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Tomato (Solanum lycopersicum) is the model species for studying fleshy fruit development. An
extensive proteome map of the fruit pericarp is described in light of the high-quality genome
sequence. The proteomes of fruit pericarp from 12 tomato genotypes at two developmental
stages (cell expansion and orange-red) were analyzed. The 2DE reference map included 506
spots identified by nano-LC/MS and the International Tomato Annotation Group Database
searching. A total of 425 spots corresponded to unique proteins. Thirty-four spots resulted
from the transcription of genes belonging to multigene families involving two to six genes.
A total of 47 spots corresponded to a mixture of different proteins. The whole protein set
was classified according to Gene Ontology annotation. The quantitative protein variation was
analyzed in relation to genotype and developmental stage. This tomato fruit proteome dataset
is currently the largest available and constitutes a valuable tool for comparative genetic studies
of tomato genome expression at the protein level. All MS data have been deposited in the
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Protein expression integrates posttranscriptional and PT
modifications that modulate the quantity, localization, and
efficiency of the final product within the cell. The plasticity
of a phenotype is driven by genetic variations in the levels
of proteins and metabolites [1]. Recently, protein metabolism
and, especially, protein stability were suggested to play a ma-
jor role in plant growth, yield, and heterosis [2]. Knowledge
about the fruit proteome is thus a challenging area of re-
search, as reviewed by Palma et al. [3].
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Apart from being one of the most important vegetables
consumed worldwide, tomato (Solanum lycopersicum) is also
the model species for studying fleshy fruit development [4].
This self-pollinating species exhibits a large range of pheno-
types but a limited molecular diversity. Studies on the tomato
fruit proteome have been recently reviewed by Faurobert
et al. [5]. Most of the studies were carried out on one or
two genotypes and identified a relatively small number of
proteins, failing to provide an insight into the extent of nat-
ural genetic variation [6-12]. Improvement of protein identi-
fication technologies and the availability of the high-quality
tomato genome sequence [13] have increased the efficiency
of protein identification. We herein provide an extensive
characterization of the tomato fruit proteome and complete
the study of Faurobert et al. [12] in light of the genome
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sequence. The proteome map presented here results from two
distinct experiments. It consists of 506 protein spots identi-
fied from 11 692 peptide sequences. Such resources may help
to improve genome sequence annotation.

The first experiment describes the proteome diversity in
eight genotypes, which represent a large range of tomato
genetic and phenotypic diversity identified in a collection
of 360 accessions [14]. It describes the proteomes of the
fruit pericarps of four S. lycopersicum lines (Levovil, Stupicke
Polni Rane, LA0147, and Ferum) and four S. lycopersicum var
cerasiforme lines (Cervil, Criollo, Plovdiv 24A, and LA1420).
Cervil produces small fruits (less than 10 g). Levovil, Ferum,
and LA0147 genotypes have large fruits (more than 100 g).
Stupicke Polni Rane, Criollo, Plovdiv 24A, and LA1420 have
intermediate fruit size. The second experiment focused on
fruit proteome in relation with sensory quality. Three parental
lines, contrasted for fruit quality (Cervil, Levovil, and VilB,
a large fruited tomato), and three lines with intermediate
fruit size carrying introgressed chromosome fragments from
Cervil in Levovil (L4 and L9) and VilB backgrounds (B9)
were compared [15]. Plants were grown from February to
June 2010 under greenhouse conditions (16/20°C) in Avi-
gnon (South of France) for the first experiment and in Belle-
garde (40 km west from Avignon) for the second one. Plants
were grown under natural light and identical ferti-irrigation
conditions. Given the large effect of developmental stage on
fruit proteome, which has been previously demonstrated [12],
fruits were collected at two stages of development in both
experiments, cell expansion (25, 20, and 14 days after an-
thesis for large-, intermediate-, and small-fruited lines, re-
spectively) and orange-red stage, according to the fruit color.
Three to four biological pools of 5 to 20 fruits per genotype
and per developmental stage were harvested. Fruit pericarp
was isolated and immediately frozen, then ground in lig-
uid nitrogen and stored at —80C. Proteins were extracted
using a phenol extraction method developed by Faurobert
et al. [16] and separated by 2DE according to Page et al. [7].
After Coomassie colloidal staining, image analysis was per-
formed with Samespot version 4.1 software (Nonlinear Dy-
namics) and the normalized spot volumes were assessed.
Statistical analyses were performed using the R software
(R Development Core Team 2005). Spots volumes were com-
pared through two-way ANOVA (testing the differences be-
tween genotypes, stages, and their interaction). A (PCA was
carried out on spot abundance in the first experiment.

Within each experiment, the varying spots (p < 0.05) were
picked for identification by nano-LC-MS/MS method as de-
tailed in Supporting Information text 1. FASTA sequences of
the identified proteins were used to re-annotate the proteins
using the Blast2GO package [17]. Sequences were compared
against the NCBI-NR database of nonredundant protein se-
quences using BLASTX with the default setting.

In the first experiment, we compared the pericarp pro-
teomes of eight genotypes at cell expansion and orange-red
stages, and 1230 spots were detected (Table 1). The ANOVA
analysis revealed 424 spots that significantly changed in pro-
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Table 1. Summary of the protein spots studied and identified

Number
Total number of protein spots detected 2307
Number of spots identified by MS 833
Nonredundantly identified spots across 506
experiments
Number of identified spectra for the 506 spots 16598
Number of unique peptides for the 506 spots 11692
Number of spots resulting from protein mix 47
Number of spots encoded by a unique gene 333
locus
Number of spots corresponding to multigene 34
family
Number of loci contributing to one spot 1-6
Number of protein functions displaying 63

multiple spots

tein abundance, 333 according to the developmental stage,
321 according to the genotype, and 215 according to a stage
and genotype interaction. In the second experiment, 1077
spots were detected comparing six genotypes at the two
stages, among which 419 showed variation in abundance,
351 varying according to the genotype, 251 according to the
stage, and 176 varied according to an interaction between
genotype and stage (Supporting Information Table 1).

The large variation in the tomato pericarp proteome dur-
ing fruit development agrees with the results of Faurobert
et al. [12] and other studies on fruits reviewed by Palma
et al. [3]. In both experiments, developmental stage was the
main discriminating factor, but the variation across the geno-
types was also very important at both stages, as illustrated
in Fig. 1 for the first experiment. The first PCA plan ac-
counted for 30% of the variation at the cell expansion stage
and 27% at the orange-red stage (Fig. 1). The three biologi-
cal replicates of each genotype appeared well clustered. The
genotypes showed the same pattern of clustering for the two
developmental stages. Cervil was distinct from all other geno-
types. The S. lycopersicum genotypes were more tightly clus-
tered than the S. lycopersicum var cerasiforme genotypes. The
possibility to discriminate genotypes according to their pro-
teome profile has already been demonstrated in roots under
salt stress condition by Manaa et al. [8].

The 424 and 419 variable spots (with significant ANOVA)
of each experiment were submitted to MS. For both exper-
iments, a total of 16598 spectra were identified by nano
LC-MS/MS (corresponding to 11692 unique peptides). Ten
spots could not be identified. This very low level of failure
was due to the high sensitivity of MS and the high quality
of the genome annotation. On average, the detected peptides
covered 54% of protein sequences. Supporting Information
Table 1 lists the spots and their main features.

The eye comparison between the two sets of gel images
was facilitated by the presence of Levovil and Cervil in both
experiments. According to gel comparison and MS identifi-
cation, 337 spots were common to both experiments. Their
position on 2D gels is illustrated in Supporting Information

www.proteomics-journal.com
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Figure 1. PCA based on the volume of 424 variable spots detected at cell expansion (A) and orange-red (B) fruit stages, in the first
experiment. The eight genotypes included four large-fruited lines (LA0147, Levovil, Ferum, and Stupicke Polni Rane) and four cherry
tomato lines (Cervil, Criollo, Plovdiv 24A, and LA1420). Each dot corresponds to a biological replicate. The percentages of total variation

accounted for by each component are indicated along the axes.

Fig. 1. Taking into account the specific and common spots
from each experiment, we identified a total of 506 different
spots (Table 1).

Mass spectrometry of the 506 analyzed spots allowed iden-
tification of 425 spots corresponding to 425 unique proteins.
Regarding the remaining 81 spots, 47 were identified as con-
taining a mix of proteins with diverse functions (Supporting
Information Table 1). The remaining 34 spots corresponded
to the translation of several members of a multigenic fam-
ily (Supporting Information Table 2). The number of loci
that contributed to one protein spot varied from two, in 20
cases, to a maximum of six loci in the case of spot 74. This
particular spot was identified as an HSP of high molecu-
lar weight (around 70 kDa). The multigenic nature of HSPs
is well known [18]. In eight cases, two or more identified
genes were located on the same chromosome in a very nar-
row region (available on the Solanaceae Genomic Network
site) and corresponded to duplicated genes in tandem. For
example, spot 36 corresponded to 1-aminocyclopropane-1-
carboxylate-oxidase resulting from the transcription of two
neighbor loci, Solyc07g049530.2.1 and Solyc07g049550.2.1.
Alternatively, these two loci could correspond to an incor-
rect annotation since according to the relative abundance in-
dex (Protein Abundance Index (PAI), [19]), the first locus
seemed to contribute more to the final protein abundance.
On the other hand, several loci equally contributed to protein
abundance for four spots (e.g. spot 30 corresponded to an
Actin protein encoded by two different genes, one located
on chromosome 3, the other on chromosome 11). Apart
from the spots resulting from the transcription of several
genes, 63 genes were detected in several spots (from two

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

to five). In most cases (56 spots), the spots were close to-
gether on the 2D gel. For instance, two closely located spots
(spots 125 and 142) corresponded to the metacaspase 7 pro-
tein (Solyc09g098150.2.1, Supporting Information Fig. 1). In
seven cases, both closely and distantly located spots corre-
sponded to the same protein. For example, the acid beta-
fructofuranosidase (Solyc03g083910.2.1) was represented by
the closely located spots 51 and 87 and by spots 237, 239,
and 284, located further away. The presence of multiple spots
may be due to PTMs, splice variants, protein degradation,
or allelic variation, and has already been reported for acid
beta-fructofuranosidase by Faurobert et al. [12]. For instance,
five closely located spots (115, 205, 214, 256, and 323) corre-
sponded to enolase protein (Solyc09g009020.2.1). Each spot
was picked from one specific genotype and they showed sig-
nificant quantitative differences according to the genotypes.

Many proteins have pleiotropic functions within the cell
and it is therefore complicated to draw major conclusions
from basic protein functional classification. However, we
propose here a functional classification of the proteins
according to the GO terms obtained after re-annotating
gene sequences with Blast2Go based on biological pro-
cess term (level 3). Proteins were assigned to 16 cate-
gories (Fig. 2). Primary metabolic process represented the
largest class (27%). Several enzymes were involved in sugar
synthesis, such as fructokinase (spots 15, 218, and 363),
glucose-6-phosphate 1-dehydrogenase (spot 329), fructose-
bisphosphate aldolase (spot 241), UTP-glucose-1-phosphate
uridylyltransferase (spots 344 and 403), or in cysteine synthe-
sis (cysteine synthase, spots 26, 179, and 402). Malate dehy-
drogenase (spots 4 and 177) is involved in the tricarboxylic
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acid cycle, which provides the energy necessary for ripening
and was also identified in the primary metabolism subgroup.
Proteins involved in macromolecular metabolic process ac-
counted for 18% of all identified proteins. Chaperonins (spots
152, 181, 201, 249, 330, 382, 390, and 414) and proteasome
subunits (spots 114, 182, 336, 375, 387, RA311, and RA 394)
were identified in this subgroup. Proteins related to stress
responses represented the third largest subgroup (14%). This
group was clearly dominated by HSPs (23 spots), but also
included some enzymes such as GST (spots 2, 80, 112, 204,
293, and 374) that has a role in detoxification processes. HSPs
are modulated by a wide range of environmental stresses,
but also during fruit development [12, 20, 21]. Other smaller
functional groups, which represented a relatively low number
of proteins, were identified. Finally, 17 spots were classified
into unknown category.

In conclusion, we provide the first comprehensive
proteome reference map of the tomato fruit pericarp at two
developmental stages from 12 genotypes representing a wide
phenotypic and genotypic diversity. We identified 506 spots
corresponding to 333 proteins expressed in fruit and de-
scribed the physiological function of these proteins. These
data provide experimental evidence for tomato fruit proteins
that had only been predicted by genome annotation and con-
stitute valuable tools for comparative studies of protein ex-
pression. Furthermore, they can be useful for further in-
vestigation of genetic variation. We are now characterizing
the fruit proteome of hybrids from the genotypes used in
this study to assess the inheritance pattern of the variable
proteins.
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(hitp://proteomecentral.proteomexchange.org) via the PRIDE
pariner repository [22]: dataset identifier PXD000105.
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Supplemental Figure S1 Representative two-dimensional electrophoresis gel of tomato pericap proteins of Criollo
at cell expansion stage (a) and orange red stage (b). The positions and numbers of 424 identified protein spots are
indicated by arrows.
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Supplemental Figure S1 Representative two-dimensional electrophoresis gel of tomato pericap proteins of Criollo
at cell expansion stage (a) and orange red stage (b). The positions and numbers of 424 identified protein spots are
indicated by arrows.




Supplemental text S1: Method for protein identification by nano-LC-MS/M S

In-gel digestion was performed with the Progest system (Genomic Solution) according to a
standard trypsin protocol. Gel pieces were washed twice by successive separate baths of 10%
acetic acid, 40% ethanol, and acetonitrile (ACN). They were then washed twice with
successive baths of 25 mM NH4CO3 and ACN. Digestion was subsequently performed for 6
h at 37°C with 125 ng of modifed trypsin (Promega) dissolved in 20% methanol and 20 mM
NH4CQO3. The peptides were extracted successively with 2% trifluoroacetic acid (TFA) and
50% ACN and then with ACN. Peptide extracts were dried in a vacuum centrifuge and
suspended in 20 pL of 0.05% TFA, 0.05% HCOOH, and 2% ACN.

HPLC was performed on an NanoLC-Ultra system (Eksigent). A 4 uL sample was
loaded at 7.5 pL/min-1 on a precolumn cartridge (stationary phase: C18 Biosphere, 5 pum;
column: 100 pm i.d., 2 cm; Nanoseparations) and desalted with 0.1% HCOOH. After 3 min,
the precolumn cartridge was connected to the separating PepMap C18 column (stationary
phase: C18 Biosphere, 3 um; column: 75 pm i.d., 150 mm; Nanoseparations). Buffers were
0.1% HCOOH in water (A) and 0.1% HCOOH in ACN (B). The peptide separation was
achieved with a linear gradient from 5 to 30% B for 11 min at 300 nL/min-1. Including the
regeneration step at 95% B and the equilibration step at 95% A, one run took 25 min.

Eluted peptides were anaysed on-line with a LTQ XL ion trap (Thermo Electron)
using a nanoelectrospray interface. lonization (1.5 kV ionization potential) was performed
with liquid junction and a noncoated capillary probe (10 pm i.d.; New Objective). Peptide
ions were analysed using Xcalibur 2.07 with the following data-dependent acquisition steps:
(1) full MS scan (mass-to-charge ratio (m/z) 300 to 1400, centroid mode) and (2) MS/MS (gz
= 0.25, activation time = 30 ms, and collision energy = 35%; centroid mode). Steps 2 was
repeated for the three major ions detected in step 1. Dynamic exclusion was set to 30 s.

A database search was performed with XTandem (version 2010.12.01.1)
(http://www.thegpm.org/ TANDEMY/). Enzymétic cleavage was declared as a trypsin digestion
with one possible misscleavage. Cys carboxyamidomethylation and Met oxidation were set to
static and possible modifications, respectively. Precursor mass and fragment mass tolerance
were 2.0 and 0.5, respectively. A refinement search was added with similar parameters except
that semi-trypsic peptide and possible N-ter proteins acetylation were searched. The
International Tomato Annotation Group (ITAG) Release 2.3 predicted proteins (SL2.40)
database (http://solgenomics.net/, containing 34727 protein coding genes, 30855 of them



supported by RNA sequencing data) and a contaminant database (trypsin, keratins, ...) were
used. Only peptides with a E value smaller than 0.1 were reported.

Identified proteins were filtered and grouped using XTandem Pipeline
(http://pappso.inra.fr/bioinfo/xtandempipeline/) according to : (1) A minimum of two different
peptides was required with a E value smaller than 0.03, (2) aprotein E value (calculated as the
product of unique peptide E values) smaller than 10°>. In case of identification with only two
or three MS/IMS spectra, similarity between the experimental and the theoretical MS/MS
spectra was visually checked. To take redundancy into account, proteins with at least one
peptide in common were grouped. This allowed to group proteins of similar function. Within
each group, proteins with at least one specific peptide relatively to other members of the

group were reported as sub-groups.
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