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Abstract

Within Europe at least genetic modification of crop plants still remains controversial. One
of the major issues is the possibility of unintended effects caused, for example, by the
site of transgene integration (e.g. interruption of important open reading frames or regu-
latory sequences). These could result in modified metabolism, novel fusion proteins or
other pleiotropic effects which could compromise safety by e.g. producing new allergens
or toxins. Comparative safety assessment includes targeted analysis of key nutrients and
anti-nutritional factors. However, arguably, unintended effects are less likely to be de-
tected with this conventional targeted analysis of a relatively limited number of molecules
compared with non-targeted methods such as transcriptional, protein and metabolite pro-
filing. Thus broader scale profiling or ‘omics’ methods could increase the chances of
detecting possible unintended effects.

Using two-dimensional electrophoresis and mass spectrometry, it is often possible to
visualize, quantify and identify hundreds or even thousands of proteins in a given tissue
or cell sample. However, little information is still available on the extent of natural vari-
ation in the proteome caused by genetic background, environmental influences and other
factors. Consideration of the extent of natural variation in the proteome is important in the
comparative analysis of genetically modified (GM) crops, because observed differences
in GM lines might be well within normal variation observed in non-modified material.

The aim of the present Thesis was to evaluate the applicability of proteomic tech-
niques in characterising several GM potato lines for possible unintended effects. In ad-
dition, an insight into the extent of natural variation in potato tuber was provided by
analysing a wide range of potato genotypes, the life cycle of the tuber, and the effect of al-
ternative cultivation techniques. The studies conducted here suggest that compared to the
extensive natural variation found between different non-GM varieties and landraces, the
effects of genetic modification on the proteome are considerably less pronounced. In fact,
no clear differences between the protein patterns of the GM lines and their controls were
found. Furthermore, major changes in protein profiles due to developmental/physiological
stages and, to a lesser extent, alternative agricultural systems were observed.

Universal Decimal Classification: 504.73,575.113,577.112,582.951, 632.8, 633.491
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1 INTRODUCTION

1 Introduction

It is generally accepted that traditional food is safe for the majority of consumers.
To introduce a new variant or cultivar developed from a traditional crop plant, few
analyses are required to prove its safety. The situation is quite different if the crop
is developed by using genetic modification.

In a majority of cases seen so far, a new gene has been introduced to a non-
predetermined location in the genome. It is quite feasible to ask the question
whether the new gene products (proteins) are safe or not. Therefore, for all ge-
netically modified (GM) crop plants, the safety of the newly introduced proteins
needs to be demonstrated before the plants can be released into the market. An-
other point of concern is the random integration of the new gene into the plant
genome. Both the new gene itself and its site of integration may give rise to unin-
tended adverse effects. For example, transgene integration might interrupt regu-
latory sequences or open reading frames, modifying the metabolism. These mod-
ifications could compromise the safety of the food crops by, for instance, leading
to the production of new allergens or toxins. Having the gene and the integration
site well characterised provides the basis for the safety assessment. However, it
is a common practice today to perform a large number of targeted analyses of
key macronutrients, micronutrients, antinutrients and toxins, to demonstrate the
substantial equivalence of the novel crop with the conventional counterpart. Still,
there is criticism that possible unintended effects are not covered by these targeted
analyses.

Integration of exogenous DNA (transgene) occurs via the same mechanism as
does the natural recombination. Several types of rearrangements are thus observed
both in transgene integration sites and in natural recombination sites. While this
mechanism provides natural variation for breeders to select from, it is also a source
of unintended effects similar to that in genetically engineered crop plants. In the
light of the variation generated by the natural recombination and by the repertoire
of traditional breeding technologies exploited for decades, the question arises how
much variation might the transfer and integration of a single gene generate in the
overall genetic makeup of a crop plant compared to the variation already existing.
A related question is how probable are unintended effects that extend beyond this
variation.

Non-targeted methods such as transcriptional, protein and metabolite profil-
ing offer potentially unbiased approaches to the detection of unintended effects.
How feasible are profiling techniques in general as tools to provide additional
data for the risk assessment of GM crops? Do they provide added value worth
the investment? Do they give reassurance that unintended adverse effects have
not occurred? While it is clear that a comprehensive coverage of all constituents
present in a given tissue is difficult to obtain with the current technologies, pro-
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Satu Lehesranta: Proteomics in the detection of unintended effects in GM plants

teins are the key molecules of interest, as they are potential allergens and catalyse
the synthesis of metabolites some of which are potential toxins.

To assess the observed differences in the context of natural variation in the
composition, comparative data of ‘normal’ protein levels are needed to understand
the effect of genetic background, developmental stages, physiological states, envi-
ronmental conditions and cultivation techniques, and to be able to set the criteria
against which to determine what is a significant difference worth considering a
possible safety risk. Currently there is very little information publicly available
on protein patterns in major food crops.

This Thesis evaluates the applicability of proteomic techniques in character-
ising genetically modified lines for possible unintended effects. Furthermore, it
describes natural variation due to different genetic backgrounds, developmental
and physiological states and cultivation practices to establish a baseline of protein
expression using potato tuber as the model system.

14 Kuopio Univ. Publ. C. Nat. and Environ. Sci. 203:1-71 (2006)



2 REVIEW OF THE LITERATURE

2 Review of the literature

2.1 Transgene integration in the context of natural genetic vari-
ation in plants

Transgenic and other molecular techniques are the most recent additions in the
plant breeder’s toolbox and allow for the introduction of novel genetic material
even from distant sources. As both natural recombination and the repertoire of
traditional breeding technologies are ample sources of genetic variation, a major
question is how much variation might the transfer and integration of a single gene
generate in the overall genetic composition of a genetically modified (GM) crop
plant compared to natural variation. Another key question is how likely are unin-
tended effects that introduce novel variation beyond what is naturally observed.

2.1.1 Genetic variation of crop plants

Plant breeding has always employed natural or artificially induced genetic vari-
ation and selection for introducing new cultivars. As the gene pool used during
early domestication and modern breeding has for many crop species been limited,
cultivated varieties represent only a small fraction of the variability among their
wild relatives [46]. Landraces are the earliest form of cultivars available and, in
comparison to modern-day cultivars, are highly heterogeneous. Despite difficul-
ties in interspecific breeding, introgression breeding with wild relatives has made
a considerable contribution to the development of modern-day varieties of many
important food crops.

In addition to utilising natural variation present in these populations by crosses
and selection, modern plant breeding employs intensive methods for the modifica-
tion of plant genetic composition, such as intervarietal hybrids, wide interspecific
crosses, protoplast fusion, mutagenesis (by chemicals or irradiation) and ploidy
modification. Each of these has the potential to produce abundant pleiotropic ef-
fects on gene structure and trait expression in plants. For instance, it is known that
irradiation-induced mutagenesis can lead to chromosomal rearrangements [166]
and possibly to increased recombination frequency [105]. It has been shown that
interspecies crosses and ploidy modification lead to major genomic changes in
wheat [74, 132]. Various species and genera, including many important crop
plants, naturally display extensive chromosomal rearrangements, and widely dif-
ferent chromosome numbers have been detected within a species and/or a genus
[114]. Genome doubling significantly affects gene expression, resulting in epige-
netically induced gene silencing [1]. In general, study of natural and laboratory
generated polyploids has revealed extensive and rapid genomic changes within
a few generations in some groups, including sequence rearrangements, homoe-

Kuopio Univ. Publ. C. Nat. and Environ. Sci. 203:1-71 (2006) 15
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ologous recombination, sequence elimination, changes in DNA methylation and
gene silencing, often leading to novel phenotypes not present in the contributing
species [112, 131]. The genomes of some species, such as maize, are charac-
terised by high variability due to insertions of transposable elements and differ-
ential presence of genes and gene fragments [23]. A comparison of the genomes
of maize inbred lines has shown that transposable elements continue to change
the genome, profoundly affecting genetic diversity within the species [102, 120].
Apart from affecting genome structure by insertions and excisions, transposable
elements have the potential to activate and alter the expression of adjacent genes
in wheat [85]. Therefore, it appears that plant genomes are highly dynamic and
may by natural or human-induced means undergo major rearrangements, leading
to a staggering amount of variability in natural and breeding populations.

2.1.2 The mechanisms of genetic recombination in plants

Recombination is without doubt crucial to plant breeding. There are differences
in the recombination rate over portions of genomes [158], and this phenomenon
might be of general importance for higher plants and their genome evolution.
Gene-rich regions are hot spots for recombination e.g. in wheat [61]. Because
of this bias for gene-rich regions, new variation in the form of new alleles with
novel characteristics has emerged within plant populations [31] and in crop plants
[158]. Studies on the evolution of disease resistance genes [143] and genes influ-
encing quality traits [54] suggest that novel alleles have arisen from the shuffling
of sequence domains between members of the gene family in a pattern that is
similar to that observed for double-strand break (DSB) repair in plants [27].

Two major genetic recombination mechanisms have been identified in plants,
and both mechanisms are currently explained by the DSB repair model [63]. Gen-
erally, DSBs can be repaired via two different pathways, either via homologous
recombination or via non-homologous end-joining, also known as illegitimate re-
combination. Non-homologous end joining is the predominant form of recombi-
nation in somatic cells of plants [140] and also plays a role in meiotic recombi-
nation [81]. Natural DSBs are induced by factors such as transposons, radiation,
chemicals and endonucleases [140]. Since the DSB repair system involved in the
recombination is more error-prone in plants than in other organisms, errors that
change the original sequence occur at a high frequency. DSB repair rarely occurs
without any sequence alterations, and usually gives rise to deletions ranging up to
more than 1 kb and introduction of new filler DNA [63, 64]. Using DSB repair,
various kinds of genomic sequences that are available for a copying process can
be inserted into new genomic positions [63, 150]. DSB repair is also a prominent
source of deletions.

Integration of exogenous DNA (transgene) appears to utilize the same mech-

16 Kuopio Univ. Publ. C. Nat. and Environ. Sci. 203:1-71 (2006)



2 REVIEW OF THE LITERATURE

anisms as does the natural recombination [179, 167]. Thus it is expected that
several types of rearrangements would also be observed in transgene integration
sites.

2.1.3 Transgenic techniques introduce new variation

In genetic transformation mediated by Agrobacterium, a portion of DNA (T-DNA)
present on a Ti plasmid is transferred to the plant cell nucleus [179]. The T-DNA
is defined by its left and right borders, 25-base pair direct repeats that, in theory,
direct the processing of T-DNA and the genetic material to be integrated [197]. Al-
ternatively, the biolistic method can be used to introduce ‘naked’ pieces of DNA
in species that are recalcitrant to Agrobacterium transformation [30]. Currently,
it is not possible to introduce a defined number of transgenes into the genome
of a higher plant nor target efficiently the foreign DNA to specific positions in
the genome, although transgene integration and gene replacement employing ho-
mologous recombination may be feasible in the future [180]. While it cannot be
guaranteed that the transferred DNA is integrated intact, its structure and integra-
tion site can be determined by molecular analyses. Typically, transgenes show
variable expression patterns in independent transgenic plants, and often there is
little correlation between transgene copy number and expression level [60].

As the integration of exogenous DNA transferred by either transformation
technique appears to utilize the DSB repair mechanism, several types of rear-
rangements are observed both in transgene integration sites and in natural re-
combination sites. Integration of transgenes into chromosomal DNA can occur
either as single copies or repeated and multiple insertions [60], and filler se-
quences occur between T-DNA repeats and also at the junctions of T-DNA and
plant DNA [192]. T-DNA vector ‘backbone’ sequences are also frequently inte-
grated into the genome of transgenic plants obtained by Agrobacterium-mediated
transformation [91]. At the site of insertion in the plant DNA, chromosomal rear-
rangements, such as inversions and translocations, have been observed in several
species [52, 104, 122, 170, 174]. Agrobacterium-mediated transformation results
in a higher proportion of transgene loci with a single integrated complete T-DNA
and little damage to the genomic DNA, as compared with direct DNA delivery
[36]. However, the characterization of transgene integration sites suggests that the
resulting variation in transgene locus structures is more likely to be determined
by plant genomic factors and the mechanisms of illegitimate recombination than
how or in what form the DNA is delivered to the nucleus [167].

An important question for the variation generated by transgene introduction is
how frequently transgenes integrate into active genes. Large-scale gene tagging
studies in several plant species have shown that gene integration occurs throughout
the genome along the length of all chromosomes [52, 111, 177]. However, Alonso
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et al. [6] observed a highly nonuniform distribution of T-DNA integration events
using genome-wide insertional mutagenesis in Arabidopsis, with the density of
integration correlating with gene density along each chromosome. Results from
e.g. rice corroborate that integration preferably occurs in gene-rich locations along
the genome [29]. The proportion of T-DNA insertions disrupting known coding
gene sequences in tagging experiments has varied in the range of 24-28% in Ara-
bidopsis [52] to 58% in rice [29]. At the gene level, T-DNA integration events in
Arabidopsis have been suggested to show a preference for insertion in sequence
compositions that occur frequently in the 5° and 3’ flanking regions compared to
protein coding sequences [6, 159].

The stability of expression and the trait is a major concern in the genetic mod-
ification of plants [121]. Instability of transgene expression is often associated
with complex multicopy patterns of transgene integration at the same locus, as
well as position effects due to random integration [92]. However, transcript level-
mediated posttranslational silencing is likely to be the main cause for the large
variability in transgene expression seen among transformants, rather than posi-
tion effects [160]. Overexpression of transgenes can result in the silencing of the
introduced transgenes and, strikingly, often involves the suppression of homolo-
gous endogenous gene copies. It was first reported as variation in petunia flower
coloration after the introduction of a chalcone synthase (chs) transgene under the
control of the 35S promoter [123, 185]. Small interfering RNAs (siRNAs) spe-
cific for the transcribed transgene sequence were later shown to be a hallmark of
posttranscriptional silencing of transgenes [73]. Recently, a great deal of research
has been devoted to explaining the mechanisms of gene silencing. Silencing can
result either from abolished transcription of the introduced gene (transcriptional
gene silencing) or the degradation of transgene RNA (posttranscriptional gene si-
lencing) [121]. Although it is a problem in some GM applications, it does also
provide another tool to add specific traits to plants. As silenced genes can under
certain circumstances silence the expression of homologous genes located else-
where in the genome, the expression of endogenous plant genes can be down-
regulated [121]. However, research on RNA interference (RNAi) based methods
for the suppression of plant genes is very recent and heavily ongoing, and the true
potential of these methods for genetic modification of crop plants remains to be
seen [98].

2.2 Safety considerations in genetic modification
2.2.1 Unintended effects in GM plants

Currently, there is a substantial public concern about the food safety of GM crops.
One issue is the random integration of the new gene into the plant genome and

18 Kuopio Univ. Publ. C. Nat. and Environ. Sci. 203:1-71 (2006)



2 REVIEW OF THE LITERATURE

the possibility that both the new gene itself and its site of integration may give
rise to unintended adverse effects. As T-DNA insertion frequently occurs within
known coding genes, an insertion may disrupt existing genes, resulting in inactive
mutant forms of the gene that may become apparent in later generations when the
transgene is homozygous [6, 44, 45]. It is also possible that an insertion results
in the production of novel fusion proteins, if the flanking DNA sequence is read
through into the inserted DNA or vice versa. Such fusion proteins have been
detected at low frequencies using a reporter gene [86]. These modifications could
compromise the safety of the food crops by, for instance, leading to the production
of new allergens or toxins, at least in theory [95].

Most crops naturally produce allergens, toxins, or other antinutritional sub-
stances [7, 125]. A single transgene could therefore in some cases lead to un-
expected pleiotropic effects that may influence the expression of inherent plant
toxins or allergens, having a direct impact on health or allergenic potential. These
effects could be e.g. increased activity of the naturally occurring metabolic path-
ways, increased synthesis caused by increased gene activation, or reduced decom-
position; the possibility of gene activation, especially if it leads to the production
of harmful compounds, raises the most concern for food safety [125].

Although not directly due to the integration of a transgene, somaclonal vari-
ation may be a problem to the efficiency of transgenic plant production [17]. It
was originally defined as genetic and phenotypic variation among clonally prop-
agated plants [103] and is often not meiotically inherited but is only observed in
primary regenerants [84]. Meiotically heritable variation is important in situations
where the end product is propagated. It is manifested as changes in chromosome
structure, polyploidy, phenotypic mutation, sequence change, and gene activation
or silencing [106]. The occurrence of somaclonal variation is increased by either
prolonged or harsh tissue culture [14, 101].

Novel gene combinations arising from the genetic modification or of existing
genes through conventional breeding techniques may, therefore, introduce unin-
tended and unexpected effects. An intended effect may be defined as a result of
genetic transformation that is targeted to occur from the introduction of the gene(s)
in question and that fulfils the original objective of the transformation process; an
unintended effect may then be defined as a significant difference in the phenotype,
response, or composition of the GM plant compared with the parent from which
it is derived, but taking the expected effect of the target gene into account [27].
These effects may or may not be explicable in terms of known biology or prove to
have relevance to safety, but must be considered in a risk assessment.

Unintended effects are not confined to the use of GM technology, but are ob-
served also as a result of conventional plant breeding and, although they are rare,
there are various examples in the literature. However, plant breeders routinely
assess phenotypic appearance and agronomic performance of new candidate va-
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rieties in the laboratory, glasshouse, and small scale field trials, including GM
crops, and discard lines that express undesirable characteristics. Therefore new
cultivars produced by genetic modification or by conventional breeding are ex-
tensively tested and screened prior to commercial release. This would result in
the elimination of major unintended effects which are more easily screened for,
possibly leaving the more subtle differences to deal with [27].

Examples of unintended effects both in transgenic and traditionally bred crops
are shown in Table 1. In these cases, the effects were demonstrated by phenotype
selection or by analysis of defined constituents.

Several examples show that unintended effects can have a negative impact
on potential agronomic performance. Such phenotypes are obviously detrimental
to any further commercial development of the transgenic lines in question [27].
However, genotype x environment interactions may be significant, leading to in-
consistent differences in performance across different locations. For instance,
transgenic Bf maize was reported to contain more lignin in stems, possibly re-
ducing its digestibility and feeding value [155], while another experiment did not
identify biologically significant differences in lignin content due to the transgene
[83].

An example of an unintended effect detected by targeted analysis of several
plant compounds comes from GM canola, in which transgenic expression of phy-
toene synthase not only resulted in an altered level of a metabolite downstream
of the target of modification but also in changes in the levels of compounds the
biosynthesis of which is linked to the modified pathway [164]. Based on what
is known of the biosynthesis of isoprenoids, this is an example of a predicted
unintended effect.

Expression of genes in different organisms can potentially result in differences
in folding or posttranslational modification of proteins and may also be a concern
for safety [80]. In a recently published case, Prescott ef al. [139] showed that an
a-amylase inhibitor from bean, introduced to convey resistance to pea weevils,
was differently glycosylated when the gene was introduced to pea, leading to an
altered immunogenic reaction in mice.

In the future, GM approaches are likely to produce plants with improved nu-
tritional properties and increased complexity of the genetic modification, with the
potential to more far-reaching effects on metabolic processes that cannot easily
be predicted by current knowledge of plant biology [27]. For example, over-
production of fruit phytoene synthase to increase carotenoid production led into
dwarfism in transgenic tomato plants probably by redirecting metabolites from
gibberellin synthesis [53]. Kristensen ef al. [93] have shown that it is possible
to engineer transgenic plants with the insertion of multiple genes expressing a
whole biosynthetic pathway with marginal inadvertent effects, while the insertion
of an incomplete pathway can lead to significant alterations in plant morphology,
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Table 1: Examples of unintended effects both in transgenic and traditionally bred

Crops.

Crop Ref.  Unintended effect

Transgenic crops

Pea [139] Expression of a bean a-amylase inhibitor in peas resulted in
altered structure and immunogenicity of the protein

Potato  [16] Potato plants transformed with lectin genes to enhance insect
resistance had lower levels of glycoalkaloids in leaves

Rice [116] Transgenic rice with reduced glutelin showed increase in the
levels of prolamine, compensating reduced total protein

Maize [155] Transgenic Bt maize contained more lignin in stems, possibly
reducing its digestibility

Barley [77] Barley transformed with the bar gene showed reduced field
performance compared to a conventional variety

Rape [5] Oilseed rape transformed with a herbicide resistance gene
controlled by the cauliflower mosaic virus (CaMV) 35S pro-
moter was rendered herbicide sensitive by CaMV infection

Rice [119] Rice expressing transgenic glycinin contained 20% more pro-
tein, possibly due to higher glycinin, but also 50% more vita-
min B6

Canola [164] Transgenic expression of phytoene synthase led to an increase
in carotenoids, but also in altered fatty acid composition of
canola seeds

Tomato [53]  Constitutive expression of a fruit phytoene synthase in trans-
genic tomatoes caused dwarfism by redirecting metabolites
from the gibberellin pathway

Potato  [32] Transgenic potato lines showed unexpected changes in pheno-

type and field performance, either due to transgene or tissue
culture

Traditionally bred crops

Potato

Barley

Potato
Celery

Squash

[196]

[12]

[186]

[8]

[87]

Potato variety Lenape contained very high levels of toxic sola-
nine

Breakdown of resistance of barley to powdery mildew by a
relief of soil water stress was attributed to the genetic back-
ground rather than the resistance allele mlo

Potato breeding lines with wild species in their pedigrees pro-
duced novel toxic glycoalkaloids

Pest-resistant celery variety contained high levels of psoralen,
which produced rashes in agricultural workers

High levels of cucurbitacin in traditionally bred squash led to
food poisonings
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transcriptome and metabolome.

2.2.2 Assessment of the safety of GM food crops

It is generally assumed that traditional food is safe for the majority of consumers.
Few analyses are required to prove the safety of a newly introduced cultivar devel-
oped from a traditional crop plant. In some cases, e.g. for potato and oilseed rape,
maximum limits have been set to the content of known toxins [41]. The situation
is quite different if the crop is developed by using genetic engineering, as within
Europe at least genetic modification still remains highly controversial.

Since the 1990’s, FAO, OECD and WHO have raised the question of how to
deal with novel foods, in particular those derived from genetic modification. The
principle of substantial equivalence was proposed as a rational and practical ap-
proach [126, 43]. The concept of substantial equivalence includes the idea that
existing food or plant sources known to be safe can be used as a basis for compar-
ison when assessing the safety of a new or modified food. If it is known that a new
food is derived from an organism whose new traits have been well characterised
and there is reasonable certainty of no harm as compared with a conventional
counterpart, a new food can be considered substantially equivalent and may be
treated in the same way regarding safety. When there is extensive knowledge of
the range of relevant characteristics of the modified traditional food, the compari-
son of a new product is straightforward. The application of substantial equivalence
becomes more complicated if less background information is available or if there
is no directly comparable conventional counterpart [126].

The most direct way to predict unintended effects is to analyse the trans-
gene flanking regions to establish whether the insertion has taken place within
or near an endogenous gene. Possible alterations in the phenotype may be iden-
tified through a comparative analysis of growth performance, yield, disease resis-
tance, chemical composition etc. [94]. It is a common practice today to perform
a large number of analyses, so-called targeted analyses, to demonstrate the sub-
stantial equivalence of the novel crop with the conventional counterpart [100].
Targeted analyses include key macronutrients, micronutrients, antinutrients and
toxins. For example, for potato, and other Solanaceae in general, a main safety
issue is the glycoalkaloid content of the tubers, a concern earlier identified in clas-
sical breeding, as glycoalkaloid levels have been known to be affected in crosses
of S. tuberosum and wild Solanum species [186]. In certain cases, toxicity stud-
ies on experimental animals are advised [100]; however, the usefulness of animal
studies in general food safety testing is limited [43].

The targeted approach has its limitations, as the selection of compounds that
can be analysed is restricted and may be biased. Furthermore, it is not possible to
detect unknown toxicants or anti-nutrients using targeted analysis [94]. Thus, ar-
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guably, unintended effects are less likely to be detected with conventional targeted
analysis of a relatively limited number of molecules.

2.3 Profiling methods and detection of variation

To increase the chances of detecting unintended effects, profiling methods have
been proposed as tools for characterising changes in the composition of GM plants
[43, 96]. In theory, an unbiased, untargeted comparison using molecular profiling
techniques offers almost unlimited possibilities for monitoring differences in cells
and tissues [94]. These technologies include transcriptomics (profiling of mRNA
levels), proteomics (proteins) and metabolomics (metabolites).

Data sets produced by these profiling methods could be used, either alone or
in combination, in comparative studies to assess the composition and quality of
food as affected by the environment, genetic background, naturally occurring or
induced mutations, and genetic modification. Detected differences in the levels of
transcripts, proteins or metabolites may be an indication of unintended side effects
of the genetic modification and provide information for further investigations of
possible toxicological relevance [27]. The new technologies also have potential
for various other food safety applications. An important benefit is also the gen-
eration of comprehensive data that may contribute to basic research and a better
understanding of crop biochemistry and food composition.

However, profiling methods have been criticised for not being fully developed
and validated and having certain limitations [43, 94]. The genome of Arabidopsis,
for instance, has been estimated to contain ca. 25 000 genes [9], with the potential
to produce a corresponding number of mRNAs and proteins. The protein comple-
ment of the genome is further complicated by posttranslational modifications. It
has been suggested that the number of metabolites is an order of magnitude lower;
on the other hand, it has been estimated that up to 200 000 different metabolites
occur across the plant world [49]. Profiling methods employ extraction procedures
and separation and detection methods that are not selective and allow a wide range
of compounds to be isolated; yet it is very difficult to monitor all potentially in-
teresting molecules, and the methods are often a compromise between the range
of molecules to be detected and the potential for technical variation [62]. For the
majority of profiling applications, the absolute value is, however, unimportant,
and the relative value is sufficient [50].

Transcriptomics provides, at least for specific plant species, the most complete
coverage of gene products and thus also potential unintended effects; however,
whole genome arrays are currently not available even for many important food
crops [94, 118]. A comprehensive coverage is harder to obtain in the case of pro-
teomes and metabolomes, which are complex mixtures of molecules with widely
different chemical properties. However, proteins and metabolites as potential al-
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lergens, toxicants and antinutrients are the actual functional molecules of interest
[27]. The benefits and problems of each of these methods are discussed in the
following chapters.

2.3.1 Protein profiling

Proteins have a strong influence on the phenotype and safety of a crop plant, either
directly through protein content or function or indirectly through the relationship
of a protein with metabolites [42]. The term proteomics is more widely used and
can be considered to encompass the analysis of various aspects of protein expres-
sion, structure and function. Here it mostly refers to quantitative profiling of a
large number of proteins in a given sample. It is possibly the most challenging
of the ‘omics’ or profiling methods, as proteins vary enormously in their structure
and chemical properties, which makes the monitoring of all proteins in a given
plant tissue complicated. The number of chemically distinct proteins far exceeds
the number of genes due to, for instance, alternative splicing of transcripts prior to
translation [134]. Posttranslational modifications, such as phosphorylation, acy-
lation, or proteolytic processing, can alter protein activity, location and stability;
also, protein concentrations extend over a far greater dynamic range than do those
of nucleic acids [134]. Yet changes in phenotype, e.g. proteins and other func-
tional molecules, and not changes in genes, are of interest to food safety and
nutrition. Most allergens are proteins [99] and many food allergens are present
as major components (1-18% of total protein) [80]. The case of the a-amylase
protein that showed altered glycosylation when expressed in transgenic pea [139]
highlights the importance of the characterisation of posttranslational modifica-
tions of proteins. Expression of genes in different organisms can potentially result
in differences in folding or posttranslational modification of proteins, and these
should to be taken into account in the assessment [80].

The workflow of proteomic analysis includes several common steps regard-
less of the analytical methods employed (Figure 1). The key elements include
a proper experimental design taking into account the biological system, extrac-
tion of as many proteins as possible, protein or peptide separation by gel-based
methods or liquid chromatography (LC), quantification of spots (image analysis),
peaks etc., statistical analysis of data, identification of proteins/peptides of in-
terest by comparison of mass spectra against sequence databases and integration
of the data with other data sets [145]. A standard representation of proteomic
experiments similar to the MIAME guidelines for transcriptomics [21] has been
proposed [172].

For profiling purposes, a quantitative method for monitoring protein levels
is an absolute requirement, combined with a high throughput. The most widely
used technique for protein separation to date, two-dimensional electrophoresis (2-
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Figure 1: Overview of a typical workflow of proteomic analysis. Modified from
Rose et al. [145].
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DE) [129], is still popular, powerful, mature, and relatively sensitive [141]. Us-
ing 2-DE and mass spectrometry in combination, it is often possible to visualize,
quantify and identify hundreds or even thousands of proteins in a given tissue or
cell sample, and proteome analysis is increasingly used in functional plant studies
[25]. Current fluorescent-based stains offer a broader dynamic range and good
sensitivity for protein detection in 2-DE and, due to different electrophoretic mo-
bilities and detection methods, various important posttranslational modifications
can also be visualised, such as phosphorylation, glycosylation and peptide signal
cleavages [133]. Newly developed techniques such as difference gel electrophore-
sis (DIGE) [181] allow for a direct comparison of two or more samples in the same
2-DE gel and the inclusion of an internal standard in a 2-DE run [4].

There are, however, still some limitations. The large range of protein ex-
pression levels limits the ability of the 2-DE approach to analyse proteins of low
abundance [67, 141]. Current proteomic studies have revealed that the majority
of identified proteins are abundant housekeeping proteins that are present at high
levels per cell, whereas proteins such as receptor molecules present at much lower
concentrations are usually not detected. Prefractionation of the protein sample
may help in this, as may concentrating on subproteomes or narrow-range pH gra-
dients in 2-DE [70]. The outcome of a proteomic analysis is strongly dependent
on the extraction method [62]. Compounds such as phenols and polysaccharides
interfere with protein extraction and separation [70], making plant tissues that
commonly contain relatively low amounts of protein but a significant amount of
various interfering substances a difficult starting material. In the steps involved in
2-DE and also probably in protein extraction, there is extensive and variable loss
of proteins, which means that spot intensities in 2-DE do not always represent
the absolute amounts of proteins present in original sample [194]. Usually the
most abundant proteins dominate the separation, and some types of proteins are
underrepresented, such as large or highly hydrophobic proteins and membrane-
associated proteins in 2-DE [135, 153]. 2-DE is somewhat expensive and labour
intensive, and is difficult to automate in a high throughput setting [113].

Recent years have brought about improved mass spectrometric technology and
instrumentation [2] that holds much promise for proteomic analyses. A range of
mass spectrometry and non-gel-based methods for protein separation and iden-
tification have recently been described, such as multidimensional protein identi-
fication technology (MudPIT). It couples multidimensional chromatography and
tandem mass spectrometry of peptide mixtures for an automated protein identi-
fication [110, 191]. While MudPIT has less inherent biases than 2-DE and can
therefore identify more membrane proteins and proteins of low abundance, in par-
ticular when combined with highly sensitive and accurate mass spectrometry sys-
tems such as FTICR-MS (Fourier transform-ion cyclotron resonance mass spec-
trometry) [195], it is more of an exploring technique and not readily quantitative
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as such. The more common and versatile use of large-scale MS-based proteomics
has been to document the expression of proteins present in a cell or tissue [2].

Quantitative applications employing ‘heavy’ and ‘light’ labelling have also
been developed. A heavy isotope may be added to the growth medium of an
organism [190]; however, this is only applicable in situations where metabolic la-
belling is feasible. Various tags such as isotope coded affinity tags (ICAT) [68]
have been developed, and commercial reagent kits for several modifications of
the ICAT strategy with varying chemistries such as the iTRAQ [146] reagents
are now available. Regardless of the improvements, targeting low-abundance and
membrane proteins remains a challenge [67], and the performance of the LC-MS
strategy for large sample sets is not clear at the moment, although it shows promise
for large-scale quantitative analysis [58]. A highly comprehensive proteome ex-
ploration of rice using both 2-DE and MudPIT [90] was able to detect a total of
over 2500 proteins in different parts of rice. While MudPIT provided a larger
coverage of proteins than 2-DE (2363 and 556 proteins, respectively), there were
165 proteins that were only detected in 2-DE and 1972 only in MudPIT. This sug-
gests that neither of the methods is fully comprehensive but rather complementary
[134].

Overall, MS analysis and identification of proteins is based on the assump-
tion that an adequate database of amino acid and nucleotide sequences exists for
the organism being analyzed or that sufficient homology exists with more fully
characterized species [2]. This is a major limitation in the analysis of many plant
proteins at the present time, and proteomics is indeed most effective with fully
sequenced genomes [134].

Other approaches have also surfaced in the recent years but have not yet gained
popularity compared to existing methods. Analytical protein arrays for the pur-
pose of protein profiling typically comprise a library of peptides or antibodies
arrayed on a surface. By far, the greatest obstacle in developing functional protein
microarrays is the construction of a comprehensive expression clone library from
which a large number of distinct protein samples can be produced [15]. Protein
array approaches are being developed, particularly for functional studies, but will
not be available for many plant species for some time. Other approaches include
the SELDI (surface-enhanced laser desorption/ionization) platform that utilizes
the binding of whole proteins on affinity arrays [78].

Corpillo et al. [34] have described the use of proteomics as a tool to improve
investigation of substantial equivalence in GM organisms. They used 2-DE to de-
termine whether there are significant differences between parent and GM tomato
seedlings modified for resistance to tomato spotted wilt virus. However, only
one GM line and 40 major proteins were included in the study. Recently, Rue-
belt et al. [149] compared the seed proteomes of transgenic Arabidopsis lines to
nontransgenic lines. Differences in spot quantity were found to be in the range
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observed for Arabidopsis accessions [148] or were related to the introduced gene.

2.3.2 Other profiling methods

Analysis of differential gene expression has been proposed as a method to deter-
mine the substantial equivalence of GM organisms [94, 187]. Several methods
for large-scale gene expression analysis have been developed, including differ-
ential display [109], serial analysis of gene expression (SAGE) [188], massively
parallel signature sequencing (MPSS) [22] and microarrays [156], of which mi-
croarrays appear the most promising for GM applications. Microarrays may be
constructed of short oligonucleotides or complete cDNA clones and provide a
rapid way to monitor in parallel the expression of thousands of transcripts; even
whole-genome arrays are available for some model plants [118]. Apparent quan-
titative differences in mRNA levels may be confirmed by analysis of individual
transcripts by quantitative real-time PCR or Northern analysis. cDNA or oligonu-
cleotide microarrays are, however, not completely unbiased, as they require a pri-
ori sequence information for each gene that is to be monitored, and the most cru-
cial part in the detection of altered gene expression using microarray technology
is the construction of the array [187]. Microarrays, in general, do not account
for differences resulting from naturally occurring differences in a gene sequence
between organisms. Overall, published cross-platform analyses suggest that the
conclusions derived from a microarray analysis may be largely dependent upon
the type of platform used in the experiment [118] - a problem also inherent to
other current profiling methods [55]. Standardization of experimental design and
methods would facilitate comparison of array data produced in different experi-
ments or laboratories. A standard set of technical details, MIAME [21] requires
the reporting of enough details to ensure that the results of a microarray exper-
iment could be interpreted or repeated. A particular issue regarding the use of
microarrays for detecting variation due to different genetic backgrounds is that
mRNA expression tends to change and fluctuate considerably [27]. Analysis of
mRNA levels may thus not always measure expression relevant to the actual end
product, as the levels of transcripts and proteins do not always correlate very well
[69, 175].

The third ‘omics’ technology, metabolomics, forms a direct link between gene
expression and the function of the metabolic network, reflecting the phenotype
most closely in many cases [49]. It can also be applied without genome infor-
mation [55, 72]. However, no single technique meets all the requirements for an
ideal metabolomics method. Developments involving gas chromatography (GC)
have been responsible for the recent upsurge of interest in plant metabolomics, as
GC-MS is highly sensitive and can detect a wide variety of organic compounds
[49, 72]. Liquid chromatography is often used to detect compounds not well cov-
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ered by other methods, as it suits for involatile as well as volatile compounds.
Methods such as nuclear magnetic resonance (NMR), Fourier transform infrared
spectroscopy (FI-IR) or FTICR-MS, when applied to crude extracts without a
separation step, are considered mainly as fingerprinting methods for rapid screen-
ing and sample classification [47]. Several analytical techniques may be needed
and are often used in combination for a full description of the metabolome [144],
and many of them are fast enough for high-throughput measurements. The most
difficult problem with metabolomic approaches is probably the determination of
the exact chemical structure of the individual compounds seen, as the majority
of compounds observed remain unknown [144]. Unknown peaks can however be
used as target analytes without prior knowledge of their exact chemical structure
or identified by comparing mass spectra to available libraries [50]. Extraction
procedure is a key step, as it should lead to efficient extraction of a wide range of
compounds across the different chemical classes but in practise is always a com-
promise [49]. Standards for reporting metabolomics analyses are also emerging
[79].

The application of several techniques of metabolic profiling for the charac-
terization of GM plant lines has been demonstrated in literature. Roessner et
al. [144] have evaluated the applicability of metabolic profiling (GC-MS) for the
characterisation of transgenic potato lines modified in sucrose metabolism. The
lines showed various metabolic perturbations, supported by evidence from ear-
lier characterisation by classical biochemical approaches, and were classified by
differences in metabolic profiles that could be assigned by the genetic modifica-
tions. Le Gall ez al. [107] analysed the 'H NMR spectra of transgenic tomato with
altered flavonoid metabolism and concluded that the levels of 15 other metabo-
lites were significantly different in the transgenic fruits compared to the controls;
however, the changes in mean values were relatively minor and within the natural
variation that would be observed in a field-grown crop. Defernez et al. [39] studied
potatoes of various GM lines modified in primary carbon metabolism, starch syn-
thesis, glycoprotein processing, or polyamine/ethylene metabolism using NMR
and HPLC-UYV profiling. The most obvious differences were seen between the
two varieties used. There were significant differences in the amounts of several
compounds in GM lines with altered polyamine metabolism; however these were
lines that gave rise to a very abnormal phenotype. Differences in the mean values
amounted to no more than 2-3-fold. Kristensen ez al. [93] used both metabolic
and transcript profiling to characterize Arabidopsis plants and demonstrated that
the effects of transformation with partial biosynthetic pathways of dhurrin led
to changes at the metabolite and transcript levels, while the transformation of
the whole biosynthetic pathway did not induce major differences. Gregersen et
al. [66] have described the use of microarrays for the comparison of gene expres-
sion profiles of wheat transformed for phytase expression against wild type. They
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found no significant effects apart from slight differences that were attributed to
minor differences in the developmental status of the seeds. Baudo ef al. [13] anal-
ysed the transcriptome and Baker ef al. [11] the metabolome of transgenic wheat
expressing additional subunits of glutenin.

2.3.3 Considerations for the interpretation of profiling data

Although profiling methods are not fully comprehensive, it is clear that they all
are capable of producing vast amounts of data, and the analysis and interpretation
of omics data requires advanced bioinformatics [42]. Traditionally data analy-
sis has been lagging somewhat behind the analytical methods, at least in pro-
teomics. Interpretation of mRINA, protein or metabolite levels is difficult because
biochemical pathways are linked and highly regulated. Thus it is to be expected
that correlations of individual compounds and gene functions will be more clearly
distinguished by multivariate data mining techniques [50, 198]. These advanced
statistical methods, including principal component analysis (PCA), partial least
squares regression, clustering techniques etc. take into account the fact that hun-
dreds or even thousands of compounds may be measured, often with a limited
number of samples, and provide visualization tools for highly complex multidi-
mensional data [50, 65, 72].

The ability to assign plant samples to groups on the basis of their profiles using
techniques such as PCA offers many possibilities for functional plant profiling.
While such groups are likely to be dominated by differences between genotypes,
the use of PCA allows for the separation of profiles according to several factors to
be distinguished [50]. PCA can furthermore be used to analyze which compounds
exert the largest influence on the components and may also highlight individual
compounds that are not significant by classical statistical tests such as ANOVA
[50, 65].

The various profiling methods will obviously work best if information ob-
tained through different technologies can be combined. Based on comparisons of
metabolic and transcript profiling of potato tubers it has been suggested that com-
parisons of transgenic and conventional crops should be performed at more than
one level [182]. These systems biology approaches aim at a holistic understanding
of interactions across several molecules and phenotypes by integrating data from
various levels [42, 62].

Despite the great promise of these techniques, there are significant technical
and biological issues associated with achieving validated quantitive data sets from
profiling experiments. Great care has to be taken in experimental design, and the
variability of the chemical and technical methods needs to be characterised [47].
Furthermore, oscillations in plant homeostasis related to e.g. local environment,
development, lighting conditions and diurnal rhythms are common and need to be
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considered in sampling [72].

In applying these techniques to food crops, it is essential that multiple con-
trol samples are studied in order to assess inherent environmental variability, so
that the experimental samples may be evaluated in the context of the conventional
crop as a whole [27]. A successful application of profiling techniques to the safety
evaluation of GM foods will therefore require databases that contain information
on variations in profiles associated with differences in developmental stages and
environmental conditions [94]. Furthermore, the safety implications of the major-
ity of proteins and metabolites are still largely unknown, and most are likely not
to have significance for food safety. While limits for maximum content of some
known plant toxins and antinutrients such as glucosinolates in oilseed rape have
been set by the European Union [41] and consensus documents for recommended
levels of certain constituents have been compiled [127, 128], no internationally
agreed ranges for acceptable concentrations and variations are given for many
such compounds [125].

It has been argued that substantial equivalence is difficult to define, especially
in studies involving the profiling of hundreds or thousands of compounds [26, 34].
When statistically significant differences are found, their biological significance
should be assessed. It is easier to find at least some differences than no differ-
ences at all; however, the differences may well be within natural variation [27].
Catchpole et al. [26] have therefore suggested that if samples or GM lines cannot
be separated in PCA (except for the molecules that have been modified by the
transgene), then they may be considered substantially equivalent.

2.3.4 Natural variability of protein profiles in plants

Currently little comparative profiling data are available for individual crop plants,
although proteome analysis (and other profiling methods) is increasingly used in
functional plant studies [25]. Plant proteomics has been clearly shown to be capa-
ble of characterizing genetic variations, including mutant lines, genetic distances
and phylogenetic distances [176]. These approaches have demonstrated the ca-
pacity of 2-DE to distinguish genotypes of model plants such as the species in
the Brassicaceae family [115] and accessions of Arabidopsis [148] and Thlaspi
caerulescens [178]. The extent of variation in cultivars of important crop species
varies, for instance for the protein profiles of grape berry mesocarp between six
cultivars [154], wheat populations [38] and maize inbred lines [24, 33]. It has
been suggested that at the proteome level differences may be more pronounced
than at the genome level [176]. Even multiple effects of single mutations on pro-
tein expression have been described, e.g. the 02 mutation affecting zein proteins in
maize endosperm [33, 37] and Arabidopsis [151, 152] and tomato [76] mutations
with alterations in morphology and physiology.
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An issue to be considered in proteomic studies is that the proteome of a plant
is not constant. Instead, protein expression of a plant clearly changes during plant
growth and development and between tissues and cell types [3]. Variation in
different developmental or physiological stages or organs has been well demon-
strated at the proteome level. Storage tissues such as seeds deposit large amounts
of storage protein and undergo many physiological changes during their devel-
opment and germination that have been observed by proteomic studies in model
plants such as Arabidopsis [56] and Medicago [57] and in important crop species
such as oilseed rape [71] and barley [51]. However, for many commercially and
nutritionally important plant species and developmental processes comparative
proteomic and other profiling data are still lacking.

2.4 Conclusions

Crop breeding by both conventional means and by genetic modification have at
least a theoretical potential to modify the plant composition beyond the particular
trait intended, thus leading to unintended effects. Analytical detection of unin-
tended effects is a huge undertaking with many technical challenges. A further
challenge is to determine the significance of any unintended effect on consumer
health, as unintended effects do not automatically imply a health hazard. Risks
may be considered if the nutritional profile of the plant has been altered, if pro-
teins have been altered in a way that affects their allergenic potential, or if new
or increased levels of potentially toxic secondary metabolites are produced. How-
ever, unintended effects may also have absolutely no impact on health, or may
even be beneficial.

In risk assessment, the aim is to evaluate the safety of a crop by comparing
it to a conventional counterpart, where available, that has a safe history of use.
Therefore, knowledge of natural variation in conventional crops and a thorough
insight into the biology of the crop is essential for the interpretation of a possible
unintended effect.
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3 Aims of the present study

The aims of the thesis were to:

1. set up an experimental method for monitoring protein expression of potato
tuber material and assess its reproducibility

2. study several genetically modified lines of potato for possible unintended
effects (I)

3. provide an insight into the natural variation of protein expression due to
tuber-to-tuber variation, genetic background (I), physiological state (II) or
alternative agricultural practices (II)
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4 Materials and methods

4.1 Plant material from GM and non-GM potato genotypes (I)

Non-GM potato (Solanum tuberosum L.) material included 32 genotypes, more
precisely 21 named cultivars of tetraploid potato, eight landraces and three diploid
genotypes including accessions and named cultivars of S. phureja adapted for long
daylength conditions.

Genetically modified lines selected for the analyses have been developed at
the Scottish Crop Research Institute over several years [97, 171, 173]. These in-
cluded wild-type tubers of cv. Desirée, tubers generated from non-modified plants
produced via tissue culture, transgenic tubers transformed with an ‘empty vector’
construct (W2GBSS VO4 and VO9; Mall 2V1) and tubers transformed to ex-
press various genes (Mall 2A, 5A and T41A; Sam35S 1 and 3). Agrobacterium-
mediated transformation was used to generate the GM lines. It is noted that the
GM lines used are experimental ones that were selected to aid development of the
profiling methodologies and are not intended for commercial purposes.

Tubers of each independent line were grown in a randomized field plot ac-
cording to standard agricultural practices at the Scottish Crop Research Institute.
For each replicate, a single average-sized tuber (usually between 80 to 100 g fresh
weight per tuber, depending on the line and construct) was selected for analysis,
resulting in four individual tuber samples for each line. Tubers were stored at
15 °C for one week after harvest and at 5 °C prior to analysis.

4.2 Plant material for the tuber life cycle analysis (II)

To provide material at a range of physiological stages (II, Table 1), 50 plants
(S. tuberosum cv. Desirée) were grown from tubers under containment. Plants
were harvested sequentially over ca. 5 months to obtain stolons/tubers at prede-
fined developmental stages (II, Table 1). Material was frozen in liquid nitrogen
without cutting and the frozen tissues were freeze-dried and milled. For stages
4 to 8, three plants were harvested at each stage. Two opposite eighths were
removed from each tuber within a replicate, bulked together, frozen in liquid ni-
trogen, freeze dried and milled.

At stage 4 tubers were removed from three plants and then reburied within the
compost. These detached tubers were harvested after three days, in parallel with
tubers from three intact plants at the same developmental stage. Mature tubers
harvested from senesced plants (stage 6) were stored at either 5 °C or 10 °C in the
dark for four weeks.

Tubers harvested at stage 6 were stored at 5 °C in the dark until sprouts were
just visible. Tubers were then transferred to 10°C in the dark for two weeks to
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stimulate further sprout development, and tubers were sampled when sprouts were
ca. 1 cm long (stage 7). Remaining sprouting tubers were planted and allowed to
form shoots ca. 20 cm in length in the dark before tubers were sampled (stage 8).

4.3 Plant material and field experimental design for the analy-
sis of alternative cultivation practices (II1)

Tubers (cv. Santé) samples for the comparison of conventional and organic man-
agement practices were produced in the Nafferton factorial systems study, a group
of long-term, replicated factorial field experiments designed to identify the effect
of (a) fertility management methods, (b) crop protection practices and (¢) rota-
tional designs (i.e. pre-crops) used in organic, low input and conventional pro-
duction systems in the UK. The field experiment was performed in a 3-factorial
randomised split-plot design with pre-crop (winter wheat or grass/clover), crop
protection (organic or conventional) and fertilisation (organic and conventional)
as factors (I, Table 1).

The crop protection and fertilization protocols used were the same as used
by the commercial conventional and organic farming businesses. All fertilisation
treatments (III, Supplementary Table 2) were applied 4 weeks prior to planting
of tubers and no irrigation was used. Crop protection and defoliation treatments
were applied as described in III, Supplementary Table 1. After defoliation, tubers
were left in the ground for 4 weeks to allow skin maturation.

Tubers were sampled after 8 weeks of storage at ambient temperature (8-
12°C). About 800 g fresh weight from 4-5 tubers were combined. Two oppo-
site eighths (to minimise gradient effects within the tuber) were removed from
each tuber within a replicate and bulked together. The resulting ca. 200 g of fresh
weight were chopped, frozen in liquid nitrogen, freeze-dried and milled, resulting
in a total of 64 samples.

4.4 Extraction of total soluble protein (I, I, III)

Total soluble protein was extracted from ca. 1 g of freeze-dried powder or from
ca. 3 g of powder from fresh tuber material homogenized under liquid nitrogen
as previously described by Koistinen et al. [§9]. The protein pellet was dissolved
in 2-DE sample buffer containing 9.5 M urea, 2% CHAPS, 1% DTT, 0.8% Bio-
Lyte 3/10 ampholyte (Bio-Rad, Hercules, CA, USA). Protein was quantified using
the Bio-Rad Protein Assay Dye reagent. Ca. 300 ug or 150 ug of total protein,
depending on the experiment, was loaded on each 2-DE gel.
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4.5 Two-dimensional electrophoresis (I, I1, III)

The first dimension isoelectric focusing was performed using 24 cm IPG strips
(Amersham Biosciences, Uppsala, Sweden) with linear pH range 4-7 in Ettan
IPGPhor isoelectric focusing system according to the manufacturer’s instructions.
The second dimension was run in the Hoefer DALT system (Amersham Bio-
sciences) in 19x23 cm homogeneous 12% SDS-PAGE gels according to the man-
ufacturer’s instructions.

The gels were stained with the SYPRO Ruby fluorescent stain (Bio-Rad). Gel
images were acquired with the FLLA-3000 fluorescent image analyzer (Fuji Photo
Film Co. Ltd., Tokyo, Japan) using excitation wavelength filter of 470 nm and
emission wavelength filter of 580 nm.

4.6 Image and data analysis (I, II, I1I)

Gel image analysis was performed with PDQuest software v7.1 (Bio-Rad). Pro-
tein spot intensities were normalised to the total intensity of valid spots to min-
imize possible errors due to differences in the amount of protein and staining
intensity, and an extensive manual validation of spot detection and matching was
performed.

The majority of protein spots with low normalized quantity values (depending
on the experiment) and quality values of 0 as given by PDQuest were considered
background noise and not indicative of real protein quantity. The spot quantities
were transformed using a square-root or log(z+1) transformation to normalise the
data, and all subsequent statistical analyses were performed using the transformed
data.

The statistical methods used were ANOVA and the non-parametric Kruskal-
Wallis test to identify individual protein spots with significantly different expres-
sion levels, and principal component analysis (PCA) to explore whether one or
more lines, varieties or other experimental treatments would separate from others
and to identify groups of proteins which, in combination, had different expres-
sion levels among the gels. Statistical analyses were performed using the Genstat
software package (VSN International, Hemel Hempstead, UK).

4.7 Protein identification by HPLC-electrospray tandem mass
spectrometry (I, I, I1I)

In-gel digestion for protein identification was performed according to Koistinen
et al. [89] and the tryptic peptides were analysed by two different mass spectrom-
etry systems. Tryptic peptides were separated using Ultimate/Famos capillary LC
system (LC Packings, Amsterdam, the Netherlands). The LC was connected to
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a mass spectrometer with a Protana platform (Protana, Odense, Denmark). Mass
spectra were recorded with a LCQ quadrupole ion trap mass spectrometer (Ther-
moquest, San Jose, CA, USA). The peptides were identified with Xcalibur soft-
ware (Thermoquest) and the Sequest algorithm. Alternatively, the LC was con-
nected to mass spectrometer with a nanoES ion source (Protana). The positive
TOF mass spectra were recorded on a QSTAR XL hybrid quadrupole TOF instru-
ment (Applied Biosystems, Foster City, CA, USA). The peptides were identified
using ProlD software (Applied Biosystems) and the Mascot interface [136].

Peptides were identified against the NCBI nonredundant protein database (Vir-
idiplantae), the TIGR potato EST database (http://www.tigr.org/)and a
potato EST library kindly supplied by Dr. J.P. van Dijk, RIKILT Institute of Food
Safety, The Netherlands. Matches of MS/MS spectra against sequences in the
databases were also verified manually.
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S Results

5.1 Validation of the proteomic procedure
5.1.1 Effect of freeze-drying of potato tuber material on 2-DE

Freeze-drying is a convenient method that allows for easier handling, storage and
shipping of potato tuber material, e.g. from laboratory to laboratory or country to
country (reduces transportation costs, minimises potential metabolic changes and
allows long term storage of samples). To find out whether this process had any
effect on protein extraction and 2-DE data, two parallel transverse slices of eight
tubers were prepared: one cross-section was freeze-dried and extracted, while
the other was frozen under liquid nitrogen and extracted. These subsamples were
then analysed by 2-DE in the same gel batch. Both freeze-dried and fresh material
produced 2-DE gels with good protein separation. Fewer spots were detected in
gels run from freeze-dried material (13971200 [SD]), compared with fresh mate-
rial (16064132, P=0.009). Spots that were matched to at least 14 of the 16 gels
were analysed further, i.e. altogether 838 spots. There was a significant difference
between fresh and freeze-dried samples in 140 spots (P<0.01) and within this
group of 140, the P value was <0.001 for 44 spots that were randomly scattered
across molecular weights and isoelectric points. Furthermore, principal compo-
nent analysis (PCA) was performed for the 838 spots. The freeze-dried and fresh
subsamples separated in the first principal component (Figure 2). None of the
other PCs showed any differences, indicating that the overall spot intensity was
the major factor differentiating freeze-dried from fresh material. The average CVs
for these spots were similar for the freeze-dried and fresh samples, 31% and 27%,
respectively. Thus, although less spots were detected in gels run from freeze-dried
material, the quality of this material was concluded to be satisfactory.

5.1.2 Sources of variation in 2-DE of tuber proteins

The variability of the 2-DE system as a whole was assessed in an experiment
that included protein extraction and biological variation between individual tu-
bers grown in the same conditions (3 tubers x 3 extractions per tuber x 2 gels per
extract). A total of 862 spots were deemed valid. Some reports have determined
analytical variance by selecting a dataset of, for example, 50 representative pro-
tein spots of various molecular weights and isoelectric points [10, 82]. Therefore,
in our study, a set of 50 representative spots of different levels of expression and
covering a wide range of pl and M, values, present in all analysed gels, were se-
lected at random. The average coefficients of variance (CVs) of these 50 spots was
determined to be 19.5% across the 18 gels. This suggests that the variation ob-
served by us is similar to the values reported by others for analytical variation due
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Figure 2: Principal component scores for 2-DE from fresh (o) and freeze-dried (H)
potato tuber material. Values in brackets indicate the percentage of total variation
accounted for by each principal component.

to the 2-DE step alone [10, 28, 82, 124, 147]. Furthermore, a CV was calculated
for each of the 862 spots across all 18 gels. While the CVs varied considerably
between different spots, the average of all CVs was 39.0% for all spots and 34.8%
for the 813 spots matched across at least 14 gels. The CVs correlated negatively
with spot quantity, as spots with low quantity tended to have a higher CV. Spots
that were detected in 13 or fewer gels tended to have very high coefficients of
variance.

The variance components of each contributing factor, i.e. tuber to tuber vari-
ation and variation due to extraction and 2-DE, were determined by ANOVA.
Distributions of variance for each spot indicated that variances due to 2-DE were
clearly higher in general (Figure 3). Variance associated with extraction was also
greater than tuber to tuber variance. Variance associated with extraction and tu-
ber to tuber differences were more important than that associated with 2-DE in
only 62 and 17 of the 813 spots, respectively. In many cases, the variance due to
protein extraction and tuber was 0; this is probably because the variation due to
these factors was so small compared to that due to 2-DE that it was not possible
to estimate it exactly. PCA was used to further explore patterns in variation. The
first six PCs accounted for 11.1%, 9.5%, 7.4%, 6.8%, 6.3% and 5.8% of total vari-
ation. The fact that none of the PCs accounted for a large part of the total variation
suggests that there was no overriding effect of a single source of variation in the
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experimental setup. Major differences highlighted by PCA were the significant
difference between the tubers in PC 2 (P=0.035) and between the gel runs in PC 4
(P=0.018). Although the differences were significant according to ANOVA, there
was considerable overlap of the groups (Figure 4).

5.2 Protein profiles of genetically modified potato lines (I)

A range of genetically modified potato lines was selected for proteomic analysis
along with their appropriate controls. Qualitatively the protein patterns on the 2-
DE gels were similar across the lines. ANOVA revealed significant differences
(P<0.01) in the quantities of seven protein spots out of 240 analysed (I, Table
IIT). Analysis with the Kruskal-Wallis test also revealed that spot intensity was
significantly different among the lines in two cases out of 490. Seven of these
proteins were identified by HPLC electrospray tandem mass spectrometry (I, Ta-
ble I, Figure 3). These proteins included some defence-related proteins as well as
some proteins involved in protein destination and storage and some proteins with
unknown function. One of these spots was matched to a patatin protein; how-
ever, other spots that were previously identified as patatins did not appear to differ
between the lines. Also other spots previously matched to Kunitz-type enzyme
inhibitors and aspartic proteinases did not show significant differences among the
lines. Line-specific proteins, i.e. proteins expressed in all replicates of only one or
few GM lines, were not found.

Principal component analysis (PCA) was assessed for its capacity to differ-
entiate between genotypes based on protein quantities, and to identify groups of
proteins responsible for differentiating the genotypes. PCA was carried out on
the 240 protein spots (I, Table III). No pronounced separation between the lines
was observed in the plots of PCA scores (data not shown). PCA analysis was also
carried out on protein sets where significant difference among potato lines was
found by ANOVA. Again, there was no clear separation between the lines in the
PCA plots (I, Figure 4). The lines Mall 2A and Mall 5A were slightly separated
from all the other lines in the first and second components, suggesting that these
particular lines were primarily responsible for the seven protein spots identified as
significantly different by ANOVA (I, Table III).

5.3 Protein profiles of non-GM potato genotypes (I)

A total of 32 non-GM potato genotypes were selected to represent a range of ge-
netic variation: 21 named cultivars of tetraploid potato, eight landraces and three
diploid genotypes including accessions and named cultivars of S. phureja adapted
for long daylength conditions. Between 800-1200 polypeptides were detected de-
pending on genotype. A total of 1932 polypeptides were detected, when all spots
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Figure 3: Distributions of variance of spot quantity for each source of variation:
A, two-dimensional electrophoresis; B, protein extraction; and C, tuber to tuber.
Analysis of variance was used to calculate the three variance components for the
quantity of each of the 813 spots detected in at least 14 of the 18 gels.
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Figure 4: Principal component scores for 2-DE samples derived from three indi-
vidual tubers (A, [] or @) and run in gel batch coded 1 or 2. The percentage of the
total variation accounted for by each principal component is shown in brackets.

in all genotypes were combined. There were clear qualitative and quantitative
differences in polypeptide profiles between the genotypes (I, Figure 2). One of
the most obvious differences occurred in proteins with the molecular weight of
ca. 40 000 to 45 000 and pl of 4.5 to 5.5, which corresponds to various isoforms
of patatin, the major storage protein of potato tuber [137, 157]; many genotypes
showed distinctive patterns of putative patatin isoforms.

Analysis of individual proteins revealed that for 1077 spots out of 1111, the
expression was significantly different among the genotypes. Interestingly, only
34 of the protein spots detected did not appear to differ significantly between
genotypes. Among these proteins that did not differ between genotypes were
proteins matched to two triosephosphate isomerases, a putative malate dehydro-
genase, GRP1 and annexin p34 (I, Table I). Proteins that were expressed in less
than 27 of the 127 samples were not analysed statistically, because these pro-
teins were rarely detected in all four replicates of the different potato genotypes.
Genotype-specific proteins, i.e. spots expressed in only one or a few genotypes,
were not examined any further; there were ca. 600 of these proteins. Qualitative
differences observed in 2-DE are likely to be due to allelic variations and possibly
posttranslational modifications.

PCA was carried out on the 393 protein spots also analysed by ANOVA (I,

Table II) and was found to differentiate several genotypes from each other (I,
Figure 3). For example, in the second and third components the line TBR3302 (2)
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and the three S. phureja genotypes (accession PHU.4637 and named cultivars Inca
Sun and Mayan Gold) separated from the tetraploid S. tuberosum named varieties
and landraces. In the fourth component, varieties Glenna, Morag, Maris Piper
and Pentland Javelin were slightly separated from the other varieties (not shown),
but the differences between named varieties were not as obvious. Nor were most
landraces separated very clearly from other genotypes.

Several of the proteins with very large positive or large negative loadings in
the PCA components two, three and four were proteins which also differed among
genotypes. These proteins were targeted for identification (I, Table I, Figure 1).
Among those contributing to the second component were several which were re-
lated to disease and defence responses. Most of the proteins with high loadings
in the third component appeared to be involved in the glycolytic pathway, such as
several enolases, triosephosphate isomerase, and fructose-bisphosphate aldolase.
This component also included two polypeptides with homologies to ascorbate per-
oxidases and UTP-glucose-1-phosphate uridylyltransferases. Protein spots with
low or high loadings in the fourth component included some proteinases, a Kunitz-
type enzyme inhibitor and some proteins or polypeptides matching to EST se-
quences of currently unknown function.

A total of 77 proteins were tentatively identified by HPLC electrospray tan-
dem mass spectrometry using cv. Desirée as the model genotype and those were
included in a 2-DE reference map (I, Table I, Figure 1).

5.4 Comparison of genetically modified and non-modified potato
lines and varieties (I)

As the results indicated more differences between non-GM genotypes than be-
tween GM lines and their controls, some varieties and lines were selected for a
second set of experiments. The GM line Sam35S 3, vector-only control W2GBSS
VO4, two wild-type control Desirée lines, the variety Maris Piper and an acces-
sion of S. phureja (PHU.4637) were analysed together, with three tubers of each
genotype.

In PCA (I, Fig. 5), the genotypes Maris Piper and S. phureja were clearly sep-
arated from each other and from all Desirée samples, whether GM or non-GM. No
separation was observed between wild-type Desirée and transformed lines in the
components, again indicating that there was much less variation between Desirée
and the GM lines than between the different non-transgenic varieties.
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5.5 Changes in protein patterns during tuber life cycle (IT)

To obtain a comprehensive set of data of tuber protein profiles, proteins were ex-
tracted from 13 independent groups of samples covering a range of developmental
stages and predicted metabolic activities (II, Table 1). There were clear qualita-
tive and quantitative differences in protein profiles resolved by 2-DE between the
developmental stages (II, Figure 1).

Principal component analysis was used to investigate whether or not tuber de-
velopmental stages could be separated on the basis of their protein profiles. The
first two components accounted for 35% and 19.7% of the total variance, respec-
tively. Stages 1 and 2 (non-swelling and swelling stolons) clearly separated from
other stages along PC2, whereas small developing tubers (stage 3), larger devel-
oping tubers (stage 4) and tubers from senesced plants (stages 5 to 8) separated
from each other along PC1 (II, Figure 2A). Stages 7 and 8 (sprouting tubers) also
separated from the other stages on PC1 versus PC4 (5.2% of the total variance [II,
Figure 2B]).

Previous work has shown that tuber excision can stimulate substantial metabolic
changes in a relatively short time scale which mimic the sink-source transition
found during normal maturation and senescence [130]. Excising developing tu-
bers from the mother plant did not seem to have a major influence on protein lev-
els compared with leaving the tubers attached, as stage 4a separated only slightly
from 4b and, overall, resembled 4b more closely than stages 5 to 8. In contrast,
storing the tubers from senesced potato plants at low temperature (5 °C, stage
6a) had a small but recognisable effect on proteins: spot 0314 (not shown), a
spot matched against a putative mitochondrial processing peptidase, an isoform
of ascorbate peroxidase and a putative pyridoxine biosynthesis protein, as well
as a spot identified as a glycine-rich RNA-binding protein were more abundant
compared to stages 5 or 6b (storage at room temperature) (II, Table 2 and Sup-
plementary table 1). Conversely, one protein spot was less abundant at stage 6a
compared to stages 5 or 6 (data not shown). Although storage at low tempera-
tures often leads to changes in sugar levels [189], none of the proteins identified
as involved in carbohydrate metabolism appeared to change significantly in stage
6a.

Cluster analysis of the profiles (defined as the set of estimated mean intensi-
ties at each of the tuber stages) for 150 spots selected based on their low false
discovery rate (FDR<0.02%) revealed five major types of profiles designated A
to E (IL, Table 2 and Figure 3), the largest of which included proteins that were
present at high levels in developing tubers but decreased during tuber maturation.
59 of the proteins were identified by HPLC-ESI-MS/MS (11, Table 2); in addi-
tion, 50 proteins that were not included in the cluster analysis were identified,
including several novel proteins. Most noticeably, the development process was
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characterized by the accumulation of the major storage protein patatin isoforms
and enzymes involved in disease and defence reactions. Furthermore, enzymes
involved in carbohydrate and energy metabolism and protein processing were as-
sociated with early developmental stages but decreased during tuber maturation.

5.6 The effect of alternative cultivation practices (III)

To assess the effect of different production systems and cultivation practices,
potato plants were grown in a carefully designed field trial using three manage-
ment regimes with the primary variants being fertilizer (mineral or compost), crop
protection (conventional or organic), and different pre-crops. Other parameters,
including soil type and variety, were kept consistent across the trial.

Protein profiles of potato tuber samples were separated by 2-DE. The pro-
tein profiles resolved were very similar among all the 64 samples (III, Figure 1).
A total of 1097 spots were matched across the 2-DE gels and considered in the
statistical analyses. Principal component analysis (PCA) was used to investigate
whether the agricultural treatments could be separated on the basis of the tuber
protein profiles. Tubers grown with either conventional or organic fertilization
separated along the 1st and 2nd principal components, which accounted for 11.5%
and 8%, respectively, of all the variability in the data (III, Figure 2). The fertilizer
effect was independent of the other factors. When ANOVA was performed on in-
dividual spots, it highlighted significant differences between the two fertilization
regimes for at least 160 proteins selected on the basis of a false discovery rate of
5%.

However, there was no effect of different crop protection protocols and pre-
crop (grass and clover vs. wheat) on the level of expression of different proteins
(III, Supplementary Figures 1 and 2, respectively). There were also no significant
interactions between the three factors.

The 160 protein spots that showed significant differences between the two
fertilization regimes showed two types of profiles: 17 were present at higher lev-
els in tubers grown with conventional fertilization regime, while 143 were more
abundant in tubers grown with the organic fertilization regime (III, Figure 3).
The standard error differences (SEDs) between the mean protein content in tu-
bers grown under these two fertiliser types were all in the range of 2.5 t0 5. A
total of 46 of these protein spots were identified (III, Supplementary Table 5).
Proteins that were more abundant in tubers grown with compost included several
proteins involved in protein synthesis, folding and degradation (several heat shock
proteins, chaperonins, proteases and subunits of the 20S proteasome) and in other
hydrolytic reactions (3-xylosidase). Furthermore, several identified spots were
matched against enzymes involved in glycolysis and energy metabolism. Various
proteins that are commonly upregulated in stress responses (Kunitz-type enzyme
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inhibitor, superoxide dismutase, ascorbate proxidase, glyoxalases I and II) were
also increased in compost-grown tubers. Proteins that were more abundant in
tubers grown with mineral fertilizer included a small heat shock protein, a pro-
teinase inhibitor protein and some polypeptides identified as patatins. These spots
were of smaller molecular weight than previously identified isoforms (I, II) and
may be degradation products. Overall, the major isoforms of patatin did not show
any major differences in this experiment.
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6 Discussion

6.1 Applicability and reproducibility of potato protein profil-
ing by 2-DE

For vegetatively propagated crops with complex genetics such as the potato, ge-
netic modification for crop improvement offers significant potential. As a member
of the Solanaceae, the potato was among the first crop plants to be accessible for
transgenic approaches [48]. As the fourth most important food crop consumed
worldwide, it is a realistic model for a field grown food crop and was thus se-
lected as the model plant for this work. On the other hand it is a difficult one for
proteomic studies, as the edible part, the tuber, contains little protein (ca. 2% of
fresh weight) and large amounts of starch (ca. 15-25% [48]).

2-DE was deemed the most suitable approach for a complex plant for which
there is little sequence information available, in particular as it was desirable to
profile the whole complex mixture and as many proteins as possible. Data from a
total of 316 2-DE gels were included in this Thesis; thus there was a need for a suf-
ficiently high throughput for the large number of samples from field experiments.
When this work was started, quantitative MS-based methods and DIGE were not
available to the extent that they are now. In this Thesis, the 2-DE approach was
applied to several sample sets and was shown capable of detecting changes in the
levels of potato proteins, such as changes in protein expression during tuber devel-
opment. The methods used allowed for the separation of 800—1100 protein spots
in the tuber. While this is likely to represent only a subset of all potato proteins,
the tuber is a relatively specialised storage organ, and its protein and transcript
complements tend to become simpler as tubers develop and mature [48, 88].

The reproducibility of the 2-DE method was similar to those reported in the
literature [10, 28, 82, 124, 147]. In previously published work, analysis has, how-
ever, been limited to a much smaller number of proteins. The results also indicate
that the reproducibility of spot quantity depends on the protein and its quantity
and that including a large number of low-intensity spots is likely to increase the
variation observed. The 2-DE gels themselves were the main source of variation
observed compared to protein extraction and tuber-to-tuber variation, which is not
unexpected, as there are many steps involved in running a 2-DE gel, many of
which contribute to differences in spot and background intensity. One should be
aware of this while designing experiments, and if the number of samples requires
several gel batches, samples should be appropriately randomised across batches.
The results also imply that the reliability of 2-DE results could be improved by
increasing the number of replicate gels and not necessarily by increasing the num-
ber of biological replicates. Under the sampling regimes used in this experiment,
variation between mature tubers of the same variety did not appear very high.
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6.2 Natural variability of protein patterns in potato
6.2.1 Variability caused by different genetic backgrounds

For potato, almost no comparative data for protein profiling has so far been avail-
able. Proteomics of maize [24, 33], wheat [38] and other plant species have re-
vealed a large extent of genetic variability in protein expression, and it seems that
the large genetic variability of protein expression is commonplace [40]. Studies
on barley cultivars have shown that single amino acid substitutions are sufficient
to explain pl differences of F-amylase spots [51]. Thus qualitative differences
observed in 2-DE are likely to be due to allelic variations and possibly posttrans-
lational modifications.

Potato belongs to the Solanaceae family, which encompasses about 90 genera
and 2800 species such as tomato (Lycopersicon esculentum) and tobacco (Nico-
tiana tabacum). The genus, Solanum, includes all tuber-bearing wild species, as
well as S. tuberosum, the species to which all common potato cultivars belong
[75]. The potato has the richest genetic resources of any cultivated plant, and
these genetic resources are generally easily incorporated into cultivars. Yet only
a small number of related species have actually been used for introgression of
resistance traits into cultivars, because of the introduction of undesirable ‘wild’
traits together with the desired trait [59]. S. tuberosum can be diploid (2n=24) or
tetraploid (4n=48); however, all common cultivars over the world are tetraploid
[75]. The genome of the potato has not been sequenced yet
(http://www.potatogenome.org/). Thus, sequence information that may
be used is somewhat limited, making MS-based proteomics a challenge for potato.
Many proteins identified during this work were matched against proteins from
other species and/or potato EST sequences.

Although the potato gene pool used by European breeders has for historical
reasons been limited, a large number of very different cultivars has been developed
[19]. Variation in protein patterns in this wide selection of (non-GM) genetic
backgrounds turned out to be very extensive. Many of the proteins that contributed
to the separation of the non-GM genotypes appeared to be involved in disease and
defense responses, sugar and energy metabolism or protein targeting and storage,
presently considered to convey no safety risk.

The qualitative and quantitative differences in patatin isoforms across the non-
GM genotypes were striking. Allergenic reactions caused by potato are not con-
sidered particularly common, but of potato proteins, patatin (Sol t 1) plays a role
in IgE-mediated food allergy [161]. Patatin is a major protein, comprising as
much as 40% of total protein [142]. While patatin has been considered stor-
age protein, lipase and 3-1,3-glucanase activities have been described for some
isoforms, indicating that patatins may play a role in defence reactions [165]. In-
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dividual members of the patatin gene family exhibit differential expression pat-
terns e.g. depending on the tuber development stage [169], and the patatin protein
isoforms also showed differential accumulation during the tuber life cycle. Also
several potato proteins similar to soybean trypsin inhibitors are associated with al-
lergic responses to raw potato [162]. These proteins were observed at high levels
in potato tubers and they showed a great deal of variation between the different
genotypes. It therefore appears that the allergen content in potato tubers shows
high variability due to several natural factors.

6.2.2 Variability caused by developmental and physiological states

The tubers are derived from underground stems (stolons) that in favourable condi-
tions enlarge to form tubers. The active growth of tubers is accompanied by major
changes in the physiology and metabolism that lead to large depositions of starch
and storage proteins [138]. Tubers also decrease their general metabolic activity
and behave as typical storage sinks [48]. Since, unlike in the seeds of many im-
portant species, dehydration does not occur during tuber maturation, the tubers
remain metabolically active (although metabolic rates do change [48]) through
maturation and eventually into the dormant phase. Dormancy break and sprouting
subsequently lead to plant establishment in the field, completing the life cycle.
Potatoes can be eaten at several stages of development and storage. An under-
standing of the extent of variation consumers might be naturally exposed to forms
an important backdrop to data from other experiments.

Proteomic profiling by 2-DE combined with multivariate analysis was able
to separate stages corresponding to major phases of the potato tuber life cycle,
i.e. stolon to tuber and sink to source transitions. Furthermore, some individual
stages could be separated, such as sprouting tubers. Altogether, over 100 proteins
could be identified, including several novel proteins.

Studies at the transcript level using cDNA microarrays [88] have recently pro-
vided an overview of gene expression during tuber development and storage. Al-
though the experimental conditions described by Kloosterman et al. [88] were
slightly different from the ones used in our experiment, at the stages of early
tuber growth designated 3a, 3b, 3c and 3d, several genes with an upregulated tran-
script profile such as proteinase inhibitors, lipoxygenase and patatins also showed
an increasing protein profile corresponding to profile types A and B. The largest
transcript profile type corresponded to a decrease in transcription over the same
developmental stages and was similar to our profile type E (II, Figure 3). The
small number of distinct major profiles of protein abundances identified, with the
largest group being proteins that decrease during development, is in accordance
with the results obtained from metabolomics (N. Massat, personal communica-
tion) and transcriptomics and is likely to reflect the greater metabolic activity of
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the developing tuber in comparison with the mature tuber. Characteristic profiles
were in many cases clearly different between protein family members, being thus
consistent with the results obtained by transcript profiling [88].

The results thus suggest that, while mature tubers are the most relevant from
a food safety perspective, protein expression appears highest during early tuber
development, and a number of proteins of interest are likely to be missed, if only
mature tubers are analysed. Protein profiles of mature tubers, however, remain
relatively stable during storage and sprouting. Thus the sampling of mature tubers
is practical and likely to lead to relatively uniform material, although one should
still keep in mind that tubers of similar size may not be physiologically equivalent.

6.2.3 Variability caused by alternative cultivation techniques

Plants, especially field grown crops, respond to environmental conditions and
agronomic practices, and differences in protein profiles due to these factors are
likely to occur. Furthermore, there is currently some debate on whether practices
such as organic cultivation lead to differences in crop composition. There are
significant differences in the agronomic practices used in intensive conventional
and organic food production systems, in particular to fertility management, crop
protection protocols and rotational designs [108]. Agronomic practices used in or-
ganic and ‘low input’ production systems have repeatedly been claimed to deliver
environmental or biodiversity, agronomic and food quality benefits compared to
intensive conventional systems. However, evidence for differences in composition
of nutritionally relevant compounds is currently insufficient and often contradic-
tory [18, 193]. Also there is to our knowledge little information on the effects of
agricultural production systems on gene expression and protein profiles in crops
that could elucidate the underlying mechanisms.

The main aim of the cultivation practice experiment was to assess the effect of
three main factors or components of agricultural production systems (rotational
design, fertilization and crop protection) on protein expression patterns in potato
tubers. The fertilisation regime was shown to be the main source of differences
in the protein profiles, while the crop protection regime and the previous crop did
not appear to lead to changes at the protein level. Interestingly, tubers treated with
conventional crop protection could not be separated from those treated with or-
ganic crop protection, nor was there any obvious effect of pre-sowing plots with
either grass and clover or wheat. According to existing literature, if an effect of
crop protection is present, it is most likely small, and the effects occurring in dif-
ferent cultivation systems may to some extent balance each other out by imposing
different types of stress [20]. Both crop protection regimes were relatively ef-
fective measures against various diseases in this experiment, and disease incident
was low.
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The accumulation of chaperones and proteins involved in the degradation of
proteins and other large molecules indicates that protein synthesis and turnover
and other hydrolytic reactions were more active in the tubers grown using the or-
ganic fertilisation regime. Furthermore, the levels of several enzymes involved
in glycolysis and energy metabolism were higher in tubers grown using the or-
ganic fertilisation regime, suggesting a higher rate of cell respiration. Many of
the identified proteins are also highly expressed in defence reactions. Many of
these mechanisms are also known to increase as responses to various stresses,
suggesting that the compost fertilisation induced a stress response in the tubers.
In agreement with this, it has been previously shown that compost as soil amend-
ment can result in the activation of systemic resistance and increase in the activ-
ities of defence-related proteins [184]. On the other hand, nitrogen metabolism
and responses to nitrate fertilisation are complex and frequently linked to carbon
metabolism and glycolysis [35, 168]. Thus the differences seen between the two
fertilization regimens could also, at least in part, be due to different levels of ni-
trogen available, although a similar amount of nitrogen was applied both in the
form of compost and mineral fertilization. With the mineral fertilization, all ni-
trogen applied will have been immediately available for the plant after application
and available nitrogen levels will have subsequently declined due to uptake by
plants and to nitrogen losses, while the nitrogen supply for compost is expected to
have been very low immediately after planting and have subsequently increased
throughout the growing season.

6.3 The effect of genetic modification on the proteome is small

Compared with the natural variation observed in the non-GM samples, the effects
of genetic modification on the proteome were considerably less pronounced. In-
deed, statistical analysis showed no clear differences between the protein patterns
of the GM lines and their controls. No new proteins unique to individual GM lines
were observed. Therefore, on the basis of this analysis, there was no evidence for
any major changes in protein pattern in the GM lines tested. This in itself is in-
teresting as some of the lines, e.g. Mall and Sam35S, produced extremely stunted
plants with low tuber yield [97, 171, 173]. The chemical composition of the tubers
did not appear to be clearly affected either [163]. This suggests that a strong mor-
phological phenotype does not necessarily mean that there are changes in compo-
sition, and similarly, a change in composition does not necessarily mean changes
in agronomic properties. However, nine proteins showing statistically significant
differences in expression were detected, and seven could be tentatively identified.
It would require observations over several years and climatic conditions to confirm
that these are truly unintended effects.
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6.4 Natural variation appears much higher than variation be-
tween GM lines

In these studies, the main sources of variation in the protein profiles of potato
tubers were genetic backround and developmental/physiological state. Genetic
modification, along with factors such as cultivation technique and tuber-to-tuber
variability appeared to cause much less variation.

These results have been corroborated recently by Catchpole et al. [26] who
compared several GM potato lines and cultivars by metabolic profiling. The au-
thors found differences between the GM lines only in those metabolites that were
targets of the genetic modification; apart from those compounds, the GM lines
could not be distinguished from their controls in PCA. On the other hand, all
cultivars could be clearly distinguished from one another. This led the authors
to suggest that the GM lines could be considered substantially equivalent to the
non-GM parent line.

Several other studies demonstrating the substantial equivalence of GM plants
have recently been published using different model plants and different profiling
methods: potato metabolomics [39], tomato proteomics [34] and metabolomics
[107], wheat transcriptomics [13, 66] and metabolomics [11], and Arabidopsis
proteomics [148, 149]. Thus there is increasing evidence that only few statisti-
cally significant differences, apart from the intended effect of the modification,
are usually found between GM lines and/or controls and that these differences
are generally within the range of natural variation due to physiological, genetic
or environmental factors. In targeted analyses of a range of transgenic potato tu-
bers, statistically significant differences were observed between controls and GM
lines but they appeared to be random and were also observed between wild-type
controls and tubers derived from tissue culture only or tubers transformed with an
empty vector [163]. The authors also raised the possibility that somaclonal varia-
tion may be responsible for some differences observed between specific GM lines
or tissue culture/empty vector controls.

Apart from the factors considered here, at the transcriptome and metabolite
level, differences due to developmental stages [88, 182] and diurnal changes [183]
can be extensive, and changes in the composition due to factors such as climatic
conditions and plant responses to herbivore and pathogen attack can be expected.
For instance, toxic secondary metabolites in potato are increased in response to
stresses [117]. Non-GM genotypes of wheat grown on different sites and in dif-
ferent years also showed differences in their metabolite profiles [11]. These effects
clearly should be taken into account in profiling studies. Furthermore, the fact that
differences due to an alternative cultivation technique could be detected using pro-
tein profiling suggests that the methods should also be useful in other applications,
such as the food safety assessment of different agricultural practices.
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7 Conclusions

2-DE was used as a profiling tool to monitor the protein contents of potato tubers
of GM and non-GM lines. The results from these protein profiling studies imply
that transgene insertion per se has a much smaller effect on protein expression in
the tuber than genetic recombination and other processes involved in conventional
breeding. It is not surprising considering what is now known about the nature of
plant genome and its dynamics. Even though genetic modification does not appear
to generate major changes apart from the ones targeted to occur, proteins with
increased level in the GM line compared to the conventional counterpart might be
worth further attention if the level clearly falls outside the normal variation. This
is to exclude any risks from e.g. increased expression of potent allergens. As the
current profiling methods produce huge amounts of data, it is almost inevitable
that some statistically significant differences will be found. Therefore the focus
should be in truly consistent differences.

Furthermore, extensive differences in the protein profiles of the tubers were
found to be caused by development and storage and alternative cultivation tech-
niques. Such factors should be taken into account when characterising GM lines
and determining whether possibly observed differences are outside of variation
caused by diverse physiological and environmental conditions.

Because there are many factors that may affect the composition of crops, pro-
teomic profiling used in a random comparison of products available on the market
is likely to be difficult, as the interpretation of the results is not straightforward.
Instead, proteomics should be much more useful in the early stages of plant breed-
ing as a tool to screen for possible alterations in protein composition that might
trigger a more thorough analysis and assessment of safety. Proteomics could be
worthwhile particularly with future GM crops having increasingly complex mod-
ifications and potentially more extensive alterations in their composition.

Like other profiling methods, proteomic screening is not yet in routine use
when assessing the safety of GM products. While many allergens are frequently
present at high levels in plant material, many proteins with possible safety impli-
cations may be of very low abundance. A comprehensive and sensitive coverage
of all proteins is therefore important but difficult to achieve with current analyt-
ical and sample preparation methods. For practical safety assessment purposes,
proteomic and other profiling methods of the present day still require expensive
equipment and well trained people, but current active development of e.g. more
robust MS-based methods may lead to automated, fully validated analytical tools
in the coming years.

As a whole, profiling methods have the potential to reduce uncertainty by pro-
viding much more information on crop composition than targeted analysis alone.
The combined development and application of validated metabolomic, proteomic
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and transcriptomic approaches in plant biology will contribute to our knowledge
of biological systems but there may also be clear benefits in the area of food safety
in the future.
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