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Abstract
Transcriptomic, proteomic, and metabolomic profiling techniques have been increasingly applied
to the analysis of genetically engineered (GE) crop plants with regard to their food safety and
nutritional equivalence. This literature survey is based on 44 recent “omic” comparisons between
GE and non-GE crop lines with or without deliberate modification of metabolic pathways.
Metabolomics is becoming the prevalent approach but does not yet provide added value for food
safety assessment compared to the currently used analytical methods. All three “omic”
approaches, on either crop plants or on Arabidopsis thaliana, a research model organism,
converge in their conclusions when the effects of a genetic modification itself is compared to
inter-variety variation or environmental effects. Transgenesis has less impact on the expression of
genomes or on protein and metabolite levels than conventional breeding or plant (non-directed)
mutagenesis when comparison is available. In addition, environmental conditions usually have a
larger impact. The present update highlights the need to place pair-wise differences between GE
crops and their comparators in a wider context of natural variation. None of the published “omic”
assessments has raised new safety concerns about marketed GE cultivars. From a scientific point
of view, these observations indicate that the current regulatory burden on GE crops should be
lowered. Mandatory use of “omics” techniques in reglementary GE food safety assessment
cannot be recommended. More basic research is required before non-targeted large-scale
methodologies can be internationally certified and accepted.
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INTRODUCTION

A major principle and guiding tool for the food safety assessment of GE crops is the concept of
substantial equivalence according to principles outlined in the Organization for Economic
Cooperation and Development consensus documents (OECD 2006) and further elaborated by the
FAO/WHO. In this safety assessment, GE crop-derived foods and feeds are compared with their
counterparts from parental or near isogenic lines in order to identify differences which are
subsequently evaluated with respect to safety for humans and animals, and nutritional quality.
The question addressed is: may the improvement of a plant variety through the acquisition of a
new desired GE trait lead to unintended effects (i.e., going beyond that of the original genetic
modification) and, if so, does this have an impact on health? Possible mediators of such
pleiotropic effects could be altered expression of untargeted genes or metabolic effects of a novel
gene product. Current tools to assess the food safety of GE crops include extensive multi-site and
multi-year agronomic evaluations, compositional analyses, animal nutrition, and classical
toxicology evaluations. In the 2000s, new methodologies were developed to allow, in theory, a
holistic search for alterations in GE crops at different biological levels (transcripts, proteins,
metabolites). These methodologies include cDNA microarrays, miRNA fingerprinting, proteome,
metabolome, and toxicological profiling. The term “omics” in relation to food and feed safety
appeared for the first time in 2005 (Li et al., 2005). The present review highlights the knowledge
generated by recently published profiling studies regarding the effect of genetic modification
itself, compared to environmental and inter-variety variation, for major crops (44 studies) and for
Arabidopsis thaliana as a reference plant.

THE LESSONS TO BE LEARNED FROM ARABIDOPSIS THALIANA

A. thaliana is a well established model plant which offers comprehensive resources such
as the entire genome sequence, a large collection of natural variants, a number of molecular tools,
and several information platforms and databases. In addition, as illustrated below, A. thaliana
provides valuable information about the potential impact of transgenesis.
The first question to be addressed is whether the insertion of genes that are not believed to
alter biological processes in plants will lead to transcriptome changes. To answer this question, El
Ouakfaoui and Miki (2005) used selectable marker (nptII) and reporter genes (uidA). Under
controlled growth conditions, they found no reproducible changes for the approximately 24,000
genes screened when comparing transgenic lines to their wild type (WT) progenitor. Their
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conclusion was that the stable insertion of T-DNA did not cause detectable pleiotropic effects to
the transcriptome. This finding was not obvious since, due to the gene density on the A. thaliana
genome, insertion could have been anticipated to cause major disturbances altering gene
expression. Strikingly, under abiotic stresses (salt, drought, cold and heat), the authors found
approximately 8,000 genes (35% of the genome) with changed expression in both WT and
transgenic plants.
In contrast, Ren et al. (2009a) attributed some unintended effects to the presence of a
selectable marker gene (bar, encoding phosphinotricin acetyl transferase). Metabolic
fingerprinting revealed that the major contributors distinguishing the WT and 4 transgenic lines
were modified levels of alanine and threonine. The authors attributed this trend to the bar gene
since it was common to all lines. However, protein analysis by two-dimensional electrophoresis
(2DE) on 12 bar-containing lines showed no consistent differences (4-14 protein spots did change
in intensity depending on the line but most of them were different; Ren et al. 2009b). In that
study, cold treatment triggered changes in only 10 protein spots. In another study, Abdeen and
Miki (2009) found only 4 genes differentially expressed in transgenic lines expressing bar.
A second question to be examined is whether expression of a protein affecting regulatory
processes (e.g., a transcription factor affecting drought tolerance; Abdeen et al. 2010) will
necessarily have pleiotropic effects. These authors found no effect on the transcriptome in such
plants without drought. As can be expected, in response to drought, changes in the level or timing
of expression of some drought responsive genes occurred between transgenic and WT.
A third question to address is whether deliberate modification of a metabolic pathway
using transgenesis will have pleiotropic effects. Kristensen et al. (2005) inserted 1-3 genes from a
pathway converting tyrosine to a cyanogenic glucoside (dhurrin). They found only marginal
inadvertent effects on the transcriptome and metabolome when the whole pathway or only the
first enzyme was inserted. However, the combination of the first two genes leads to the predicted
synthesis of a toxic cyanohydrin intermediate. In this case, plants responded by metabolism and
detoxification reactions, as was evident from an altered metabolite profile showing accumulation
of detoxification products and changes in transcriptome.
Metzdorff et al. (2006) developed and characterized 6 independent lines transformed with
an antisense chalcone synthase gene to decrease flavonoid biosynthesis. The lines differed in the
type of integration (site and copy numbers, level of gene silencing). Unintended effects on gene
expression included few genes (up to 15 in flowers and up to 13 in leaf out of the 1500 analyzed),
and affected genes were involved in stress response and photosynthesis. Lines differed with
respect to the affected genes and analyses of one such gene by PCR did not show a consistent
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trend with the microarray data, which the authors explain by a large biological variation in
expression for this gene. One conclusion of Metzdorff et al. (2006) is that « it is crucial to have
substantial information on the natural variation of crop plants in order to be able to interpret
“omic” data correctly ».
Interestingly, A. thaliana also provides some insight concerning the abovementioned
issue. Ruebelt et al. (2006) qualitatively and quantitatively analyzed its seed proteome and
showed that existing natural variability can be important. When various ecotypes were grown
side-by-side in a growth chamber under controlled conditions, the authors found that nearly half
of the 2DE-resolved spots were present or absent depending on the ecotype, and that 95% of the
spots present in all ecotypes varied quantitatively. Twelve transgenic lines were also compared to
their parental line as well as to 12 ecotype lines: the genetic modification of A. thaliana using
three different genes and three different promoters did not cause unintended changes to the
analyzed seed proteome.
In conclusion, these data on a model plant for research point to a greater influence of
genetic background and stress (from the environment or new metabolites) than transgene
insertion itself. To determine whether these conclusions are also valid for crop plants, the
following two sections examine the conclusions of profiling strategies in a systematic species by
species approach.

CROP

PLANTS:

COMPARISON

OF

GE

VARIETIES

WITH

IMPROVED

AGRONOMIC TRAITS (WITHOUT INTENTIONAL METABOLIC CHANGES) WITH
NON-GE VARIETIES

The main data from the publications discussed below are listed in Supplemental Table S1
which also includes data from earlier publications or on other species (cabbage, potato) and on
GE plants producing bioproducts (such as antibodies), which are not discussed below. The search
strategy used to find these references is presented in S1.

Barley
Using field-grown lines expressing either a chitinase or a β-glucanase, Kogel et al. (2010)
compared changes in the leaf transcriptome and metabolome caused by transgenes, cultivar, or
biotic interactions in the root. Transgene effects were negligible in the first case and low in the
second, whilst the difference caused by the genetic background of cultivars (even if down to a
low number of alleles) was of a greater magnitude. Effects of exposing roots to the spores of
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mycorrhizal fungi could be visualized by metabolome but not transcriptome analysis. Based on
this result, the authors conclude that the metabolome represents a more immediate probe of the
physiological status of the plant.

Maize
When performing transcriptomic studies using in vitro- or field-grown plants, Coll et al.
(2008, 2009) found differential expression for a minority of transcripts between in vitro-grown
MON810 (insect-resistant of Bt type) and control lines, and most of these differences were not
observed in the field. In real agricultural conditions, under two farming practices (conventional
and low-nitrogen fertilization), Coll et al. (2010a) found differential expression for only 0.14% of
the analyzed sequences (~1/3 of the maize genome). Analysis of the expression of a subset of
sequences in a different MON810/non-GM pair indicated that varietal differences had the highest
impact on gene expression patterns, followed by N availability, while the MON810 characteristic
had the lowest impact.
Coll et al. (2010b) found the grain proteome of two field-grown MON810/non-GE variety
pairs to be virtually identical, with very few spots showing variations in the 1-1.8 fold range,
which were all variety specific. Previously, Albo et al. (2007) had also found limited changes in
the grain proteome of two different MON810 varieties (also field-grown). Zolla et al. (2008) also
used two MON810 variety pairs but found more differences, although environment (field vs.
growth chamber) induced more changes. To explain differences resulting from genetic
modifications, these authors speculated about genome rearrangement induced by the
transformation method but did not consider the possibility that the control lines were certainly not
fully isogenic. The discrepancy between these results remains unexplained, especially since one
of the two pairs used by Coll et al. (2010b) was the MON810/non-GE pair used by Zolla et al.
(2008).
In a first grain metabolome analysis, carried out on a greenhouse-grown MON810 line,
Manetti et al. (2006) found differences in the levels of compounds from primary nitrogen
metabolism in transgenic grain samples. Using a different MON810 line, grown in growth
chamber, Piccioni et al. (2009) identified 40 water-soluble metabolites and found a higher
concentration for 5 compounds in the GE extracts (all different from those of Manetti et al.
2006). Leon et al. (2009) found increases in some metabolites from specific metabolisms (purine,
amino acid, arachidonic acid, linoleic acid) in three field-grown MON810 lines compared to their
controls. There were only 10 metabolites with increased levels when two different technologies
were compared. One of them, carnitine, had been proposed in a previous study by the same team
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(Levandi et al., 2008) to be a biomarker for Bt maize (note however that both studies analyzed the
same samples, which provides no additional perspective). It should be pointed out that these
various teams did not find similar results, which may be explained by their use of different
genetic backgrounds and/or of different growth conditions and also of different technologies.
In this context, the work of Barros et al. (2010) is important. Using transcriptome,
proteome and metabolome profiling to compare two GE maize lines (MON810 and glyphosatetolerant) with the respective control lines, they found that the environment (plants were grown
over three seasons in one location) affected more strongly gene expression, protein distribution,
and metabolite content than the genetic modification. In addition, the authors found distinct
profiles for the three locations that were also part of their comparisons during one season.
Natural plant-to-plant variability also exists. Using MON810 and control lines, Batista
and Oliveira (2010) compared 2DE-separated protein spots from samples obtained either from
individual plants (five different ears of five different maize plants) or from pooled plants. For
some spots, they noticed a high variability between individual samples from the same line and
that these differences were masked in the pools. For other spots, variability was observed
between individual samples and also between pools. The authors concluded that differences not
related to the genetic engineering, such as natural plant-to-plant variability, need to be eliminated,
when using ‘‘omics”.
Harrigan et al. (2010) reviewed compositional data for GE maize and soybean varieties
(seven GE crop varieties) from a total of nine countries and eleven growing seasons. From their
analysis, which is not based on “omic” technologies but represents the most comprehensive
compilation of GE crop composition data to date, the authors conclude that compositional
differences between GE varieties and their conventional comparators are « encompassed within
the natural variability of the conventional crop and that the composition of GM and conventional
crops cannot be disaggregated ».

Pea
Analyzing two cultivars producing a bean alpha-amylase inhibitor (AI1), Islam et al.
(2009) found around 30 seed protein spots showing changes in abundance in each
transgenic/control pair (generally not the same spots, although AI1 was produced at similar levels
in both cultivars). While differences were minor for one pair, they were more pronounced
quantitatively and qualitatively (appearance and disappearances of 36 protein spots) for the
second pair. The authors suggest that differences of « similar magnitude » occur between
cultivars. In a different cultivar, Chen et al. (2009) reported that 33 proteins differentially
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accumulated in AI1-expressing lines compared with the parental line, 3 of which were associated
with the expression of alphaAI1. The remaining 30 proteins were associated with the
transformation events. A number of the increased spots corresponded to seed storage proteins.
Since such proteins are common food allergens, the authors suggested that these increases might
be linked to food antigens detected in mice fed with GE peas (attempts to use 2DE of proteins
and proteomics to detect new allergens are listed in Supplemental Table S2).

Rice
Montero et al. (2010) found around 0.40% transcriptomic differences in leaves of in vitrogrown experimental lines producing an anti-fungal protein. They could distinguish differences
due to transgene insertion (15%), transgene expression (50%), and regeneration (35%). Around
half of the genes whose expression was affected by the transgene itself also had their expression
affected in non-GE plants after wounding.
Zhou et al. (2009) compared profiles of compounds from primary metabolism in three GE
lines (each independently transformed with the same two insect resistance genes; their data were
averaged) with those of the WT line (field-grown side by side). They found 3 metabolites to be
present in greater amounts in the GE group (up to 3-fold). Differences in other metabolites were
within the same range as those of WT under various growth conditions (location and/or sowing
time). It should be mentioned that WT lines planted at different times contained varying amounts
of trehalose (up to 40-fold), and change in location influenced the levels of 4 compounds.
The work by Jiao et al. (2010) provides some perspective on transgenic changes in the
context of varietal changes in rice. Comparing two lines with different sets of antifungal genes
and one with two insect-resistance genes to their respective controls, the authors found decreases
or increases, inconsistent between lines, ranging from 20 to 74% for amino acids, 19 to 38% for
fatty acids, 25 to 57% for vitamins, and 20 to 50% for elements. These changes were all within
the range occurring among varieties (according to OECD values). A 25% reduction in protein
content was observed for one anti-fungal GE line, which was therefore considered by the authors
to be less nutritious.
Batista et al. (2008) addressed the following question: which of mutagenized or transgenic
plants are more susceptible to present unintended modification? Gene expression was analyzed in
duplicated samples of four types of rice plants (irradiated stable mutants and transgenic plants
producing an antibody or developed for improved stress tolerance) and their respective controls.
In all cases studied, the modification in transcriptome was greater in mutagenized than in
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transgenic plants. Since these results were obtained with seedlings grown on tissue-culture
medium, wider confirmation is necessary.

Soybean
Cheng et al. (2008) found that gene expression in leaves (grown in a growth chamber)
differs more between conventional varieties than between two GE glyphosate-tolerant varieties
(carrying the same transgenic event) and their closest conventional variety. The authors also note
that the older the soybean variety the larger the difference in gene expression (recently developed
cultivars are more inbred), which raises the question as to which varieties should be chosen to
create a reference set for the crop species. Also using a glyphosate-tolerant variety (not specified)
grown in a growth chamber, but analyzing seeds, Garcia-Villalba et al. (2008) identified and
quantified the main metabolites: in general, the same metabolites, in similar amounts, were found
in GE glyphosate-resistant soybean and in its corresponding parental line. However, significant
differences were observed in some specific cases: among the 45 metabolites examined, higher
amounts were found for 3 and lower amounts for 5 (1 was not detected) in the GE line. At least
some of these differences could be explained by modification in the regulation of the shikimate
pathway in GE soybean (glyphosate-tolerance is conferred by a transgenic EPSPS enzyme which
bypasses the endogenous glyphosate-sensitive enzyme).
The study on natural variation in soybean crop composition and the impact of transgenesis
by Harrigan et al. (2010) has been mentioned above.
Using 2DE protein analysis, soybean endogenous allergen expression was found not to be
altered after genetic modification (see related references in Supplemental Table S2).

Wheat
Gregersen et al. (2005) found that the strong expression of a phytase gene had no
significant effect on the overall gene expression patterns in the developing wheat seed. Samples
from greenhouse-grown plants were taken at three different seed development times. The slight
differences observed concerned primarily genes strongly expressed over a shorter period of seed
development. This highlights the necessity of careful interpretation of microarray results when
extensive progressive developmental changes occur, as is the case for seeds, and when minor
asynchrony is hard to avoid. Ioset et al. (2007) analyzed lines with either a combination of 3
transgenes or a single one (KP4, of viral origin) for increased defence against fungal pathogens.
For greenhouse-grown plants, they found only minor differences in the flavonoid profile between
GE lines and their conventional control line. In contrast, the different genetic background of the
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control lines resulted in a quantitatively different (up to 2-fold for some compounds) flavonoid
content. In a field test, KP4 did not influence flavonoid content either, whether or not the lines
were infected by pathogens.

Conclusions
These profiling studies are highly heterogeneous (plant tissues, growth parameters, range
of comparators, technologies). They have to be considered as exploratory (i.e. not normalized
validated approaches for routine assessment of GE plants).
This survey on the profiling of GE crop lines with agronomic traits, but without deliberate
modifications to metabolic pathways, reveals that some differences exist when compared to
control lines. However, the available data on various conventional lines consistently show more
differences. This has to be linked to the fact that GE lines have been selected by a process based
not only on the suitable expression of a new trait but also on phenotypic and compositional
equivalence with a close comparator, followed by a number of crosses to introgress the new trait
into elite lines. A number of environmental factors (field location, sampling time during season
or at different seasons, mineral nutrition) have also been shown, consistently, to exert a greater
influence than transgenesis.

Towards adapting the substantial equivalence concept to GE plants with altered metabolic
traits

The substantial equivalence concept encompasses a comparison of biochemical
composition with a non-GE line considered to be safe. However, many GE crop lines have been
developed to obtain improved feed or food composition. Before examining whether this concept
can be used to address the need to assess the safety of these new crops, the following section
examines systematically the conclusions of available “omic” studies. Further details are given in
Supplemental Table S3. Some publications not intended to study unintended effects of
transgenesis per se, but nevertheless providing relevant information, are discussed below or listed
in S3.

Maize
Huang et al. (2005) generated maize lines with an elevated content of free and total lysine
in the kernels due to the combined deregulation of its synthesis and reduced levels of a lysinepoor storage protein. Kernels from field-grown plants showed, in addition, strong increases in the

11

12

content of two lysine metabolites and up to 2-fold higher content of other free amino acids, but
with only marginal changes for total amino acids.

Potato
Lehesranta et al. (2005) demonstrated major qualitative and quantitative differences in the
tuber proteome of field-grown varieties and landraces, but found only limited quantitative
differences between GE lines (affected either in cell wall structure or ethylene/polyamine
metabolism) and their controls. Using the same lines, plus related ones as well as lines expressing
a sense and antisense fructokinase gene (all grown in pots), similar conclusions were reached
using metabolic profiling (Defernez et al., 2004) or targeted compositional analysis (Shepherd et
al., 2006). The most obvious differences were found between the two non-GE varieties.
Differences were also found between tissue culture-derived tubers and tubers derived from
transformation with the empty vector. This raises the possibility that somaclonal variation
(known to occur significantly in potato, depending on genotype) may be responsible for an
unknown proportion of differences.
Similarly, using field-grown tubers engineered to produce inulin-type fructans, Catchpole
et al. (2005) found their metabolite composition to be similar to the progenitor line and variations
to be within the range found in classical cultivars, apart from the predictable increase in fructans
and derivatives. Baroja-Fernandez et al. (2009) found numerous transcriptomic changes in tubers
with altered levels of sucrose synthase, but their data were not compared to varietal changes.
An additional perspective (i.e. influence of sampling time) is provided by Kim et al.
(2009) who found that one week of storage significantly modified tuber metabolite patterns but
the constitutive expression of beta amyloid, curdlan synthase or glycogen synthase triggered
neither quantitative nor qualitative differences.

Rice
In seeds of two high tryptophan rice lines (field-grown), Wakasa et al. (2006) found an
increase in the content of other free amino acids (but to a lesser extent than that of tryptophan)
and of indole acetic acid, which was predictable given the relation between the tryptophan
biosynthetic pathway and the production of this growth regulator. However, they found no major
change for other phenolic compounds. The same laboratory (Dubouzet et al., 2007) also found
limited metabolic and transcriptomic differences in 8-day-old seedlings of lines with high
tryptophan. Beatty et al. (2009) reported limited transcriptional changes in roots and shoots of
“nitrogen use efficient” rice obtained by overexpression of alanine aminotransferase.
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Tomato
Le Gall et al. (2003) analyzed metabolic profiles during tomato fruit ripening and
potential unintended effects when two transcription factors were simultaneously overexpressed to
increase flavonol content. The levels of at least 15 other metabolites were found to be different
between the red GE and non-GE tomato types, but according to the authors (who did not specify
the growth conditions) these changes are within the natural variation normally observed in a
field-grown crop.
Long et al. (2006) found no perturbation in phenolic metabolites in mutant and transgenic
lines altered in structural genes for carotenoid biosynthesis and reciprocally the down-regulation
of ferulate 5-hydroxylase did not affect carotenoid content in red fruit from greenhouse-grown
plants.
In a more comprehensive study, but also limited to greenhouse conditions, Fraser et al.
(2007) characterized the fruit metabolic changes associated with over-production of carotenoids.
Specific sectors of metabolism were altered in green fruit, resembling some metabolic changes
normally associated with ripening. Ripe fruit showed the least change in overall metabolites,
although levels of 43% of the metabolites were altered. Thus, perturbation in carotenoid synthesis
has profound regulatory implications for tomato fruit development but these effects arise without
altering the general phenotype of the plant and fruit ripening.
In addition, as expected, several metabolisms can be altered, either in conventional
mutants or in transgenic lines, when regulatory genes are affected, such as those involved in light
perception (see Long et al., 2006 and other references in Supplemental Table S3) or growth
regulator biosynthesis (see Mattoo and Handa, 2008).

Wheat
Baudo et al. (2009) report transcriptomic comparison of GE and conventionally-bred lines
(grown in a greenhouse) expressing a given set of seed storage proteins (glutelins) known to
determine bread-making quality. Differences in endosperm and leaf transcriptome between GE
and parent lines were rare (up to 6 genes). More differences (up to 527 genes in endosperm) were
observed between this parent line and another conventionally bred line. The latter, although of
different overall background, contains the same set of glutelins as the GE line and unexpectedly
showed fewer differences (up to 154 genes) with the GE line than with the parent of the GE line.
Baker et al. (2006) performed metabolomic comparisons also using lines differing in their set of
glutelins. They found some difference in polar metabolites between GE and parental lines but,
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generally, they were in the range of differences caused by the environment (plants grown in fields
on different sites and in different years). Larger differences were often observed between two
parental lines, between years, and between different sites than between the GE and control lines.
Additional articles analyzing wheat or barley lines with a modified set of seed storage proteins
are listed in S3.

Conclusions
Few of these studies brought their results in perspective with the potential effects of the
environment. Nevertheless, the available data are noteworthy since they indicate that GE lines
with altered metabolic traits do not necessarily exhibit pleiotropic changes. This is encouraging
for the future use of transgenesis to improve food and feed quality. However, some pleiotropic
effects do occur when certain pathways are modified.
A key consideration for crops with altered composition, in a “substantial equivalence”
perspective, is the choice of a comparator for GE lines. The published “omic” studies did not yet
examine the question as to what the appropriate comparator should be (the progenitor or a crop
that most closely resembles the new variety with respect to the intentionally altered metabolic
trait). On the other hand, it can be stressed that, up to now, choosing a comparator has not posed a
major problem. GE crops (as well as conventional varieties) with altered composition have
already been assessed and approved by regulators (e.g. crops with high oleic acid content).

DISCUSSION

Divergent views on “omics”
Some authors (see a selection of articles in Supplemental Table S4) consider that non-targeted
profiling provides coverage of gene, protein, and metabolite analysis that cannot be matched by
traditional targeted approaches. A so called “unbiased” analysis of the metabolome, for example,
certainly offers new possibilities for plant physiologists and holds promise for a better
understanding of the variation in metabolites relevant to human health and nutrition. However, as
Lay et al. (2006) pointed out, “bias” does occur with “omics”, i.e. systematic errors, as well as
other problems with « statistics (e.g., number of replicates), methodology and method misuse ».
As the present review shows, there is an obvious lack of homogeneity in experimental
design and methodology, sometimes even within the same laboratory. Most published “omic”
studies lack a biological validation of observed differences between GE crops and their
comparators. Some include no biological replicates. Variable patterns in either transcriptome,
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proteome, or metabolome are reported depending on growth conditions, geography, season, or
variety. Considering all sources of difficulties in data interpretation, it seems premature to infer
precise conclusions from variations assigned to a GE variety, such as the definition of a given
compound as a “biomarker” for a given type of GE crop (Levandi et al., 2008). However, as
discussed below, the available data valuably point to general trends concerning transgenesis.

Metabolomics vs. traditional analytical chemistry
Current risk assessment of GE crops includes the analysis of 50 to 150 analytes (depending on
the crop species) identified by OECD consensus documents (2006) as the key compounds for that
crop, using validated analytical methods. Following these guidelines, current approaches allow
measurement of 80% of biomass in soybean seed and 95% of non-starch biomass in maize grain.
Metabolomics would measure a few hundred analytes, i.e. the same compounds, plus additional
low-abundant metabolite pools, usually extremely variable, some of which are unidentified.
Despite the recent publication of numerous “omics” studies in relation to GE crops assessment, it
does not yet seem feasible to propose large-scale methods that can be internationally certified and
accepted. Using metabolomics would be a change of paradigm (measuring more analytes, but
with less precision.) for GE crop assessment, but would provide little or no added value for food
safety (Chassy et al., 2010) since it does not yet surpass the currently used analytical methods
(see Harrigan et al., 2010). In addition, when studies have used different metabolomic
technologies simultaneously, discrepancies in the results were obvious (see Leon et al. 2009).

Which “omic”approach and when?
As can be seen in Table I, metabolomics is the prevalent approach. Some authors consider
that transcriptomics can routinely establish substantial equivalence (see Baudo et al., 2009).
Others suggest combining methods (see S4). However, few studies have used different “omics”
side-by-side and therefore a comparative assessment of these techniques is still required.
At present, published profiling studies of GE crops represent merely a compilation of data
and mandatory use of these techniques in GE food safety assessment would be pointless. Basic
research should be carried out to improve methods and evaluate the reliability of the results. A
weight-of-evidence approach for a better determination of the consistency of the observed
differences, determination of their non-transient nature and of their biological relevance are all
recommended. Modelling is needed to analyse observed differences in various pathways.
Subsequently, a tiered approach on the potential use of “omics” could be proposed, which would
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follow a decision-tree incorporating parameters from traditional safety assessments and establish,
on a case-by-case basis, whether “omics” use is helpful or not.
Food safety-oriented cDNA microarrays could be constructed. Van Dijk et al. (2009) used this
approach to analyze the tuber transcriptome of two different non-GE potato varieties to detect
variation due to genetic differences or environmental conditions. The extent of natural variation
of gene expression was examined to help future biological and/or toxicological assessments.
Regarding allergenicity predictions, 2DE combined with immunoblotting are used to
identify the allergenic spots that bind IgE antibodies. Proteomic and mass spectrometry methods
are also able to provide qualitative and quantitative information on the levels of allergens,
including new ones (see S2).

Transgenesis in the context of existing variations
Before commercialization, GE crop lines have to be checked for phenotypic and
compositional equivalence (for key nutrients, anti-nutrients and toxicants content) to existing
varieties (apart from the new trait). Therefore, it seems unlikely from a plant physiology point of
view that a new transgenic line which has equivalent key metabolite content, as well as similar
growth, flowering, fruit development, seed production etc. parameters would exhibit extensively
altered gene expression, protein or metabolite profiles.
Nevertheless, not unexpected from a systems biology point of view, some differences
attributed to transgenesis were reported in the published “omics” studies. However, when a larger
set of references was included in the study (i.e., beyond the pair-wise comparison of a GE line
and its near-isogenic line), the most pronounced differences were consistently found between the
various conventional varieties, a trend linked to the crop diversity maintained or created by plant
breeders. This should be put in perspective taking into account that conventional breeding is
generally regarded as safe, despite the fact that the nature of the changes in new conventional
cultivars are usually unknown (Parrott et al., 2010).
Large effects due to the environment were also observed on gene expression, protein and
metabolite levels in some studies (see Baker et al., 2006; Barros et al., 2010; Zhou et al., 2009;
Zolla et al., 2008). The present knowledge created by profiling approaches illustrates the need to
place pair-wise differences between GE lines and their direct progenitor in a wider context.

What conclusions can be drawn regarding the substantial equivalence concept?
It is important to keep in mind that the standard proposed by the OECD/FAO/WHO was
“substantial” equivalence rather than total equivalence and that there is no specific statistical nor
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biological basis to define “substantial” (see Hoekenga, 2008). In other words, no “limits” of
concern” have been defined regarding differences. In addition, plant composition is usually
variable even within a single variety. Pairwise differences between a GE line and its comparator
are usually less than natural variability. Furthermore, near-isogenic lines differ by a number of
alleles, which could explain a number of differences attributed to transgenesis. Thus, the
substantial equivalence concept cannot provide more than a guiding framework for evaluation.
Nevertheless, the experience acquired after 15 years of GE crop commercialization has
comforted the validity of this framework. However, considering the highly polarized views on
GE crops, it is important to notice that the opinions expressed previously by food safety agencies
(i.e. general “equivalence” of authorized GE crops with non-GE comparators) have now been
independently corroborated at the transcriptomic, proteomic, and metabolomic levels by recently
published “omic” comparisons (Table I). None of the published “omic” assessments has raised
new safety concerns about marketed GE cultivars.

Which changes in regulation for new crops?
Based on their extensive comparison of compositional data of corn and soybean varieties,
Harrigan et al. (2010) proposed that « if regulatory scrutiny is to be commensurate with the
potential for compositional deviation, there is no reason to prioritize crops on the basis of
genetic modification via transgenesis over crops genetically modified via conventional breeding,
chemical mutagenesis or irradiation ». Batista et al. (2008) showed, in the case studied, that the
observed transcriptome alteration was greater in mutagenized than in transgenic plants. It should
be mentioned that as far back as in 1987, a report by the National Academy of Science (entitled
Introduction of Recombinant DNA-Engineered Organisms into the Environment) had already
stated that « there is no evidence that unique hazards exist in the use of recombinant DNA
techniques or in the transfer of genes between unrelated organisms » and « that the risk [...] are
the same in kind as those associated with [...] other genetic techniques ».
Today, the fast accumulating data from targeted approaches as well as non-targeted
profiling, consistently indicating that transgenesis has less impact than conventional breeding,
should lead at least to a convergence of regulations for various crop breeding methods.
Obviously, on a scientific basis this should mean lowering the current regulatory burden for GE
crops (Chassy, 2010). Considering that health problems have not been identified for GE crops
after 15 years of commercialization, time may have come to simplify the risk assessment of
modern biotechnology products, and therefore reduce cost. This would make risk assessment
more affordable for small companies, academic institutions, or low-income countries.
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However, considering that regulations ruling GE crop marketing have been strengthened
continuously due to political pressure, especially in the European Union (see Morris and Spillane,
2010), it is more likely that the non-GE authorization, and firstly of mutagenized crops, will be
brought in to line with the GE regulation. In addition, although there is no evidence that more
food safety testing is necessary for GE crops, one can predict that a “whatever is possible should
be done” policy will push for the use of “omics” technologies in their mandatory assessment.

18

19

LITERATURE CITED

1. Abdeen A, Miki B (2009) The pleiotropic effects of the bar gene and glufosinate on the
Arabidopsis transcriptome. Plant Biotechnol J 7: 266-282
2. Abdeen A, Schnell J, Miki B (2010) Transcriptome analysis reveals absence of unintended
effects in drought-tolerant transgenic plants overexpressing the transcription factor ABF3.
BMC Genomics 11: 69 doi:10.1186/1471-2164-11-69
3. Albo AG, Mila S, Digilio G, Motto M, Aime S, Corpillo D (2007) Proteomic analysis of a
genetically modified maize flour carrying Cry1Ab gene and comparison to the corresponding
wild-type. Maydica 52: 443-455
4. Baker JM, Hawkins ND, Ward JL, Lovegrove A, Napier JA, Shewry PR, Beale MH
(2006) A metabolomic study of substantial equivalence of field-grown genetically modified
wheat. Plant Biotech J 4: 381-392
5. Baroja-Fernández E, Muñoz FJ, Montero M, Etxeberria E, Sesma MT, Ovecka M, A
Bahaji, Ezquer I, Li J, Prat S, Pozueta-Romero J (2009) Enhancing Sucrose Synthase
Activity in Transgenic Potato (Solanum tuberosum L.) Tubers Results in Increased Levels of
Starch, ADPglucose and UDPglucose and Total Yield. Plant Cell Physiol 50: 1651–1662
6. Barros ELS, Anttonen MJ, van Dijk JP, Röhlig RM, Kok EJ, Engel KH (2010)
Comparison of two GM maize varieties with a near-isogenic non-GM variety using
transcriptomics, proteomics and metabolomics. Plant Biotechnol J 8: 436-451
7. Batista R, Oliveira M (2010) Plant natural variability may affect safety assessment data.
Regul Toxicol Pharmacol 58: 8-12
8. Batista R, Saibo N, Lourenço T, Oliveira M (2008) Microarray analyses reveal that plant
mutagenesis may induce more transcriptomic changes than transgene insertion. Proc Natl
Acad Sci USA 105: 3640-3645
9. Baudo MM, Powers S, Mitchell RA, Shewry PR (2009) Establishing substantial
equivalence: transcriptomics. Methods Mol Biol 478: 247–272
10. Beatty PH, Shrawat AK, Carroll RT, Zhu T, Good AG (2009) Transcriptome analysis of
nitrogen-efficient rice over-expressing alanine aminotransferase. Plant Biotech J 7: 562–576
11. Catchpole GS, Beckmann M, Enot DP, Mondhe M, Zywicki B, Taylor J, Hardy N,
Smith A, King RD, Kell DB, Fiehn O, Draper J (2005) Hierarchical metabolomics
demonstrates substantial compositional similarity between genetically modified and
conventional potato crops. Proc Natl Acad Sci USA 102: 14458-14462

19

20

12. Chassy BM (2010) Can –omics inform a food safety assessment? Regul Toxicol Pharmacol
58: 62–70
13. Chen HC, Bodulovic G, Hall PJ, Moore A, Higgins TJV, Djordjevic MA, Rolfe BG
(2009) Unintended changes in protein expression revealed by proteomic analysis of seeds
from transgenic pea expressing a bean alpha-amylase inhibitor gene. Proteomics 9: 44064415
14. Cheng KC, Beaulie J, Iquira E, Belzile FJ, Fortin MG, Stromvik MV (2008) Effect of
transgenes on global gene expression in soybean is within the natural range of variation of
conventional cultivars. J. Agric. Food Chem 56: 3057-3067
15. Coll A, Collado ANR, Capellades G, Messeguer J, Melé E, Palaudelmàs M, Pla M (2009)
Gene expression profiles of MON810 and comparable non-GM maize varieties cultured in
the field are more similar than are those of conventional lines. Transgenic Res 18: 801-808
16. Coll A, Nadal A, Collado R, Capellades G, Kubista M, Messeguer J, Pla M (2010a)
Natural variation explains most transcriptomic changes among maize plants of MON810 and
comparable non-GM varieties subjected to two N-fertilization farming practices. Plant Mol
Biol 73: 349-362
17. Coll A, Nadal A, Palaudelmas M, Messeguer J, Melé E, Puigdomènech P, Pla M (2008)
Lack of repeatable differential expression patterns between MON810 and comparable
commercial varieties of maize. Plant Mol Biol 68: 105-117
18. Coll A, Nadal A, Rossignol M, Puigdome`nech P, Pla M (2010b) Proteomic analysis of
MON810 and comparable non-GM maize varieties grown in agricultural fields. Transgenic
Res, http://www.springerlink.com/content/pv8w0x344751366v/
19. Defernez M, Gunning YM, Parr AJ, Shepherd LVT, Davies HV, Colquhoun IJ (2004)
NMR and HPLC-UV Profiling of Potatoes with Genetic Modifications to Metabolic
Pathways. J Agric Food Chem 52: 6075–6085
20. Di Carli M, Villani ME, Renzone G, Nardi L, Pasquo A, Franconi R, Scaloni A,
Benvenuto E, Desiderio A (2009) Leaf Proteome Analysis of Transgenic Plants Expressing
Antiviral Antibodies. J Proteome Res 8: 838–848
21. Dubouzet JG, Ishihara A, Matsuda F, Miyagawa H, Iwata H, Wakasa K (2007)
Integrated metabolomic and transcriptomic analyses of high-tryptophan rice expressing a
mutant anthranilate synthase alpha subunit. J Exp Bot 58: 3309-3321
22. El Ouakfaoui S, Miki B (2005) The stability of the Arabidopsis transcriptome in transgenic
plants expressing the marker genes nptII and uidA. Plant J 41: 791-800

20

21

23. Fraser PD, Enfissi EMA, Halket JM, Truesdale MR, Yu D, Gerrish C, Bramley PM
(2007) Manipulation of Phytoene Levels in Tomato Fruit: Effects on Isoprenoids, Plastids,
and Intermediary Metabolism. Plant Cell 19: 3194-3211
24. García-Villalba R, León C, Dinelli G, Segura-Carretero A, Fernández-Gutiérrez A,
Garcia-Cañas V, Cifuentes A (2008) Comparative metabolomic study of transgenic versus
conventional soybean using capillary electrophoresis-time-of-flight mass spectrometry. J
Chromatogr A 1195: 164-73
25. Gregersen PL, Brinch-Pedersen H, Holm PB (2005) A microarray-based comparative
analysis of gene expression profiles during grain development in transgenic and wild type
wheat. Transgenic Res 14: 887-905
26. Harrigan G, Lundry D, Drury S, Berman K, Riordan S, Nemeth M, Ridley W, Glenn K
(2010) Natural Variation in Crop Composition and the Impact of Transgenesis. Nat Biotech
28: 402-404
27. Hoekenga OA (2008) Using metabolomics to estimate unintended effects in transgenic crop
plants: problems, promises, and opportunities. J Biomol Tech 19: 159-66
28. Huang S, Kruger DE, Frizzi A, D'Ordine RL, Florida CA, Adams WR, Brown WE,
Luethy MH (2005) High-lysine corn produced by the combination of enhanced lysine
biosynthesis and reduced zein accumulation. J Plant Biotechnol 3: 555–569
29. Ioset JR, Urbaniak B, Ndjoko-Ioset K, Wirth J, Martin F, Gruissem W, Hostettmann K,
C Sautter (2007) Flavonoid profiling among wild type and related GM wheat varieties. Plant
Mol Biol 65: 645–654
30. Islam N, Campbell PM, Higgins TJV, Hirano H, Akhurst RJ (2009) Transgenic peas
expressing an alpha-amylase inhibitor gene from beans show altered expression and
modification of endogenous proteins. Electrophoresis 30: 1863–1868
31. Jiao Z, XX Si, GK Li, ZM Zhang, Xu XP (2010) Unintended Compositional Changes in
Transgenic Rice Seeds (Oryza sativa L) Studied by Spectral and Chromatographic Analysis
Coupled with Chemometrics Methods. J Agric Food Chem 58: 1746-1754
32. Kim HS, Kim SW, Park YS, Kwon SY, Liu JR, Joung H, Jeon JH (2009) Metabolic
profiles of genetically modified potatoes using a combination of metabolite fingerprinting and
multivariate analysis. Biotechnol Bioproc Eng 14: 738-747
33. Kogel KH, Voll LM, Schäfer P, Jansen C, Wu Y, Langen G, Imani J, Hofmann J,
Schmiedl A, Sonnewald S, von Wettstein D, Cook RJ, Sonnewald U (2010) Transcriptome
and metabolome profiling of field-grown transgenic barley lack induced differences but show
cultivar-specific variances. Proc Natl Acad Sci USA 107: 6198-6203

21

22

34. Kristensen C, Morant M, Olsen CE, Ekstrøm CT, Galbraith DW, Møller BL, Bak S
(2005) Metabolic engineering of dhurrin intransgenic Arabidopsis plants with marginal
inadvertent effects on the metabolome and transcriptome. Proc Natl Acad Sci USA 102:
1779–1784
35. Lay JO Jr, Borgmann S, Liyanage R, Wilkins CL (2006) Problems with the ‘‘omics’’.
Trends Anal Chem 25: 1046-1056
36. Le Gall G, Colquhoun IJ, Davis AL, Collins GJ, Verhoeyen ME (2003) Metabolite
profiling of tomato (Lycopersicon esculentum) using H-1 NMR spectroscopy as a tool to
detect potential unintended effects following a genetic modification. J Agri Food Chem 51:
2447-2456
37. Lehesranta Satu J, Davies HV, Shepherd LVT, Nunan N, McNicol JW, Auriola S,
Koistinen KM, Suomalainen S, Kokko HI, Kärenlampi SO (2005) Comparison of Tuber
Proteomes of Potato Varieties, Landraces, and Genetically Modified Lines. Plant Physiol 138:
1690-1699
38. Leon C, Rodriguez-Meizoso I, Lucio M, Garcia-Cañas V, Ibañez E, Schmitt-Kopplin P,
Cifuentes A (2009) Metabolomics of transgenic maize combining Fourier transform-ion
cyclotron resonance-mass spectrometry, capillary electrophoresis-mass spectrometry and
pressurized liquid extraction. J Chromatogr A 1216: 7314-7323
39. Levandi T, Leon C, Kaljurand M, Garcia-Canas V, Cifuentes A (2008) Capillary
electrophoresis time-of-flight mass spectrometry for comparative metabolomics of transgenic
versus conventional maize. Anal Chem 80: 6329-6335
40. Li X, Huang KL, Zhu BZ, Tang MZ, Luo YB (2005) Potentiality of "omics" techniques for
the detection of unintended effects in genetically modified crops. J Agr Biotechnol 13: 10821088
41. Long M, Millar DJ, Kimura Y, Donovan G, Rees J, Fraser PD, Bramley PM, Bolwell
GP (2006) Metabolite profiling of carotenoid and phenolic pathways in mutant and
transgenic lines of tomato: identification of a high antioxidant fruit line. Phytochem 67:
1750–1757
42. Manetti C, Bianchetti C, Casciani L, Castro C, Di Cocco M E, Miccheli A, Motto M,
Conti F (2006) A metabonomic study of transgenic maize (Zea mays) seeds revealed
variations in osmolytes and branched amino acids. J Exp Bot 57: 2613–2625
43. Metzdorff SB, Kok EJ, Knuthsen P, Pedersen J (2006) Evaluation of a non-targeted
"omic" approach in the safety assessment of genetically modified plants. Plant Biol 8: 662672

22

23

44. Montero M, Coll A, Nadal A, Messeguer J, Pla M (2010) Only half the transcriptomic
differences between resistant genetically modified and conventional rice are associated with
the transgene. Plant Biotechnol J, on line October 29, 2010
45. Morris S, Spillane C (2010) EU GM Crop Regulation: A Road to Resolution or a Regulatory
Roundabout? Eu J Risk Regul 4: 359-369
46. OECD (2006) An Introduction to the Food/Feed Safety Consensus Documents of the Task
Force. In Organization for Economic Cooperation and Development, eds, Series on the Safety
of Novel Foods and Feeds, No 14, Paris, pp 7-9
47. Parrott W, Chassy B, Ligon J, Meyer L, Petrick J, Zhou J, Herman R, Delaney B,
Levine M (2010) Application of food and feed safety assessment principles to evaluate
transgenic approaches to gene modulation in crops. Food Chem Toxicol 48: 1773-1790
48. Piccioni F, Capitani D, Zolla L, Mannina L (2009) NMR Metabolic Profiling of
Transgenic Maize with the Cry1A(b) Gene. J Agric Food Chem 57: 6041–6049
49. Ren Y, Jun L, Wang H, Li L, Peng Y, Qu LJ (2009b). A comparative proteomics approach
to detect unintended effects in transgenic Arabidopsis. J Genet Genomics 36: 629-639
50. Ren Y, Wang T, Peng Y, Xia B (2009a) Distinguishing transgenic from non-transgenic
Arabidopsis plants by 1H NMR-based metabolic fingerprinting. J Genet Genomics 36: 621628
51. Ruebelt MC, Lipp M, Reynolds TL, Astwood JD, Engel K-H, Jany K-D (2006)
Application of two-dimensional gel electrophoresis to interrogate alterations in the proteome
of genetically modified crops. 2. Assessing natural variability Journal of Agricultural and
Food Chemistry 54: 2162–2168
52. Shepherd LVT, McNicol JW, Razzo R, Taylor MA, Davies HV (2006) Assessing the
potential for unintended effects in genetically modified potatoes perturbed in metabolic and
developmental processes. Targeted analysis of key nutrients and anti-nutrients. Transgenic
Res 15: 409-425
53. Van Dijk JP, Cankar K, Scheffer SJ, Beenen HG, Shepherd LV, Stewart D, Davies HV,
Wilkockson SJ, Leifert C, Gruden K, Kok EJ (2009) Transcriptome analysis of potato
tubers—effects of different agricultural practices. J Agric Food Chem 57: 1612–1623
54. Wakasa K, Hasegawa H, Nemoto H, Matsuda F, Miyazawa H, Tozawa Y, Morino K,
Komatsu A, Yamada T, Terakawa T, Miyagawa H (2006) High-level tryptophan
accumulation in seeds of transgenic rice and its limited effects on agronomic traits and seed
metabolite profile. J Exp Bot 57: 3069-3078

23

24

55. Zhou J, Ma CF, Xu HL, Yuan KL, Lu X, Zhu Z, Wu YN, Xu GW (2009) Metabolic
profiling of transgenic rice with cryIAc and sck genes: an evaluation of unintended effects at
metabolic level by using GC-FID and GC-MS. J Chromatogr B 877: 725-732
56. Zolla L, Rinalducci S, Antonioli P, Righetti PG (2008) Proteomics as a complementary
tool for identifying unintended side effects occurring in transgenic maize seeds as a result of
genetic modifications. Journal of Proteome Research 7: 1850-1861

24

25

Table I - Number of publications comparing GE and non-GE crop varieties without or
with intentional metabolic changes according to the “omic” profiling
Plant

GE with no intentional

GE with intentional

species

metabolic changes

metabolic changes

Total

T

P

M

Total

Barley

1

1

0

1

-

Cabbage

1

0

0

1

-

Grapevine

-

Maize

11

4

4

Pea

2

0

Potato

1

Rice

T

P

M

2

1

1

0

5

1

0

0

1

2

0

-

0

1

0

5

1

1

3

4

2

0

2

5

2

2

2

Soybean

2

1

0

1

-

Tomato

-

6

2

0

6

Wheat

3

1

1

1

4

2

0

2

Total

25

9

8

12

19

8

4

14

The total number of published studies and the number with respectively transcriptomic
(T), proteomic (P), or metabolomic (M) data are given. Some publications reported
various profiling approaches.
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