference
DNA (AOCS 0707-A) and event A5547-127 soybean (UI=
ACS-GM006-4) DNA (AOCS 0707-B) was also acquired
from AOCS. RRS (event GTS 40-3-2; UI=MON-04032-6)
seeds were obtained from Dr. Greg Conko (Competitive
Enterprise Institute, Washington DC, USA).

The DNAwas processed using standard Agilent reagents
and protocols for array CGH (Agilent Oligonucleotide

Array-Based CGH for Genomic DNA Analysis Protocol,
Version 5.0). Briefly, 1µg of sample and reference DNA
was digested using RsaI and AluI. After random priming-
based labeling using Cy3 (sample) and Cy5 (reference), the
samples were purified and mixed with hybridization
reagents. Slides were hybridized for 40 h at 65°C, and
signals intensities were exported using the program Feature
Extraction, version 9.5.3.1 (Agilent Technologies, Inc).

The log2S was plotted against log2R for all probes
(where S=sample signal and R=reference signal). Noise
levels differed between arrays, and the following strategy
for defining a noise cutoff was used: all probes with a log2R
signal level above 10 were assumed to represent true
signals and a region around the diagonal representing plus/
minus three standard deviations of the log2S/log2R ratio
was calculated (for probes where log2R>10). The 75%
quantile of the log2R outside this region was defined as a
moderate noise level. All probes with log2R signals below
this quantile were defined as noise. A horizontal line could
then be drawn at the crossing point between the diagonal
and a vertical line representing this noise cutoff (Fig. 1).
Finally, probes above this horizontal line were either
defined as positive (log2S/log2R above diagonal plus two
standard deviations) or negative (below diagonal plus two
standard deviations).

All the probes were successively mapped back onto the
343 sequences that the array design was based upon.
Sequence windows could be extracted based on the

Fig. 1 Example of signal plot (GTS 40-3-2 Roundup Ready Soybean
(RRS) experiment). Blue circles indicate probes that match the RRS
construct. The outer gray lines indicate the diagonal plus/minus three
standard deviations of the difference in log2 signal for probes with
log2 reference signal above 10. The black horizontal line represents
the background noise level, while the diagonal black line is the
diagonal (central gray line) plus two standard deviations
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positive/negative status of the individual probes. A detected
sequence window was defined as a region containing at
least five probes with more than 80% scored as positive.
The window expansion stopped whenever the fraction of
positive probes fell below 80% or when five or more
consecutive negative probes were encountered. Sequence
regions corresponding to tailing negative probes were
trimmed off, and 25 bases from the start and end of the
windows were also removed. This latter step was included
to reduce the possibility of having sequence windows
flanked by probes that were only partial matches, as it was
observed that some non-target probes that had more than
approximately 30 perfectly matching (consecutive) bases
could give rise to false positives.

PCR Confirmation of Detected Windows

The windows detected were sorted according to length
(Supplementary Material 2). Starting with the longest
window reported, sequences were checked for similarity
and overlap using ‘Blast 2 sequences’ (Tatusova and
Madden 1999). Sequences were also screened for repeti-
tiveness using Dot Plots (http://www.vivo.colostate.edu/
molkit/dnadot/), and the three longest windows with
non-overlapping sequences were used for primer design
using the software Primer Express Version 2.0.0 (Applied
Biosystems Inc, Foster City, CA, USA). Minimal amplicon
length was set to 200 basepairs, and maximum length
was set to length of window (see Table 1 for primer
sequences).

Polymerase chain reaction (PCR) amplifications were
performed using approximately 100 ng of template DNA
(wildtype and GMO) in 50µl reactions and the following
PCR cycle: 10 min at 95°C (denaturation/polymerase
activation), 35 cycles of 25 s at 96°C (denaturation)/30 s
at 60°C (annealing)/35 s at 72°C (elongation), and a final
elongation step of 7 min at 72°C. Final concentration of
each primer was 500 nM, and each dNTP was at 25µM
concentration. All reactions except for T25 primer pair 2F/
202R were done using 1 unit of AmpliTaq Gold DNA
polymerase, 1× GeneAmp PCR Gold Buffer, and [MgCl2]
1.5 mM (Applied Biosystems Inc, Foster City, CA, USA).
The 2F/202R primer pair was used with ‘Taq DNA
Polymerase DNA-free’ and 1× ‘Reaction buffer complete’
(AppliChem, Darmstadt, Germany).

Sequencing of the Event A5547-127 Insert

Primers were also designed based on the windows detected
in the event A5547-127 soybean experiment (Table 1). The
largest window found was quite large (1,781 basepairs),
and this sequence was split into two 800+ basepair
fragments before three primer pairs were designed as

described above (two primer pairs for the longest fragment
and one pair for the second largest, non-overlapping
window). In addition, reverse-complementary versions of
all six primers were also synthesized. Instead of performing
PCRs with the corresponding primer pairs, these primers
were used in a combinatorial way to amplify regions
flanked by the original PCR target regions. All primer
combinations except for F/R versions of the same primer
(for instance 50F/50R) were tested, and products run on
agarose gels. When present, PCR products from the first
round of amplification reactions were purified using
ExoSAP-IT (USB Europe GmbH, Staufen, Germany) and
sequenced using a 3130xl-Avant Genetic Analyzer (Ap-
plied Biosystems) and the BigDye Terminator v3.1 Cycle
Sequencing Kit according to manufacturer’s recommenda-
tions. Sequences were assembled using the software
BioEdit v7.0.9.0 (Hall 1999). Sequencing reactions were
performed using the original PCR primers in addition to
oligos designed for primer walking across the amplicons.

Table 1 Primers used to amplify detected sequence windows

Target Namea Sequence (3′-5′)

RRS 21F CGCAAATCCTCTGGCCTTT

221R GATGATCCAGGTGTCGCCTT

41F CTTAAGATTGAATCCTGTTGCCG

241R GCGCGCGATAATTTATCCTAGTT

10F GGAAAAGGAAGGTGGCTCCT

210R GATTGTGCGTCATCCCTTACG

T25 169F AAAAGCATCTTACGGATGGCA

369R CGTCGTTTGGTATGGCTTCA

116F ACCTCCTCGGATTCCATTGC

316R TTGAAGACGTGGTTGGAACGT

2F CCTGACGGGCTTGTCTGCT

202R GCACATTTCCCCGAAAAGTG

Event A5547-127 50F ACCCAGAAACGCTGGTGAAA

50R TTTCACCAGCGTTTCTGGGT

250F GGGCAAGAGCAACTCGGTC

250R GACCGAGTTGCTCTTGCCC

398F CGGGTTGGACTCAAGACGAT

398R ATCGTCTTGAGTCCAACCCG

598F GCAGGGTCGGAACAGGAGA

598R TCTCCTGTTCCGACCCTGC

68F CCGTAAAGACTGGCGAACAGT

68R ACTGTTCGCCAGTCTTTACGG

519F TCCTTCGCAAGACCCTTCC

519R GGAAGGGTCTTGCGAAGGA

PM_Fb AGTTGGCCGCAGTGTTATCAC

PM_Rb GCGGATAAAGTTGCAGGACC

aNumbers represent nucleotide position within the detected sequence
windows
b Primers for amplifying terminal regions
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Finally, two individual primers were designed in order to
amplify the 5′ and 3′ ends of the GMO cassette (used in
combination with internal primers; primers PM_F and
PM_R in Table 1).

Results

The background noise levels were found to be 8.13, 7.48,
and 8.31 for the RRS, T25, and event A5547-127 experi-
ments, respectively. The standard deviation also differed
between the three arrays and was estimated to be 0.45, 0.22,
and 0.43 (Fig. 1).

Because of the sequence redundancy in the vector
database, many identical windows as well as windows
completely encompassed by other windows were reported.
Redundant sequences were removed, and sequence data for
both our constructs (T25 and RRS) were downloaded from
the GMO Detection Method Database (GMDD; http://
gmdd.shgmo.org/; Dong et al. 2008). Our probes and
windows were compared against these reference sequences
using BLAST (Altschul et al. 1990). Both arrays had true
positive rates above 90%, and a large number of sequence
windows were detected (Table 2). Probes could be mapped
back to the target sequences, and the majority of both
constructs had good coverage by the array probes (Fig. 2).
For RRS, most of the windows had bitscores close to the
theoretical maximum given the length of the sequence
windows detected, but for T25, a fraction of the windows
matched the reference sequence downloaded from GMDD
more poorly (Table 2).

When going through the literature on T25, we noticed
that in the earliest publication describing the transformation
cassette, it is indicated that the inserted sequence comprises
DNA beyond the construct that is described in the GMDD
sequence database. It appears that the sequence is flanked
by (among other fragments) several hundred basepairs of
‘initial’ and ‘terminal’ part of the pUC18 cloning vector
(Collonnier et al. 2005). This likely explains the low
BLAST scores seen, as the reference sequence used by us
for comparison was incomplete.

The amplicons produced by PCR (Fig. 3) were of the
correct size, and their identities were confirmed using
single-pass sequencing (data not shown). A faint band was
observed in both the no-template and the wildtype DNA
reaction for the T25 primer pair 2F/202R. This was
probably due to the fact that the 2F/202R target sequence
is a vector backbone sequence (pUC18), and these types of
sequences are common contaminants of DNA polymerases
(see, e.g., Holst-Jensen et al. 2003). Multiple ‘DNA-free’
polymerases were tested, and we also set up the reaction
with great care in an accredited diagnostics lab using fresh
reagents. We concluded that the most likely source of
contamination was the DNA polymerases used in spite of
them being marketed as free of DNA.

Although no direct sequence information was available
for the A5547-127 insert, some features had been described
(see for instance the entry for this event in GMDD; http://
gmdd.shgmo.org/event/view/39). The insert was generated
by linearization of a circular vector through restriction
enzyme cutting in the bla (beta-lactamase) selection marker
gene. We thus decided to bidirectionally characterize the
insert until we reached the bla fragments. A total of 3,210
basepairs of assembled sequences was generated (EMBL/
GenBank accession number GQ497217), and a construct
map could be generated (Fig. 2).

Discussion

We have used tiling arrays to characterize the inserted GMO
cassette for three different scenarios: a well-characterized
event (GTS 40-3-2 [RRS] soybean), a partially characterized
event (T25 maize), and an event where no sequence
information was available (event A5547-127 soybean). Based
on the information acquired from the array analysis, primers
can be designed either for the purpose of designing detection
assays or for the amplification of inserted sequence for further
characterization (sequencing). For determination of flanking
regions, an anchor PCR-based approach (Nielsen et al. 2008)
may be used, and possible unintended insertion events might
also be detected (Windels et al. 2001).

Several incidents of illegal release or unintended
contamination of food crops over the last decade illustrate

Table 2 Array performance

RRS T25

Total number of probes 93,128 93,128

Number of probes that match construct 474 716

True positives 439 (92.6%a) 653 (91.2%)

False positives 2,070
(2.22%b)

3,929
(4.2%)

Number of unique windows detectedc 87 137

Window length 31–1,179 31–1,756

Average BLAST score (percent
of max)d

90.8 63.7

a Relative to number of probes that match construct
b Relative to total number of probes on the array
cWindows where sequence is not identical to or totally encompassed
by another positive window
d For each window length detected, a perfectly matching sequence of
the same length was extracted from the array target sequence. These
sequences were subjected to BLASTn analysis against their target
sequence, and bitscores obtained were used as a theoretical maximum
for the detected windows
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that the food chain and the environment are vulnerable to
release of unknown GMOs. The majority of the reported
incidents concern GM events authorized in one (exporting)
jurisdiction or for one type of use (e.g., feed) but not
authorized in another (importing) jurisdiction or for another
type of use (e.g., food). Examples include CBH 351
Starlink, MIR604, DAS 59122 and MON88017 maize,
55-1/63-1 papaya, and A2704-12 soybean (http://ec.europa.
eu/food/food/rapidalert/index_en.htm). However, a few of
the reported incidents concern GM events that were not
authorized in any jurisdiction, e.g., Event 32 and Bt10
maize (http://gmo-crl.jrc.ec.europa.eu/E32update.htm;
Macilwain 2005), LL601 (Vermij 2006), and Bt63 rice
(Mäde et al. 2006; Akiyama et al. 2007). The presence of
illegal unauthorized GMO is a global challenge and is not
limited to plants or plant-derived products (http://www.gm-
inspectorate.gov.uk/gmfish/GMfish2006.cfm; Anonymous
2004; Rehbein and Bogerd 2007).

European legislation requires authorization of any GMO
or derived material prior to release or use in food or feed
(European Commission 2001, 2003). Both the EU and USA
currently have zero tolerance for unauthorized GMOs. Due to
labeling requirements, if the concentration of authorized
GMOs or derived products exceed a threshold of 0.9% and
is technically unavoidable (European Commission 2003),
GMO detection, identification, and quantification methods
are well established in Europe. Presence of unauthorized

GMOs is a major concern in Europe, Japan, and the USA
(Mano et al. 2009; Vermij 2006; http://www.coextra.eu).
This is not solely a consequence of the immediate impact on
trade and economy (European Commission 2007; Krueger

35S

21F/221R 41F/241R10F/210R

CTP4 EPSPS NOS EPSPStrunc

RRS

69F/369R 2F/202R116F/316R

CaMV PUC18

PUC18

35S PAT T35S

T25

50F/R

Partial bla 35S PAT T35S PUC19

68F/R 398F/R598F/R519F/R250F/R

Event A5547-127

Partial bla

Fig. 2 Genetically modified organism (GMO) cassettes of GTS 40-3-
2 (Roundup Ready Soybean) and event A5547-127 soybean and T25
maize analyzed with arrays. Blue regions indicate probe coverage with
complete overlap for both strands. Red hatch marks indicate false
negative probes with orientations according to strandness. Primers
have also been indicated (Table 1). Construct labeling terminology
was adopted from GMO Detection Method Database (Dong et al.

2008): 35S CaMV P35S promoter, CTP4 chloroplast transit peptide
element 4, EPSPS 5-enolpyruvyl shikimate-3-phosphate synthetase,
NOS nopalin synthase terminator, EPSPStrunc truncated EPSPS, CaMV
fragment of CaMV genome, PUC18 pUC18 cloning vector, PUC19
pUC19c cloning vector, PAT phosphinothricin-N-acetyltransferase,
T35S CaMV 35S terminator, bla beta-lactamase

Fig. 3 Polymerase chain reaction products run on 1.1% agarose gel
with pUC Mix Marker 8 (Fermentas International Inc, Ontario,
Canada). Lanes 1–3: DNA from GTS 40-3-2 soybean (Roundup
Ready Soybean (RRS)) amplified with primers designed from the
three longest sequence windows detected in the RRS sample (21F/
21R, 41F/241R, and 10F/210R). Wildtype DNAwas used as template
in reactions 4–6. The last six lanes have corresponding amplicons
from T25 maize (primers 169F/369R, 116F/316R, and 2F/202R). Note
the relative faintness of the band seen for wildtype DNA in lane 10
compared to the band for T25 in lane 7
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and Le Buanec 2008) but also of the possible risks to health
and the environment (Holst-Jensen 2008).

The methods used today for GMO detection and
characterization are almost exclusively based on PCR.
PCR can be used as a screening tool where GMO
sequences such as commonly used antibiotic resistance
markers or trait genes are targeted; it can be used to
target specific genetic constructs, or primers can be
designed to amplify the border between the inserted
sequence and the genomic flank. The latter types of
assays are referred to as event-specific, and this category
of assays are considered to be the most specific (Holst-
Jensen et al. 2003). To ensure maximum selectivity, a
fluorescent probe such as TaqMan or MGB can also be
included, or amplified products can be labeled and
separated using capillary gel electrophoresis (Nadal et al.
2006). In some cases, PCR products are hybridized to
arrays to increase throughput and increase the chances of
detecting a broad range of GMOs (e.g., Hamels et al.
2009; Leimanis et al. 2006, 2008; Xu et al. 2006), and
there are also other more sophisticated methods that might
alleviate some of the problems associated with multiplex
PCR (see for instance Chaouachi et al. 2008).

Although a broad range of different PCR assays can
be used to detect GMO events with equal sensitivity and
specificity (Andersen et al. 2006), PCR is inherently
limited by primer design and the problem of running
multiple different amplifications in a reasonable number
of reaction volumes. Although multiplexing seems to be
able to handle a fair number of distinct amplification
reactions in a single reaction tube (Heide et al. 2008),
there will be an upper limit to how many different
amplifications that can take place in a single reaction
vessel using conventional PCR. Since primer design is an
essential part of any PCR-based method, these approaches
will thus have limitations when it comes to unknown
GMOs. We believe that our array-based approach makes
fewer assumptions than the currently available PCR
methods when working with GMOs where construct
information is scarce or completely lacking.

For our GMO tiling arrays to work, elements
corresponding to parts of the target construct must have
been sequenced, and the sequence must have been
included in the array design. Although our current design
lacks some elements that might be desirable for optimal
results when looking at certain commercial GMOs, such
as the phosphinotricin-N-acetyltransferase (PAT gene)
used in T25, we believe our probes cover a broad range
of what can be expected to be found in unknown/poorly
characterized GMOs. Using the PAT gene further as an
example, information about genetic elements that are not
part of the array design can also easily be obtained if
flanking regions are detected (as seen in our Event

A5547-127 results). The main reason why a relatively
small number of probes can cover many different GMO
constructs with high probe density is the high degree of
recycling of DNA sequences seen in gene construct
designs. Our arrays cover both strands of 2,757,516
basepairs of sequences. With a tiling of one probe per
seven bases, this would have yielded 2×2,757,516/7=
787,861 probes if there was no sequence motif redun-
dancy in our sequence database. The fact that the number
of probes needed is only about 12% of this figure
substantiates our claim that even though particular trait
genes might evade detection, other genetic elements
(promoters, terminators, vector backbone, polylinker
regions, etc.) are likely to be known and have publicly
available sequence data associated with them. The vast
majority of GMOs developed are generated so that they
contain at least one of the most commonly applied
genetic elements after transformation (e.g., the CaMV
35S promoter, an herbicide tolerance or insect resistance
trait gene, or a pUC-derived vector element). The cost
associated with both array design and production has
dropped dramatically in recent years, and the number of
features that can be included on a single array has
increased, so we believe that future generations of arrays
might give even more complete coverage of target
sequences.

The method will have some limits when it comes to
analysis of GMO material that is not 100% pure. Results
from analogous studies using microarrays for gene-copy
number changes indicate that presence/absence of a locus
(homozygous deletion) require material with higher than
90% purity (Bhattacharjee et al. 2001). Our previous
generation of (single-color) arrays and sample processing
protocols were hampered by problems associated with large
genomes and poor probe performance, but with this next
generation of arrays, we believe that we have solved both
of these problems, and we hope that this technology will
aid us and others when working with GMOs. In addition to
the characterization of unknown GMOs, we also believe
that the method might be useful as a tool for checking
newly developed GMO for unintended transformation
events such as fragments of allochthonous DNA scattered
in the genome, as seen in for instance SunUp papaya (Ming
et al. 2008). The approach should also be useful when
working with GMOs other than plants, such as animals,
fungi, or bacteria.
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