Copyedited by: OUP

Journal of Experimental Botany Advance Access published September 17, 2012

Journal of Experimental Botany

doi:10.1093/jxb/ers252 Journal of
This paper is available online free of all access charges (see http://jxb.oxfordjournals.org/open_access.html for further details) EXp eI‘imental
Botany

www.jxb.oxfordjournals.org

RESEARCH PAPER

Proteome changes in tomato lines transformed with
phytoene synthase-1 in the sense and antisense orientations

Francesca P. Robertson*, P. Kaisa Koistinen®, Christopher Gerrish, John M. Halket*, Raj K.P. Patel,
Paul D. Fraser and Peter M. Bramley$

School of Biological Sciences, Royal Holloway, University of London, Egham, Surrey TW20 OEX, UK

* Present address: Department of Nutrition and Metabolism, Faculty of Health and Medical Sciences, University of Surrey, Guildford GU2
7XH, UK.

T Present address: Department of Biosciences, University of Kuopio, PO Box 1627, FI-70211 Kuopio, Finland.

* Present address: Specialist Bioanalytical Services Ltd, Egham, Surrey TW20 9L.Z, UK.

$ To whom correspondence should be addressed. E-mail: p.bramley@rhul.ac.uk

Received 19 June 2012; Revised 16 August 2012; Accepted 17 August 2012

Abstract

The commercial cultivation of genetically engineered (GE) crops in Europe has met with considerable consumer
resistance, which has led to vigorous safety assessments including the measurement of substantial equivalence
between the GE and parent lines. This necessitates the identification and quantification of significant changes to the
metabolome and proteome in the GE crop. In this study, the quantitative proteomic analysis of tomato fruit from lines
that have been transformed with the carotenogenic gene phytoene synthase-1 (Psy-1), in the sense and antisense
orientations, in comparison with a non-transformed, parental line is described. Multidimensional protein identification
technology (MudPIT), with tandem mass spectrometry, has been used to identify proteins, while quantification has
been carried out with isobaric tags for relative and absolute quantification (iTRAQ). Fruit from the GE plants showed
significant alterations to their proteomes compared with the parental line, especially those from the Psy-1 sense
transformants. These results demonstrate that MudPIT and iTRAQ are suitable techniques for the verification of sub-
stantial equivalence of the proteome in GE crops.

Key words: Genetic modification, mass spectrometry, multidimensional liquid chromatography, phytoene synthase, proteomics,
Solanum lycopersicum.

Introduction

The use of genetic engineering to alter the traits of crop plants
is well established and is of major biotechnological interest
(Moose and Mumm, 2008; Sidhu and Chellan, 2010). Following
the commercial introduction of crop plants such as Roundup
Ready soya in 1996 and corn in 1998, the so-called second gen-
eration of genetically engineered (GE) crops is primarily aimed
at improving the nutrient status of crop plants for the consumer
(reviewed by Mattoo et al., 2010; McGloughlin, 2010). For
example, Golden Rice contains -carotene (pro-vitamin A),
with the aim of alleviating its deficiency in developing countries

(Potrykus, 2001), while tomato has been transformed with
a number of carotenoid genes to increase levels of lycopene
(Fraser et al., 2002) and B-carotene (Romer et al., 2000). The
genetic engineering of plants has also been a valuable tool in
perturbing metabolic pathways in order to understand poten-
tial pathway cross-talk and silent metabolism (Long ez al., 2006;
Lewinsohn and Gijzen, 2009), and to discover regulatory steps
(e.g. Fraser et al., 2002; Millar et al., 2007).

Despite these technological advances, the commercial use
of GE crops has been controversial, especially with consumer

Abbreviations: ESI-MS, electrospray ionization mass spectrometry; iTRAQ, isobaric tags for relative and absolute quantification; LC, liquid chromatography; MS, mass
spectrometry; MudPIT, multidimensional protein identification technology; TEAB, triethylammonium bicarbonate.
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resistance in Europe (Rommens, 2010), leading to the need
for food safety assessment of GE crops, including the concept
of substantial equivalence (OECD, 2006). This necessitates
the identification of unintended changes to the plant due to
the genetic modification, as opposed to those that occur as
a consequence of environmental or intervariety variations.
Whilst DNA-based approaches are favoured for the detection
of transgenes, the application of omic platforms to identify
phenotypic changes and bring a holistic approach to the anal-
yses has been recommended, to include metabolomics and
proteomics (Trojanowicz et al., 2010; Ricroch et al., 2011).

In this study, the proteomic analysis of GE and non-GE
tomato (Solanum Iycopersicum) lines using multidimensional
protein identification technology (MudPIT) with tandem
mass spectrometry (MS/MS) is reported. Quantification of
proteins has been carried out using iTRAQ (isobaric tags for
relative and absolute quantification), which represents a sig-
nificant advancement in protein quantification by MS (Ross
et al., 2004). iTRAQ uses four identical chemical tags, with
the same overall mass, to multiplex four samples for relative
peptide quantification. When iTRAQ-labelled peptides are
fragmented using MS, peaks from singly charged reporter
group fragments appear in the m/z range of 114, 115, 116,
and 117. Peptides are quantified by interpretation of the
ratios of these fragment peaks (Boehm et al., 2007).

The GE tomatoes used in this study have been transformed
with the tomato phytoene synthase-1 gene (Psy-/) in the sense
(Fraser et al.,2007) and antisense orientations (Bramley et al.,
1992). Psy-1 encodes the fruit-specific enzyme phytoene syn-
thase, which catalyses the first step in carotenoid biosynthe-
sis (Bramley, 2002). This reaction is thought to be the prime
regulatory step in carotenogenesis (Fraser et al., 2002). The
Psy-1 sense lines show pleiotropic effects (Fray et al., 1995),
including elevated carotenoid levels (Fraser et al., 2007).
The latter were used in the present investigation. The anti-
sense lines produce fruit devoid of carotenoids, due to the
down-regulation of phytoene synthase (Bramley et al., 1992).
Included in the investigation are the wild-type parent of both
transgenic lines cv Ailsa Craig, and also a line produced dur-
ing the transformation of Alisa Craig that did not inherit the
transgene in the second generation (referred to as the azygous
line) and shows a wild-type carotenoid phenotype, which has
been through transformation but did not retain the transgene
in the second generation. Thus, all lines are from the same
genetic background and the azygous control allows the iden-
tification of any proteomic changes due to the transformation
protocol rather than integration of the Psy-I transgene, in
either orientation.

Materials and methods

Plant material and growth conditions

The wild-type tomato cultivar was S. lycopersicum Mill cv Alisa
Craig. Transgenic lines were produced from this cultivar. The Psy-1
antisense line was from an earlier study (Bramley ez al., 1992), as was
the Psy-1 constitutively expressing (sense) line (Fraser et al., 2007).
The azygous line was from the latter investigation. All plants were
grown in randomized plots in the glasshouse with supplementary

lighting of 110 pmol m 2 s™! provided by 400 W Son-T high pressure
sodium bulbs (Osram Ltd, Berkshire, UK). A light/dark cycle of
16/8 h was maintained. Fruit were harvested at 7 d post-breaker, at
the same time of day. Four plants of each line were grown, and three
fruit from each plant were pooled for analyses. Pooled fruit were
immediately chopped, deseeded, frozen in liquid nitrogen, and then
freeze-dried prior to protein extraction.

Preparation of protein extracts

Triplicate samples of tomato powders (20mg) were extracted with
7M urea, 2M thiourea, 2% CHAPS, S0mM TRIS-HCI, pH 8
(500 pl) at room temperature for 30 min. Extracts were centrifuged
at 14 000 g for 10min and the supernatant collected. Ice-cold ace-
tone (2.5ml) was added and the mixture left at —20 °C overnight.
Extracts were then centrifuged at 14 000 g for 10 min and the super-
natant discarded. Pellets were washed three times with ice-cold
acetone and dried in a vacuum centrifuge (Genevac SP Scientific,
Ipswich, Suffolk, UK). They were resuspended in 10 vols of 10mM
triethylammonium bicarbonate (TEAB) buffer (pH 8.5) and pro-
tein concentrations determined by a Bradford assay according to
the manufacturer’s instructions (Bio-Rad, Hemel Hempstead, UK),
with bovine serum albumin (BSA) as the standard. Protein aliquots
(100 pl) were collected, dried in a vacuum centrifuge, and stored at
—80 °C prior to analysis.

Proteolytic in-solution digestion

Tomato proteins (100 pg) were reduced and alkylated using the
iTRAQ kit (Applied Biosystems, Warrington, UK), according to
the manufacturer’s instructions. Solutions in 10mM TEAB buffer
(100 ul) were digested with trypsin (Sigma-Aldrich, Dorset, UK) at a
protein:trypsin ratio of between 1:100 and 1:1000 (v/v). The digests
were incubated at 37 °C overnight. Following digestion, tubes were
placed at —20 °C before adding the iTRAQ labelling reagent.

Isobaric tags for relative and absolute quantitation (ITRAQ)
labelling

Aliquots of digested tomato fruit (100 pg of protein) were labelled
with four multiplex iTRAQ reagents according to the manufac-
turer’s instructions, except that double the quantity of labelling
substrate was used to ensure complete labelling of the peptides
(see the Results and Discussion). Additionally, washes of the pre-
cipitated protein were increased from two to three. In order to
avoid bias from one tag, experiments were designed so that each
line was labelled in rotation with each of the four tags, as shown in
Supplementary Table S1 available at JXB online. Following label-
ling, aliquots were pooled for strong cation exchange (SCX) chro-
matographic separation.

Strong cation exchange fractionation

The iTRAQ-labelled peptides were fractionated off-line using
an SCX resin prior to nano Cg reverse phase liquid chroma-
tography (nano LC). Peptide separations were performed with
PolySULFOETHYL A (Applied Biosystems). Loading buffer
[100 pl; 10mM K,HPOg:acetonitrile 75:25 (v/v), pH 3] was added to
trypsin digests and balanced to pH 3 by H;PO;. SCX cartridges were
conditioned with loading buffer. Peptide digests (pH 3) were sepa-
rated using a stepped mobile phase gradient [50, 100, 150, 200, 250,
500mM K,HPO,:acetonitrile 75:25 (v/v), pH 3] and the eluate col-
lected from each fraction (1 ml). Fractions were dried in a Genevac
EZ-2 Evaporator vacuum centrifuge and stored at —20 °C.

Nano liquid chromatography/mass spectrometry

Nano-LC electrospray ionization (ESI) MS/MS experiments
were performed on two machines: a QSTAR Pulsar I (Applied
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Table 1. A comparison between different peptides from acid f-fructofuranosidase labelled with iTRAQ reagents

Sequence of peptide

Confidence (%)

Ratio 115:114

ASLDDNKQDHYAITYDLGK 99
GNPVLVPPPGIGVK 99
LLVDHSIVESFAQGGR 99

0.478
0.497
0.641

Calculated using ProteinPilot. The mean value of ratios is 0.538.

Biosystems) hybrid quadrupole time of flight (TOF) mass spec-
trometer and an Agilent QTof 6520 mass spectrometer hybrid
quadrupole TOF mass spectrometer. With the former, the mass
spectrometer was connected to a nano LC system (LC Packings,
Camberley, UK). The sample injection order was randomized using
Excel to avoid bias, and each sample was injected twice. Samples
were loaded onto a 200 pm i.d.X5 mm PS-DVB monolithic (Dionex,
Sunnyvale, CA, USA) trap column with a flow rate of 10 ul min™! of
0.1% trifluoroacetic acid (TFA) for 30 min. After pre-concentration,
the trap column was automatically switched in-line with the
PS-DVB monolithic (3 um, 100 pm i.d.X50 mm, Dionex) analyti-
cal column and the peptides eluted with a linear gradient starting
at 95% eluent A [0.1% (v/v) formic acid in water] to 40% eluent B
[0.1% (v/v) formic acid in acetonitrile] at 40 min, the flow rate being
300 nl min~'. HPLC fractions of tryptic peptides were injected using
an LC Packings FAMOS autosampler and UltiMate LC pumps.
A Protana nanospray interface and 10 um distal coated fused silica
PicoTips (New Objective, Woburn, MA, USA) were used for the
nano ESI.

The positive TOF mass spectra were recorded using
information-dependent acquisition (IDA). TOF MS survey scans
were recorded for mass range m/z 400-1600, followed by MS/MS
scans of the two most intense peaks. Typical ion spray voltage was
in the range of 2.0-2.4kV, and N, was used as the collision gas.
Other source parameters and spray positions were optimized with
the tryptic digest of BSA. Analyst QS 1.0 sp8 software from Applied
Biosystems was employed for data analysis.

The Agilent QTof 6520 mass spectrometer hybrid quadrupole
TOF mass spectrometer was connected to an Agilent 1200 nano
LC (Agilent, Wokingham, UK) system. Cation exchange fractions
of 50, 100, and 150mM were resuspended in 1% (v/v) formic acid
(50 pl). Due to the amount of salt present, the 500mM samples were
resuspended with 75 ul of 1% (v/v) formic acid. A 10 pl injection
was loaded onto a Agilent Chip Cube trap column with a flow rate
of 4 pl min™! of 0.1% (v/v) TFA, for 5min. Chromatographic sep-
arations were made using the Agilent Chip Cube [Large Capacity
Chip (IT) G4240-62010; separation, 150 mmXx75 uM; enrichment,
9mm 160 nl, Zorbax 300SB-C18 5 uM). An isocratic gradient, with
a flow rate of 0.3 pl min™' of solvent A (0.1% formamide in H,0) for
3min followed by a linear gradient from 5% to 45% solvent B (0.1%
formamide in 90% acetonitrile) for 128 min was used. Positive TOF
mass spectra were recorded using IDA. TOF MS survey scans were
recorded for mass range m/z 4001600 every 200 ms, followed by MS/
MS scans of the four most intense peaks every 250 ms. RAW files
were extracted with Protein Hunter software (Agilent) into Mascot
generic files (.mgf) prior to merging and analysis by Mascot v 2.3
(Matrix Science) to generate iTRAQ and identification data. Protein
Pilot (AB SCIEX, Framingham, MA, USA) was used to identify
peptide modifications.

Identification and functionality of proteins

Proteins were identified through Mascot v 2.3 (Matrix Science,
London, UK) and the Molspec-ID Online Database (MSDB)
of viridiplantae. They were classified through interrogation of
Swiss-Prot (http://web.expasy.org/groups/swissprot/), with enzymic
functions obtained from KEGG (Kyoto Encyclopedia of Genes
and Genomes, http://www.genome.jp/kegg/) and PlantCyc (http://
plantcyc.org/).

Statistical methods and multivariate data analysis

Multivariate data analysis was performed with SIMCA software
(version 12, Umetrics, Umea, Sweden). Principal component anal-
ysis (PCA) was also carried out to detect outliers. The supervised
method, partial least squares discriminant analysis (PLS-DA), was
used on data sets to identify which variables were responsible for

FREEZE DRIED PLANT
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4
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Fig. 1. Workflow for identification and quantification of
iTRAQ-labelled peptides from tomato.
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sample classification. The Student’s 7-test and correlation analyses
were performed using Excel.

Results and Discussion
Optimization of workflow

A typical elution profile of tryptic digests from a
PolySULFOETHYL A 5um cation exchange resin, off-line, is
shown in Supplementary Fig. S1 at JXB online. Initial iTRAQ
labelling studies followed the manufacturer’s instructions, but
resulted in incomplete labelling of the tomato peptides (data
not shown). However, doubling the quantity of labelling rea-
gent and increasing the number of washes of the precipitated
protein increased yield from 85% to 98%, and resulted in
complete labelling of peptides (Supplementary Fig. S2). This
underestimation has been reported elsewhere for animal tis-
sues (Ow et al., 2009; Karp et al., 2010). A typical product
ion mass spectrum of an iTRAQ-labelled peptide is shown in
Supplementary Fig. S3, with a regression analysis for calibra-
tion shown in Supplementary Fig. S4. Four identical samples
of Alisa Craig wild-type fruit were labelled with 114.1, 115.1,
116.1,and 117.1 reagents and the sets were repeated three times.
There were no major differences between labels or the sample
sets prepared on different days, indicating that the labelling
procedure is reproducible and unbiased (data not shown).
Peptide samples from the Psy-1 sense fruit were diluted 2-, 20-,
and 40-fold, and labelled with the four iTRAQreagents. The
experiment was repeated three times. Although the 40-fold
dilution could be quantified, the coefficient of variance was
high at 63.3. Dilutions of 2-fold and 20-fold reproducibly gave
values of 0.47-0.65 and 0.061-0.088, respectively, compared
with the expected amounts of 0.5 and 0.05. The accuracy of
iTRAQ labelling, using the modified protocol, is demonstrated
in Table 1, which shows labelled peptides from the Ailsa Craig
acid p-fructofuranosidase, with a confidence of 99%, ana-
lysed by Protein Pilot. The complete work flow is outlined in
Fig. 1. A previous study by Karp and co-workers (2010) also
reported problems with the precision and accuracy of iTRAQ,

experiencing poor signal data with low abumdamcne proteins,
as found here. They concluded that ratio compression arises
from contamination during precursor ion selection. A prom-
ising alternative procedure using multistage MS3-based scans
eliminates this interference (Ting et al., 2011).

Changes to the proteomes of GE and non-GE tomato
lines compared with the wild type

Using the workflow outlined in Fig. 1, 20 separate iTRAQ
experiments were carried out to compare the protein con-
tents, both qualitatively and quantitatively, of the four lines
of tomato, as well as variation between plants of the same
cultivar (Supplementary Table S1 at JXB online). In each
case, two technical samples and four biological replicates
were analysed. The technical replicates were not significantly
different from each other, as analysed by analysis of vari-
ance (ANOVA) (Fig. 2). Similarly, there were no significant
differences between the number of peptides of fruits from
plants of the same cultivar (F-values of 0.05, 0.0052, 0.834,
and 0.03 for Ailsa Craig, azygous, Psy-1 antisense, and Psy-
1 sense, respectively; Fig, 2). However, the total number of
proteins identified did differ significantly between the lines, in
comparison with the Ailsa Craig wild type, as shown in the
box whisker plot (Fig. 3). The interline ANOVA shows that,
when compared with Ailsa Craig, all F-values were <0.01 The
categories of the protein identified for each of the four lines,
with their numbers, are shown in Fig. 4. Individual proteins
showing significant changes in levels compared with the Ailsa
Craig parent are listed in Table 2, whilst all the proteins iden-
tified are given in Supplementary Table S2.

These results show that biological variation of the pro-
teome between fruit of the same cultivar is insignificant, but
the process of transformation itself does alter the proteome
from that of the parent line, as the level of proteins identified
in the azygous line is lower than that of Ailsa Craig (Fig. 3),
although there is a negligible difference in the protein com-
position as a percentage of the total protein number (Fig. 4).
Further changes occur when the transgene is inherited and
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4 B 1% e
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£ g N NN B R NS | N -
€ 200 (R RK 3 N | N g
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5 100 1RE R FENE NI & R
'E N [ o B ) N , §>:1 g:.
=3 50 b :': :’: N " :’: N ‘: :’: ':
z S N K 5 ) N R
o r o r o I a e N
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Fig. 2. Technical and biological replicates of proteins identified in each tomato cultivar. Each sample was injected twice (injection 1
and 2), whilst four biological replicates were analysed from each cultivar (1-4, 5-8, 9-12, and 13-16). Using ANOVA, there were no
significant differences between injections 1 and 2 for each line, nor for intraplant variability (F > 0.05)
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Table 2. Functional status and role of proteins identified as statistically different from the wild-type cultivar by the Student’s t-test

Protein Ratio of the line Fold change Function/category
to Ailsa Craig

Azygous

1-Aminocyclopropane-1-carboxylate oxidase 1 0.42 2.35 decrease Enzyme
Disulphide-isomerase precursor-like protein 0.47 2.14 decrease Enzyme

Peptide methionine sulphoxide reductase 0.45 2.24 decrease Enzyme

Plastid isopentenyl diphosphate isomerase 0.47 2.15 decrease Enzyme

Vacuolar H*-ATPase A1 subunit isoform 0.18 5.71 decrease Enzyme
Dihydrolipoyllysine-residue succinyl transferase component of 2-oxoglutarate 0.24 4.19 decrease Enzyme

dehydrogenase complex
Psy-1 antisense

Calmodulin 0.7 1.43 decrease Calcium binding
Elongation factor EF-2 0.74 1.34 decrease Translation
Remorin 1 0.7 1.42 decrease Membrane protein
Small heat shock protein 0.78 1.28 decrease Stress

Small heat shock protein, chloroplastic 0.73 1.37 decrease Stress
Phospholipid hydroperoxide glutathione peroxidase 0.62 1.61 decrease Enzyme
Peptidyl-prolyl cis-trans isomerase, putative 0.46 2.18 decrease Enzyme

Em protein 0.52 1.91 decrease Seed storage
Em-like protein 0.42 2.37 decrease Seed storage
Oxygen-evolving enhancer protein 2, chloroplastic 0.42 2.39 decrease Regulation
14-3-3-like protein D 0.41 2.42 decrease Regulation
Psy-1 sense

Abscisic stress-ripening protein 1 1.16 1.19 increase Stress
1-Aminocyclopropane-1-carboxylate oxidase 0.64 1.56 decrease Enzyme
Cytosolic nucleoside diphosphate kinase 0.67 1.49 decrease Enzyme
Dehydroascorbate reductase 0.66 1.52 decrease Enzyme
Disulphide-isomerase precursor-like protein 0.65 1.54 decrease Enzyme
Glutaredoxin 0.82 1.21 decrease Enzyme

Protein phosphatase 2C 0.65 1.53 decrease Enzyme
Thioredoxin peroxidase 1 0.76 1.32 decrease Enzyme
Wound-induced proteinase inhibitor 1 0.67 1.48 decrease Regulation
28kDa Ribonucleoprotein, chloroplastic 0.68 1.46 decrease Ribosomal
Acidic ribosomal protein P1a-like 0.6 1.65 decrease Ribosomal
Chaperonin 21 precursor 0.74 1.35 decrease Folding
Elongation factor 1-alpha 0.7 1.43 decrease Translational elongation
Eukaryotic translation initiation factor 4A 0.62 1.61 decrease Translational elongation
Late embryogenesis (Lea)-like protein 0.63 1.6 decrease Stress
Oxygen-evolving enhancer protein 1, chloroplastic 0.63 1.58 decrease Regulation
Ran-binding protein-1 0.66 1.51 decrease

Remorin 1 0.8 1.26 decrease Membrane protein
Ribosomal protein L12-1a 0.64 1.57 decrease Ribosome
Translationally controlled tumour protein homologue 0.62 1.6 decrease Calcium binding
1-Aminocyclopropane-1-carboxylate oxidase 1 0.49 2.06 decrease Enzyme
2-Isopropylmalate synthase A 0.48 2.1 decrease Enzyme

Acid beta-fructofuranosidase 0.57 1.75 decrease Enzyme
Alcohol dehydrogenase 2 0.42 2.37 decrease Enzyme
Aspartic protease 0.52 1.94 decrease Enzyme

ATP synthase CF1 epsilon chain 0.53 1.9 decrease Enzyme
Carbonic anhydrase 0.47 2.14 decrease Enzyme
Catalase isozyme 1 0.48 2.09 decrease Enzyme
Cytosolic aconitase 0.55 1.82 decrease Enzyme
Enolase 0.49 2.05 decrease Enzyme
Glyceraldehyde-3-phosphate dehydrogenase 0.52 1.91 decrease Enzyme
Ketol-acid reductoisomerase 0.51 1.97 decrease Enzyme
Leucine aminopeptidase 2, chloroplastic 0.51 1.95 decrease Enzyme
Lipoxygenase 0.42 2.4 decrease Enzyme
Lipoxygenase A 0.4 2.5 decrease Enzyme

Malate dehydrogenase 0.52 1.91 decrease Enzyme

Methionine synthase 0.4 2.47 decrease Enzyme
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Protein Ratio of the line Fold change Function/category
to Ailsa Craig
Mitochondrial malate dehydrogenase 0.46 2.15 decrease Enzyme
Phosphoenolpyruvate carboxylase 2 0.53 1.89 decrease Enzyme
Phosphoglycerate kinase precursor 0.54 1.85 decrease Enzyme
Polygalacturonase-2 0.45 2.23 decrease Enzyme
S-Adenosylmethionine synthetase 1 0.5 2.01 decrease Enzyme
Vicilin 0.44 2.25 decrease Allergen
14-3-3 Protein 0.55 1.81 decrease Regulation
60S Ribosomal protein L13 0.57 1.74 decrease Ribosomal
Actin 0.52 1.92 decrease Structural
Chaperonin-60 beta subunit 0.58 1.74 decrease Folding
Class Il small heat shock protein Le-HSP17.6 0.53 1.88 decrease Stress
Heat shock protein 0.43 2.34 decrease Stress
Histone H4 0.53 1.9 decrease Structural
Hsc70 0.54 1.85 decrease Stress
Mitochondrial outer membrane porin of 34 kDa 0.48 2.08 decrease Structural
Pathogenesis-related protein P2 0.59 1.71 decrease Stress
Small heat shock protein 0.54 1.86 decrease Stress
Translation elongation factor-1 alpha 0.5 2.01 decrease Enzyme
Alcohol dehydrogenase class lll-like protein 0.39 2.57 decrease Enzyme
Peptidyl-prolyl cis-trans isomerase, putative 0.39 2.57 decrease Enzyme
Dihydrolipoyllysine-residue succinyl transferase component of 2-oxoglutarate dehydro- 0.38 2.66 decrease Enzyme
genase complex
Glucuronosyl transferase homologue, ripening-related 0.37 2.67 decrease Enzyme
408 Ribosomal protein SA 0.36 2.75 decrease Ribosomal
Pyrophosphate-fructose 6-phosphate 1-phosphotransferase 3-subunit 0.36 2.79 decrease Enzyme
Heat shock protein 101 0.33 3.06 decrease Stress
Alcohol acyl transferase 0.32 3.18 decrease Enzyme
UDP-glucose:protein transglucosylase-like 0.28 3.61 decrease Enzyme
Monodehydroascorbate reductase 0.27 3.77 decrease Enzyme
Phosphoglucomutase, cytoplasmic 0.24 4.2 decrease Enzyme
Pectin esterase/pectin esterase inhibitor U1 0.25 4 decrease Enzyme
Vacuolar H*-ATPase A1 subunit isoform 0.2 5.09 decrease Enzyme

therefore integrated into the genome. The largest, significant
quantitative changes were found in the Psy-/ sense fruit. The
number of proteins identified was less than in the other three
lines, and the total number of enzymes was some 10% less
within the total number of proteins (Fig. 4). Only one protein,
abscisic acid stress ripening protein-1 (ASR1), was increased
in the Psy-1 sense fruit. This protein has zinc-dependent
DNA binding and chaperone-like activity and is synthesized
in response to salt and water stress and abscisic acid (Kalifa
et al., 2004). The smaller number of proteins identified in
Psy-1 sense fruit may be a reflection of their smaller size and
pericarp volume, due to the phytohormone imbalance in
this line, as a consequence of the channelling of isoprenoids
from gibberellins to carotenoids (Fray et al., 1995). Despite
changes in protein levels of enzymes involved in fruit ripening
(e.g. 1-aminocyclopropane-1-carboxylate oxidase, Table 2),
Psy-1 plants developed at the same rate as the parental line
and fruit ripened at the same rates.

PCA and PLS-DA analyses of the iTRAQ data do not
show clustering of the individual lines in order to discrimi-
nate one from another (Supplementary Fig. S5 at JXB
online). This indicates that the changes in protein profiles
are due to small alterations in many proteins, rather than

in one, abundant protein. The closest clustering is amongst
Psy-1 sense plants, presumably because of the change in
the level of the ASR1 protein (Table 2). A previous study
on the Psy-1 lines (Fraser et al., 2007) detailed the metabo-
lite changes in the fruit. It has not been possible to match
these perturbations of the metabolome with those of the
proteome found in the present study (Table 2), suggesting
that there is no simple correlation between protein levels
and associated metabolite concentrations, due to unknown
regulatory effects.

Conclusions

This study has also shown that MudPIT is a robust and accu-
rate method for detecting proteomic changes in GE crops.
Therefore, it is a valid analytical tool for assessing substantial
equivalence. Statistical analyses of the number and quantity
of proteins within the four lines of tomato, grown under the
same conditions, revealed no significant differences, but upon
transformation and the introduction of the Psy-I transgene,
in either the sense or antisense orientation, unintended effects
on the proteome did occur. The changes detected in the
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azygous line show that the transformation process itself does
perturb the proteome, presumably because a fragment of the
vector became integrated within the genome, thus perturbing
the proteome, although the transgene was lost in the second
generation of plants. Previous studies have shown significant
alterations to the metabolome and transcriptome of both
Psy-1 lines (Fraser et al., 2007), emphasizing the need for a
holistic approach, using all the omic technologies, to judge
substantial equivalence between parent and transgenic crops.
Such comparisons should also be made in field conditions
across growing seasons. If this approach is adopted by the
regulators, then it may alleviate consumer concerns about GE
crops. Taken in conjunction with the recent conclusion that
GE plants are functionally equivalent to their non-GE coun-
terparts and can be safely used in food and feed (European
Food Safety Authority, 2011; Snell ez al., 2012), the commer-
cial growth and assessment of substantial equivalence of GE
crops within Europe is now feasible.

Supplementary data

Supplementary data are available at JXB online.

Figure S1. Separation of iTRAQ-labelled peptides on a
cation exchange (SCX) column.

Figure S2. Histogram of iTRAQ-labelled proteins and
peptides, showing accuracy of quantitation.

Figure S3. Product ion mass spectrum of iTRAQ-labelled
peptide SAINNLVNELVR from tomato sample.

Figure S4. Regression line of the mean ratio of 25 tomato
proteins from three iTRAQ experiments. The theoretical
ratios are 1:1, 1:2, and 1:20.

Figure S5. PCA and PLS-DA of iTRAQ ratios for each
tomato cultivar.

Table S1. Design of iTRAQ experiments to assess the pro-
teome differences between tomato plants of different culti-
vars and between cultivars.

Table S2. Protein levels in fruit, expressed as a ratio to the
wild type, Ailsa Craig.
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