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Abstract

Salinity is a major abiotic stress that adversely affects plant growth and productivity. The physiology of the
tomato in salty and nonsalty conditions has been extensively studied, providing an invaluable base to understand the responses of the plants to cultural practices. However few data are yet available at the proteomic level
looking for the physiological basis of fruit development, under salt stress. Here, we report the effects of salinity
and calcium on fruit proteome variations of two tomato genotypes (Cervil and Levovil). Tomato plants were
irrigated with a control solution (3 dSm - 1) or with saline solutions (Na or Ca+Na at 7.6 dSm - 1). Tomato fruits
were harvested at two ripening stages: green (14 days post-anthesis) and red ripe. Total proteins were extracted
from pericarp tissue and separated by two-dimensional gel electrophoresis. Among the 600 protein spots reproducibly detected, 53 spots exhibited significant abundance variations between samples and were submitted
to mass spectrometry for identification. Most of the identified proteins were involved in carbon and energy
metabolism, salt stress, oxidative stress, and proteins associated with ripening process. Overall, there was a large
variation on proteins abundance between the two genotypes that can be correlated to salt treatment or/and fruit
ripening stage. The results showed a protective effect of calcium that limited the impact of salinization on
metabolism, ripening process, and induced plant salt tolerance. Collectively, this work has improved our
knowledge about salt and calcium effect on tomato fruit proteome.

Introduction

T

omato (Solanum lycopersicum) is ranked among the important vegetables in the economic sphere. Tomato is
advocated as a model crop to investigate plant physiology,
genetics, and fruit ripening, leading to substantial information
regarding the biology of this economically important fruit
(Faurobert et al., 2007). On the other hand, to face the decrease
in water resources in the countries around the Mediterranean,
irrigation of a tomato crop with salinized water could provide
a convenient solution (D’Amico et al., 2003; Incerti et al.,
2007).
High salt concentrations improved tomato fruit quality
with low impact on the commercial yield (Adams, 1991; De
Pascale et al., 2001; Dorais et al., 2001; Gautier et al., 2009).
The combination of all these features has led us to consider
tomato as a main target for proteomic studies. Thus, transcriptomic and proteomic technologies were used as a guide
to scrutinize tomato fruits with regard to environmental

conditions during growth and harvest, including the ripening stage, as it is stipulated in international guidance documents for the nutritional and toxicological assessment of
genetically modified plants (Kok et al., 2008). In fact, comparative proteomics has been successfully applied for systematic scrutiny of proteins in several plant species under a
wide range of abiotic challenges, including salt stress
(Manaa et al., 2011; Sobhanian et al., 2010; Zhang et al.,
2012), drought (Alvarez et al., 2008; Mohammadi et al., 2012;
Salekdeh et al., 2002), high or low temperature (Gao et al.,
2009; Zou et al., 2011), ultraviolet radiation (Kaspar et al.,
2010), heavy metals (Ahsan et al., 2009), and herbicides
(Holmes et al., 2006).
In addition, many studies of the development and maturation of tomato fruits have resulted in the identification of
specific genes that participate in ripening (Chung et al., 2010;
Giovannoni, 2007; Karlova et al., 2011). Similarly, much has
been learned about the substantial changes in both primary
and secondary metabolism that accompanies tomato fruit
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Table 1. Content in Macro-elements (mM) of the Three Different Nutrient Solutions
Delivered to the Plant

Control
Na
Na + Ca

CE dS.cm

N(NO3)

N(NH4)

S(SO4)

Cl

P

K

Ca

Mg

Na

K/Ca + Mg

K/Ca

Mg/Ca

K/Mg

3
7.6
7.6

13.8

0

2.9

1.6

9.7

5.5

2.3

0.87

0,42

2.10

0

7.3

1.6

14.1

28.8

2.9

0.7
41.5
17.1

0.62

24.3

4.1
45
25.2

0.41

0.49

0.20

2.41

From Gautier et al., 2009.

ripening, though much of this data has not been directly related to regulatory events (Carrari and Fernie, 2006) and often
target specific pathways. On a more comprehensive scale,
tomato development has also been examined, but only limited
results are available with respect to genotype, developmental
stage, or number of measured parameters. The tomato fruit
proteome variations have also been investigated. It was found
that protein spots associated with energy and carbon metabolism or with oxidative stress showed an increase in intensity
during fruit development with maximal abundance in red
ripe fruits (Faurobert et al., 2007). In some cases, these investigations either boosted or confirmed previous data on
genes/proteins whose expression changed during fruit development and maturation (Carrari et al., 2006; Fei et al., 2004;
Lemaire-Chamley et al., 2005).
Several studies look at plant response to abiotic stress factors at the proteome level and could contribute to better understanding of physiological mechanisms underlying plant
stress response: perception of stress, signaling events leading
to changes in gene expression, changes at transcript, protein,
as well as metabolite levels, underlying plant acclimation to a
given stress and an acquisition of an enhanced plant stress
tolerance (Kosová et al., 2011; Zhang et al., 2012). However,
few data are yet available about fruit development proteomics
with respect to salt stress responses of the tomato plant.
One approach to minimize the effects of salinity on plants
consists in substrate nutrient enrichment (as N, P, K, Mg, and
Ca) in order to reduce Na + and Cl - injuries in plants (Kaya
et al., 2003; Plieth, 2005; Song and Roe, 2008). Ca is an essential
element in all plants. Serving as an important second messenger (Bush, 1995), the calcium ion has unique properties
and universal ability to transmit diverse signals that trigger
primary physiological actions in cells in response to hormones, pathogens, light, gravity, and stress factors (Malhó
et al., 2006; Trewavas and Malhó, 1998). Sufficient calcium
concentration is required at all stages of plant growth and
development, playing a fundamental role in regulating polar
growth of cells and tissues and participating in plant adaptation to various stress factors (Song and Roe, 2008). In fact,
exogenous Ca2 + can enhance plant drought resistance, inhibit
the synthesis of activating oxides, protect the structure of
cellular plasma membranes, and maintain normal photosynthesis, as well as regulate the metabolism of plant hormone
and other important chemicals (Song and Roe, 2008). Numerous data suggest that Na + ions compete with Ca2 + ions
for binding sites under salinity conditions and that apoplastic
Ca2 + directly alleviates symptoms produced by mineral
toxicities. Ca2 + also helps to establish a favorable K + : Na +
ratio under salt stress (Kaya et al., 2003; Plieth, 2005; Ehret
et al., 1990).
This analysis provides a view of the proteome level changes, in tomato fruit, elicited by NaCl exposure (Na or Ca + Na)

and links the protein variations with fruit development stage
on the basis of their function and their repercussion on salt
stress response. The present work also gives a new report
about moderate effects of calcium, at the proteomic level, on
tomato fruit cultivated under salt stress. As a whole, this
study provides the framework for the better understanding of
the mechanisms that govern plant responses to NaCl-induced
stress.
Methods
Plant material, salinity treatments,
and growth conditions
Two contrasting sized genotypes of tomato (Solanum lycopersicum, production Vilmorin , France) were used: a cherry
tomato cerasiforme (cv. Cervil) and a medium-sized tomato
(cv. Levovil). Tomato plants were cultivated in a greenhouse
in a full randomized trial at the Ctifl Research Station, Bellegarde, Southern France. The adopted culture protocol was
performed as previously described (Gautier et al., 2009).
Control plants were irrigated with the 3 dS cm - 1 solution
(Table 1). For other plants, the solution conductivity was increased to 7.6 dS cm - 1 either by adding NaCl only: 40.8 mM
Na (Na treatment) or by a combination of NaCl plus CaCl2:
16.4 mM Na, 8.9 mM Ca (Ca + Na treatment). The solutions
were supplied using a drip irrigation system in order to
maintain at least 10% drainage. All plant side shoots were
removed as they appeared and the old leaves were removed
every 15 days. Fruit load was set at 5 and 20 fruits truss - 1 in
Levovil and Cervil, respectively. The mean air temperature
varied from 18.7C in January to 21.7C in June, with a relative
humidity varying from 83% to 72%.
Flowers were tagged at anthesis and tomato fruits were
harvested to obtain for each genotype and treatment the two
following ripening stages: green (14 days post-anthesis DPA)
and red ripe (RR). Fruit ripening stages were defined from
fruit external coloration in agreement with Jiménez et al.
(2002): the green stage (with white distal end, fully developed
green fruits, usually 2–4 days before breaker stage) and the
red ripe stage defined as the pink stage plus 5 days. For each
genotype, four subsamples of 10 fruits were harvested per
treatment and per developmental stage. After harvest, fruits
were weighed and pericarp tissues were frozen in liquid nitrogen and maintained at - 80C until it was ground in liquid
nitrogen. Means ( – standard error) corresponded to the
average of four independent samplings, extractions, and
analyses.
Proteomic methods
Total protein extraction and quantification were conducted according to previous methods (Faurobert et al.,
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2006). All procedures of two-dimensional polyacrylamide
gel electrophoresis, gel staining, imaging, data analysis,
and protein identification were performed as described in
our previous work (Manaa et al., 2011). Briefly, before twodimensional electrophoresis, protein concentration was
determined using the Bradford assay (Ramagli and Rodriguez, 1985) with bovine serum albumin (BSA) as a
standard. 500 lg of total proteins were separated in the first
dimension (IEF; isoelectric focusing) on immobilized dry
strip gels, pH 4–7/24 cm (Amersham Bioscience, Uppsala,
Sweden). The separation of proteins in the second dimension was performed with SDS polyacrylamide gels (11%).
The SDS-PAGE gels were stained with Coomassie brilliant
blue (CBB). Imaging and data analysis were performed
using Progenesis SameSpots v3.0 software. The protein
spots were identified by nano LC-MS/MS. The identified
protein spots were grouped according to functional categories ‘‘MIPS Functional Catalogue’’ (http://mips.gsf.de/
proj/funcatDB) and according to the literature.
Statistical analysis
Progenesis SameSpots v3.0 software was used to detect
varying spots using one way ANOVA on normalized spot
volume from the four gel repeats. To detect treatment, genotype, and interaction effects, a two-way analysis of variance
(ANOVA) was performed using ‘Statistica’ software (version
6.0). A p value less than 0.05 was considered statistically
significant.
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Results and Discussion
Comparative analysis of fruit pericarp proteome
at ripening stages
Proteomic characterization of tomato fruits, from Cervil
and Levovil genotypes, was achieved by 2-DE analysis of
proteins extracted from the pericarp at two development
stages; mature green (14 DPA) and red ripe (RR). A 2-DE gel,
of the Cervil genotype at red ripe stage, is considered as the
reference gel (Fig. 1).
Statistical analysis ( p < 0.05) revealed 53 protein spots differentially expressed among genotypes, treatments, and fruit
development stages. These spots were excised from the gels,
digested, and subjected to MS analysis to determine protein
identity. We identified corresponding protein sequences for
52 out of the 53 protein spots (Table 2). For the remaining spot
(FC43), it was not possible to determine the protein spot
identity because of a lack of matching unigene sequences. All
identified proteins in this study have enriched the proteomic
database of the tomato fruit SOLstIS developed at INRA
Avignon (http://w3.avignon.inra.fr/solstis/).
Some proteins were identified in more than one spot, although
they were excised from the same gel, for example, glycine-rich
protein (spots 40 and 41), nascent polypeptide associated complex alpha chain protein (spots 35 and 36), and lactoylglutathione
lyase (spots 18 and 20). Further examination of 2-DE gel patterns
indicated that the inferred mass or isoelectric point values of
these spots differed, due perhaps to post-translational modifications (glycosylation or phosphorylation) or degradation,

FIG. 1. Representative two-dimensional electrophoresis gel of tomato fruit proteins of Cervil, in control growth conditions
at red ripe stage. The positions and numbers of the 53 identified protein spots are indicated by arrows. Identified spots are
annotated in the gel by the number that appears in Table 2. Spots that were detected only at other stages and treatment than
RR are not visible on this gel.
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Accession no.b
Protein identification

Energy and carbohydrate metabolism
FC2
SGN-U314213
ATP synthase D chain
FC3
X63607
ATP synthase delta
chain
FC9
AF180895
Adenosine kinase 2
FC16
AY323226
Fructokinase 3,
complete
FC46
AP005524
Putative F1F0-ATPase
inhibitor protein
FC6
X75638
Isocitrate
dehydrogenase
(NADP + )
FC7
X75639
Isocitrate
dehydrogenase
(NADP + )
FC21
AB041812
Beta-D-xylosidase,
LEXYL2
FC22
SGN-U314662
Beta-fructofuranosidase
/BFRUCT3
FC47
Z12025
Acid betafructofuranosidase
precursor
FC48
Z12026
Acid betafructofuranosidase
precursor
FC51
X74905
Glucan endo-1,3-betaD-glucosidase
precursor
FC28
AL353994
Chloroplast inorganic
pyrophosphatase
Protein biosynthesis
FC1
CAA44226
50S ribosomal protein
L12-1a
FC14
AF131222
Protein disulfideisomerase precursor
FC15
AF131223
Protein disulfideisomerase precursor
Stress defense and cell wall-related
FC5
AY305724
Actin, complete
FC23
X79231
SN-2 protein
FC24
SGN-U315394
Universal stress protein
(USP) family protein
FC44
Z48736
Cysteine proteinase 3

Spot IDa

PS
cTP
cTP
PS (vacuole)
PS (vacuole)

Solanum lycopersicum
Arabidopsis thaliana
Nicotiana tabacum
Datisca glomerata
Datisca glomerata

PS (ouside)

PS (plasma membrane)

Solanum lycopersicum

Solanum lycopersicum

PS (plasma membrane)

Solanum lycopersicum

/ (peroxysome)
/ (peroxysome)
PS (Plamsa membrane)

PS (Plamsa membrane)

Lycopersicon esculentum

Gossypium hirsutum
Capsicum annuum
Arabidopsis thaliana

PS

Solanum lycopersicum

/ (peroxysome)

Solanum tuberosum

mTP

Oryza sativa
/ (peroxysome)

cTP
cTP

Arabidopsis thaliana
Solanum lycopersicum

Solanum tuberosum

cyt
cyt

PSc TargetP

Solanum demissum
Nicotiana tabacum

Organism

6.6/37.3

5.0/40.4
5.4/16.1
6.7/19.9

4.6/56.2

4.4/55.6

6.2/18.9

5.4/32.8

4.9/36.5

5.2/68.7

5.1/68.9

5.2/61.2

6.3/66.9

6.4/48.2

6.1/45.8

6.8/13.5

4.9/35.2
5.2/42.1

5.3/22.2
6.9/25.8

Experimental pI/Mrd

Table 2. Tomato Pericarp Proteins Varying Among Genotypes and Salt Conditions
Identified by LC-MS/MS

8.59/38.94

5.31/41.72
5.67/16.74
6.95/20.11

4.84/57.09

4.84/57.09

6.34/19.65

5.72/33.38

5.38/37.87

5.31/70.10

5.31/70.10

5.55/73.15

8.04/68.91

6.54/46.79

6.54/46.79

9.74/12.75

5.14/37.85
5.57/41.49

5.91/22.29
8.96/26.78

Theoreticol pI/Mre

62

58
39
53

66

71

21

61

52

71

38

25

37

22

65

61

47
59

57
38

C %g

(continued)

25

23
5
14

19

41

8

5

7

11

6

21

9

13

7

22

9
12

16
11

PNf
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AC004684

FC53

b

SGN-U315693
SGN-U314358
SGN-U314068

FC42
FC10
FC35

SGN-U312450

SGN-U315344

FC34

FC31

SGN-U312567

SGN-U312568

FC25

FC26

Ripening process
FC4
SGN-U313529

AY284925

SGN-U312379
protein
AB026983
SGN-U321169

FC50

FC29
Heat shock
FC17
FC32

SGN-U314068

SGN-U317893
SGN-U215318

FC8
FC13

FC36

Z97064

FC20

FC33
AF079232
FC40
SGN-U321698
FC41
SGN-U321698
FC12
SGN-U312562
Salt and oxidative stress
FC18
Z97064

AY496121

Accession no.

FC49

Spot ID

a

S-adenosylmethionine
synthetase 2
Peptide methionine
sulfoxide reductase
Peptide methionine

HSP22
Small heat shock
protein-like (HSP26.5P)
Chloroplast small heat
shock protein class I
17.8 kDa class I heat
shock protein
20 kDa chaperonin,
chloroplast

Lactoylglutathione
lyase allele Cervil
Lactoylglutathione
lyase, allele levovil
Glutathione peroxidase
Superoxide dismutase
[Mn], mitochondrial
Peroxidase
Alcohol dehydrogenase
Nascent polypeptide
associated complex
alpha chain protein
Nascent polypeptide
associated complex
alpha chain protein
Enolase

precursor
Elicitor-inducible
protein EIG-J7
Protein At2g37660,
chloroplast precursor
Annexin P34
Glycine-rich protein
Glycine-rich protein
Endochitinase

Protein identification

cyt

cTP

Lycopersicon esculentum

Lycopersicon esculentum

cyt

Lycopersicon peruvianum

cyt

PS

Capsicum frutescens

Lycopersicon esculentum

PS (outside)
/ (peroxysome)

Solanum lycopersicum
Arabidopsis thaliana

cyt

cyt

Lycopersicon esculentum

Lycopersicon esculentum

cTP

PS (ouside)
PS (outside)
cTP

Nicotiana tabacum
Lycopersicon esculentum
Oryza sativa
Oryza sativa

cyt
mTP

Arabidopsis thaliana
Solanum lycopersicum

PS (peroxysome)

Citrus paradisi

cyt
mTP
mTP
cTP

Solanum lycopersicum
Lycopersicon esculentum
Lycopersicon esculentum
Lycopersicon esculentum
PS (vacuole)

cTP

Arabidopsis thaliana

Citrus paradisi

PS (outside)

PSc TargetP

Capsicum annuum

Organism

Table 2. (Continued)

5.1/23.2

6.6/21.9

5.4/45.4

6.6/30.5

4.5/18.7

6.1/18.1

5.6/20.1
6.7/27.6

5.3/49.5

4.2/23.1

4.2/38.7
5.8/41.6
4.0/23.1

5.2/21.7
6.4/25.6

6.0/37.1

6.3/37.1

5.2/35.5
4.5/21.2
4.6/21.2
5.8/34.5

6.4/33.1

4.9/20.2

Experimental pI/Mrd

8.59/24.14

6.90/24.20

5.42/45.49

8.55/26.64

4.94/17.41

6.20/18.18

5.89/21.48
8.90/26.34

5.68/47.79

4.39/23.23

4.85/38.76
6.02/41.04
4.39/23.23

5.30/21.84
5.09/35.23

6.36/37.21

6.36/37.21

5.38/35.80
4.33/20.28
4.33/20.28
5.94/33.28

8.37/34.88

5.07/20.34

Theoreticol pI/Mre

42

56

75

53

52

26

47
28

69

79

21
48
69

46
37

25

36

41
38
22
50

28

42

C %g

(continued)

21

17

37

25

9

11

27
13

42

34

8
20
17

10
21

28

7

19
9
4
21

11

6

PNf
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SGN-U313367

FC19

SGN-U313369

SGN-U316364

AC011437

FC27

FC39

FC52
FC43

Similar to outer
membrane
lipoprotein-like
(lipocalin)
Oxidoreductase, zincbinding
dehydrogenase
family protein
Cytochrome b5 domaincontaining protein
Putative nucleic acid
binding protein
Protein AT3g04780
No hit

sulfoxide reductase
ACC oxidase 1
1-aminocyclopropane-1carboxylate oxidase
homolog (Protein E8)
Acireductone
dioxygenase
Polygalacturonase

Protein identification

cTP

PS
cyt
PS

Oryza sativa
Arabidopsis thaliana
Arabidopsis thaliana

/ (peroxysome)

Arabidopsis thaliana

Arabidopsis thaliana

PS (outside)

cyt

Hordeum vulgare
Lycopersicon esculentum

cyt
cyt

PSc TargetP

Lycopersicon esculentum
Solanum lycopersicum

Organism

Table 2. (Continued)

4.7/19.2

4.5/58.9

4.2/25.7

5.9/42.5

5.5/21.0

6.0/50.3

4.8/24.2

5.1/39.5
5.4/41.1

Experimental pI/Mrd

b

Spot ID corresponds to position of the spot in the gel as illustrated in Figure 1.
Database unigene/EST accession numbers.
c
Peptide signal according to ‘TargetP’ software: mTP, mitochondrial transit peptide; cTP, plast transit peptide; cyt, cytoplasm; PS, secreted protein.
d
Experimental pI and mass (kDa) of identified proteins. Experimental values were computed by Progenesis Software.
e
Theoretical pI and mass (kDa) of identified proteins.
f
Number of peptides matching to the unigene sequence.
g
Sequence coverage percentage.

a

SGN-U314190

FC30

FC11
SGN-U312703
Miscellaneous
FC45
AB024029

SGN-U314592
X13437

Accession no.

b

FC37
FC38

Spot ID

a

4.94/19.67

4.51/55.94

4.45/32.24

7.74/41.00

5.98/21.43

6.40/50.05

4.94/23.36

5.13/35.81
5.61/41.08

Theoreticol pI/Mre

14

10

5

21

15

25

15

11
36

PNf

58

23

28

55

48

39

64

38
61

C %g
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FIG. 2.

Distribution of identified proteins into functional categories.

which can change the pI and Mr of proteins (Rossignol et al.,
2006).
Distribution of tomato protein spots into putative functional categories is represented in Figure 2. The identified
proteins were classified into seven following functional
categories including energy and carbon metabolism (13
spots), protein biosynthesis (3 spots), stress defense and cell
wall-related (10 spots), salt and oxidative stress (9 spots),
heat shock protein (5 spots), ripening process (7 spots), and
miscellaneous (6 spots). The majority of proteins that were
characterized exhibited significant variation during the
two ripening steps (mature green and red ripe) and were
differentially expressed among genotypes under salt
treatment.
This analysis allowed a comparison of the protein repertoire in two analyzed genotypes, determining quantitative
variations in each genotype during ripening. Representative
gels are shown in Supplementary Figure S1 (supplementary
material is available online at www.liebertonline.com/omi).
The majority of proteins that were characterized are known to
be regulated during tomato fruit development (Supplementary Table S1 and Table 3.). About 8 proteins (spots 3, 20, 30,
33, 37, 39, 52, and 53) remained stable between 14 DPA and
the RR stage. However, 11 proteins, whose maximal quantity
was detected at the 14 DPA stage, further decreased during
the RR stage (spots 1, 2, 4, 6, 8, 9, 14, 15, 28, 29, and 31).
Nevertheless, lasting proteins (34 spots) showed their lowest
level of abundance at 14 DPA stage and increased at the RR
stage.
On the other hand, among all these spots, four proteins
(spots 27, 36, 43, and 51) showed variation linked to development stage and genotype factor at the same time. Two of
them (spots 27 and 36) exhibited an increase in intensity, in
Levovil genotype at RR stage and the two other (spots 43 and
51) were increased in Cervil genotype during RR stage as
compared to the green stage.
Functional characterization of identified proteins showed
that a major part of the spots related to carbon compounds
and carbohydrate metabolism (isocitrate dehydrogenase,
fructokinase 3, b-D-xylosidase, acid b-fructofuranosidase,
glucan endo-1,3-b-D-glucosidase) or oxidative processes (superoxide dismutase, peroxidase, alcohol dehydrogenase,

peptide methionine sulfoxide reductase, lactoylglutathione
lyase) increased during fruit development whatever the genotype. An increase in spot intensity of these proteins was
observed during fruit development with maximal abundance
in red ripe fruits. In contrast, quantitative analysis indicated
that spots linked to amino acid metabolism and protein synthesis (S-adenosylmethionine synthetase 2, 50S ribosomal
protein L, protein disulfide-isomerase) were mainly decreased at the RR stage compared to mature green stage in
both genotypes. The obtained results confirmed previous data
regarding the proteins expression variation during the development and maturation of fruits (Carrari et al., 2006;
Faurobert et al., 2007; Kosová et al., 2011; Lemaire-Chamley
et al., 2005).
Other interesting proteins in terms of ripening process are
polygalacturonase (spot 11) and ACC oxidase (spot 37) which
were highly upregulated in RR compared to mature green
fruit stage in both genotypes. In tomato, polygalacturonase
was thoroughly studied as a key mediator of fruit softening
(Fei et al., 2004). Nevertheless, transgenic tomato plants with
suppressed polygalacturonase expression showed no effects
on fruit softening (Smith et al., 1990). Concerning ACC oxidase, it is a key enzyme for ethylene production, whose levels
in climacteric fruits precede the onset of ripening (AdamsPhillips et al., 2004; Giovannoni, 2004).
Our study picked out four HSP (spots 17, 32, 34, and 50)
and one chaperone (spot 31) which were increased at RR stage
in both genotypes. Although they were first described as induced by various stress treatments as salinity ( Jiang et al.,
2007; Manaa et al., 2011), drought (Mohammadi et al., 2012),
cold stress (Page et al., 2010), hypoxia and anoxia (Kosová
et al., 2011), and waterlogging (Ahsan et al., 2007), HSPs are
overexpressed under several types of stress and also during
plant development and fruit ripening (Faurobert et al., 2007;
Rocco et al., 2006). In previous studies, it has been demonstrated that HSPs play roles in facilitating fruit ripening by
protecting cellular machinery against heat stress during the
daytime rise in field temperature (Ramakrishna et al., 2003).
HSPs, which were originally thought to be protective factors
induced specifically by heat stress, were also found to be
developmentally regulated in the absence of stress (Vierling,
1991).
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Table 3. Change in Protein Relative Abundance under Salt Treatments (Salt Effect)
and during Transition from Mature Green to RR Stage (Fruit Stage Effect)
Salt effect (compared to control)
Levovil
14 DPA
Spot ID
FC1
FC2
FC3
FC4
FC5
FC6
FC7
FC8
FC9
FC10
FC11
FC12
FC13
FC14
FC15
FC16
FC17
FC18
FC19
FC20
FC21
FC22
FC23
FC24
FC25
FC26
FC27
FC28
FC29
FC30
FC31
FC32
FC33
FC34
FC35
FC36

Protein identification
50S ribosomal protein L12-1a
ATP synthase D chain
ATP synthase delta chain
S-adenosylmethionine
synthetase 2
Actin, complete
Isocitrate dehydrogenase
(NADP + )
Isocitrate dehydrogenase
(NADP + )
Glutathione peroxidase
Adenosine kinase 2
Alcohol dehydrogenase
Polygalacturonase
Endochitinase
Superoxide dismutase [Mn],
mitochondrial
Protein disulfide-isomerase
precursor
Protein disulfide-isomerase
precursor
Fructokinase 3, complete
HSP22
Lactoylglutathione lyase, allele
cervil
Acireductone dioxygenase
Lactoylglutathione lyase, allele
levovil
Beta-D-xylosidase, LEXYL2
Beta-fructofuranosidase /
BFRUCT3
SN-2 protein
Universal stress protein (USP)
family protein
Peptide methionine sulfoxide
reductase
Peptide methionine sulfoxide
reductase
Cytochrome b5 domaincontaining protein
Chloroplast inorganic
pyrophosphatase
Enolase
Oxidoreductase, zinc-binding
dehydrogenase family protein
20 kDa chaperonin, chloroplast
Small heat shock protein-like
(HSP26.5-P)
Annexin P34
17.8 kDa class I heat shock
protein
Nascent polypeptide associated
complex alpha chain protein
Nascent polypeptide associated
complex alpha chain protein

Cervil
RR

14 DPA

Fruit stage effect
(transition from mature
green to RR stage)

RR

Na Ca + Na Na Ca + Na Na Ca + Na Na Ca + Na

Levovil

Cervil

-

*
*
*
*

-

*
*
*

*
-

*
*
*
*

*
-

*
*
*
*

*
-

*
-

-

*
*

*

*
*

-

*
*

-

*
*

+
-

+
-

-

*

-

*

-

*

-

*

+

+

*
*
-

*
*
*
*
*

+
*
-

*
*
+
+
*

*
-

*
*
*
*
*
*

*
*
-

*
*
*
*
*
*

+
+
+
+

+
+
+
+

-

*

-

*

-

*

*

*

-

-

*

*

*

*

-

*

*

*

-

-

+
*

*
*
*

*
+
-

*
+
-

+
-

*
*
*

*
*

*
*
*

+
+
+

+
+
+

*
-

*
*

*
*

*
*

*
*

*
*

*

*
*

+
*

+
*

*

*

*

*

*
*

*
*

*
-

*
-

+
+

+
+

*
+

*
*

*

+
*

*
+

*
*

-

*
*

+
+

+
+

+

*

-

*

*

*

-

*

+

+

*

*

-

*

*

*

+

*

+

+

+

*

+

*

+

*

+

*

+

*

+

*

*

*

+

*

+

*

-

-

+
+

*
*

+
+

*
*

+
+

*
*

+
+

*
*

*

*

+
+

*
*

*
*

*
*

+
+

*
*

+
+

*
*

+

+

+
+

*
*

+
+

+
+

+
+

*
*

+
+

*
*

*
+

*
+

+

*

+

*

+

*

+

*

+

+

+

*

+

*

+

*

+

*

+

*
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Table 3. (Continued)
Salt effect (compared to control)
Levovil
14 DPA

Spot ID
FC37
FC38
FC39
FC40
FC41
FC42
FC43
FC44
FC45
FC46
FC47
FC48
FC49
FC50
FC51
FC52
FC53

Protein identification
ACC oxidase 1
1-aminocyclopropane-1carboxylate oxidase homolog
(Protein E8)
Putative nucleic acid binding
protein
Glycine-rich protein
Glycine-rich protein
Peroxidase
No hit
Cysteine proteinase 3 precursor
Similar to outer membrane
lipoprotein-like (lipocalin)
Putative F1F0-ATPase inhibitor
protein
Acid beta-fructofuranosidase
precursor
Acid beta-fructofuranosidase
precursor
Elicitor-inducible protein EIG-J7
Chloroplast small heat shock
protein class I
Glucan endo-1,3-beta-Dglucosidase precursor
Protein AT3g04780
Protein At2g37660, chloroplast
precursor

Cervil
RR

14 DPA

Fruit stage effect
(transition from mature
green to RR stage)

RR

Na Ca + Na Na Ca + Na Na Ca + Na Na Ca + Na

Levovil

Cervil

*
+

*
*

+
+

*
*

*
+

*
*

+
+

*
*

*
+

*
+

+

*

+

*

*

*

+

*

*

*

+
+
+
+
*
*

*
*
*
*
*
*

+
+
+
+
*
*

*
*
*
*
*
*

+
+
+
+
*
*

*
*
*
*
*
*

+
+
+
+
*
*

*
*
*
*
*

+
+
+
*
+
+

+
+
+
+
+
+

*

*

*

*

*

*

+

*

+

+

*

*

+

*

*

*

*

-

+

+

*

*

*

*

*

*

*

*

+

+

*
+

*
*

*
*

*
*

*
*

*
*

*
+

*
*

+
+

+
+

*

*

*

*

*

*

*

*

*

+

*
*

*
*

*
*

*
*

*
*

*
*

*
*

*
*

*
*

*
*

( - ) indicates the downregulation of protein, ( + ) indicates the upregulation of protein, and (*) nonsignificant effect.

The largest part of spots linked to stress defense (actin, spot
5; SN-2 protein, spot 23; universal stress protein, spot 24;
cysteine proteinase, spot 44; and elicitor-inducible protein
EIG-J7, spot 49) and to cell wall-related (glycine-rich protein;
spots 40 and 41) were mainly increased in both genotypes at
RR compared to mature green fruit stage. It was formerly
reported that these proteins linked to stress defense were
expressed in tomato root (Manaa et al., 2011) and in fruits
through ripening (Drake et al., 1996; Faurobert et al., 2007).

tial expression between different experimental conditions but
10 spots showed any variation (Table 3). In fact, 24 spots were
downregulated and 19 spots were upregulated under salt
treatment (Na alone), without any effect under (Ca + Na)
treatment, except 3 spots (12, 21, and 22) that were decreased
with salinity (both Ca + Na and Na treatments). About 19
spots exhibited either up- or downregulation with an interaction effect of different factors (fruit stage, genotype, and salt
treatment).

Fruit pericarp proteome exhibited relative abundance
variations under salt treatment

Proteins associated with energy, carbon metabolism,
and protein synthesis

Our previous proteomic analysis on tomato seedlings
(Manaa et al., 2011) demonstrated that identification of proteins, which are differentially expressed due to salt stress, is an
important step in understanding the mechanisms underlying
stress response and adaptation at the first development stage.
However in the present work, comparative proteomic analysis was used to investigate the changes of protein profiles in
Cervil or Levovil pericarp under various salt treatments
(Control, Na, or Ca + Na) and various fruit stages (14 DPA and
RR). Representative 2D gel maps for different conditions are
shown in Supplementary Figure S1. Examination of data revealed a total of 43 spots that showed reproducible differen-

Under salt treatment conditions, abundance of fruit pericarp proteins was affected and the basic metabolisms were
disturbed. Our proteomic analysis indicated that the changes
in relative abundance of various proteins that were involved
in the energy and carbon metabolism were identified as the
NAD-dependent isocitrate dehydrogenase (spots 6 and 7),
fructokinase (spot 16), ATP synthase (spots 2 and 3), and
adenosine kinase (spot 9). All these proteins showed a decrease in relative abundance under salt treatment (Na) in
Cervil and Levovil genotypes, whatever the fruit stage. On the
other hand, two other spots: b-D-xylosidase (spot 21) and bfructofuranosidase (spot 22), showed a salt treatment effect
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that might be correlated to genotype and fruit stage development. These two proteins were increased at RR fruit stage
but decreased under salt treatments (Na alone or Ca + Na,
respectively) for the two tested genotypes.
NAD-dependent isocitrate dehydrogenase (NADP-IDH) is
a critical enzyme of the tricarboxylic acid cycle that converts
malate and NAD into oxaloacetate and NADH (Chen and
Gadal, 1990). However, NADP-IDH has been considered to be
a key step in the generation of 2-oxoglutarate for ammonium
assimilation and amino acid biosynthesis in higher plants.
Therefore, the reduced activity of NADP-IDH might only
reflect a general reduction in organic acid metabolism in the
mitochondria during fruit growth (Sadka et al., 2000).
Fructokinase may play a role in regulation of energy metabolism, possibly by providing fructose-6-phosphate for
glycolysis or through conversion to UDP-glucose (UDPG) to
support biosynthesis of cell wall material (Karni and Aloni,
2002). Fructose-6-phosphate is a major substrate for many
sugar metabolic pathways including glycolysis, starch biosynthesis, and the oxidative pentose pathway (Dai et al.,
2002). Under salt stress, by inhibiting photosynthesis, the
amount of fructose-6-phosphate decreased through the decrease in photosynthetic sucrose. One of the important outputs of this study is the decrease in fructokinase, presumably
as a result of negative feedback caused by a decrease in the
amount of fructose-6-phosphate during fruit development
under salt treatment (Na).
Previous studies demonstrated that modifications of the cell
wall during ripening tomato fruit are mediated by cell walldegrading enzymes such as b-D-xylosidase. The major activity
of b-xylosidase and the expression of its gene LeXYL2 exhibits
high activity manifested during fruit development (Bewley et al.,
2000). The activity of the enzyme increased during early fruit
growth, before decreasing during later development and ripening (Itai et al., 2003). Also, acid b-fructo-furanosidase was
found to be upregulated in gene expression in the breaker stage,
downregulated in the subsequent turning and light red stages,
and then once again upregulated in the red stage of ripening
(Kok et al., 2008). These two proteins were decreased by salt
treatments (Na alone and Ca + Na), indicating a negative effect
of salinity on their expression during fruit development. This is a
new hypothesis raised by our work.
Starch is the predominant storage form of photoassimilates during fruit development, and ripening is characterized by a decline in starch content, sucrose import, and
accumulation of hexoses (Rocco et al., 2006). Starch biosynthesis requires PPi removal, a process that may take place
within chloroplast by inorganic pyrophosphatase (spot 28),
which was detected in the pericarp of both genotypes and
exhibited increasing level under salt stress (Na alone) compared to control.
Proteins associated with ripening process
Different proteins that have been identified and have particular interest can be directly correlated to the ripening process, such as the ACC oxidase (spot 37) and ACC synthase
(spot 38), S-adenosylmethionine synthetase 2, SAMS (spot 4),
polygalacturonase (spot 11), and peptide methionine sulfoxide reductase (spots 25 and 26).
The ripening of fleshy fruits corresponds to a series of
biochemical, physiological, and structural changes that make
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the fruit attractive to the consumer. Although these processes
vary from one type of fruit to the next, fruits can be divided
into two broad groups, known as climacteric and nonclimacteric (Biale, 1964). Categorization into one group or the
other depends on whether a fruit exhibits a peak in respiration
(McMurchie et al., 1972) and ethylene production during
ripening. The sharp increase in climacteric ethylene production at the onset of ripening is considered as controlling the
initiation of changes in color, aromas, texture, flavor, and
other biochemical and physiological attributes. It is well
documented (Yang and Hoffman, 1984) that the pathway of
ethylene biosynthesis proceeds from methionine, through Sadenosylmethionine (SAM) and 1-ethaminocyclopropane-1carboxylic acid (ACC) to ethylene and that the two key enzymes are ACC synthase (ACS) and ACC oxidase (ACO,
formely ethylene-forming enzyme, EFE). Also various studies
confirm that SAMS catalyzes the conversion of ATP and Lmethionine into SAM. Evidence for the upregulation of this
pathway during fruit ripening originally came from studies
describing ACC accumulation and increases in ACO and ACS
activities in a variety of climacteric fruits (Abeles et al., 1992).
Accordingly, our data indicate that ACC oxidase and ACC
synthase levels are maximal at the RR stage in both genotypes
and increased considerably under salt treatment (Na) whatever the fruit stage. The relative abundance of SAMS increased at mature green fruit stage, then decreased at the RR
stage in both genotypes. Polygalacturonase showed the
greatest level of accumulation at the RR stage, especially in
Cervil. Under salt treatment (Na), a decreased abundance of
these two proteins was observed compared to control. In
contrast, two isoforms of the peptide methionine sulfoxide
reductase were detected and which increased at the RR stage
and more accumulated in Cervil genotype. In addition, they
showed downregulation under (Na) treatment whatever fruit
development stage except spot 25 which was upregulated by
salt stress during RR stage in the Cervil genotype. Our
data confirm that salinity affects all of the ripening parameters independently. However, it is possible that salinity
shortens the fruit life span and influences all of the ripening
parameters.
Polygalacturonase (PG), ACC synthase, and ACC oxidase,
which are related to the ripening process, are also upregulated
during the breaker/turning and red stages of ripening (Giovannoni, 2001). Furthermore, this study described the regulation of a ripening protein E8 homolog in the red stage of
ripening. A large increase in the breaker/turning versus green
for polygalacturonase was detected in tomato fruit (Kok et al.,
2008; Moore et al., 2002). The peptide corresponding to methionine sulfoxide reductase, also known as fruit-ripening
protein E4, was found to be induced in the tomato regional
ecotype during maturation (Rocco et al., 2006). Other proteomic results confirmed that SAMS was involved in tolerance
to abiotic stresses such as wounding (Kim et al., 1994), salinity
stress (Manaa et al., 2011), water stress (Vicente et al., 2009),
drought stress (Gong et al., 2010), and heat shock (Süle et al.,
2004).
Proteins associated with stress and defense
Salinity stress is associated with an enhanced risk of improper protein folding and denaturation of several intracellular protein and membrane complexes. It has long been well
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known that salt stress leads to an increase of accumulation of
several proteins with protective functions, especially several
members of large family of heat-shock-proteins (HSPs)
(Wang et al., 2008). In tomato, small HSPs have already been
shown to be involved in fruit developmental processes
(Neta-Sharir et al., 2005). Our study picked out four HSP
(spots 17, 32, 34, and 50) increased during RR as compared to
mature green stage in Cervil and Levovil genotypes. The
greatest level of accumulation was detected in Cervil genotype under control condition during two fruit stages. Salt
treatment (Na) led to increase protein relative abundance of
HSP, except chloroplast sHSP (spot 50), which showed increasing levels in Cervil genotype irrigated with salt treatment (Na alone) at RR fruit stage. Previous data indicate
upregulation of different HSP spots during development
and ripening of tomato fruit (Faurobert et al., 2007; NetaSharir et al., 2005; Rocco et al., 2006). HSP proteins are among
the most well-known stress-related proteins in plants that
have been induced under several types of stress condition
such as heat, osmotic, and salt stress (Kosová et al., 2011;
Zhang et al., 2012). These proteins can act as a chaperone that
helps in correct folding of proteins and protects them from
denaturing under stress conditions. Induction of these proteins in this study is one of the mechanisms which may
confer salt tolerance genotype.
Some other proteins that are involved in cell wall biogenesis are plant’s first line of defense against salt stress. Among
these, glycine-rich protein (spots 40 and 41) was increased at
RR stage and more induced under salt treatment (Na) in both
genotypes. Relative abundance of annexin P34 (spot 33) was
unmodified during fruit development but showed a remarkable increase in Cervil genotype under salt condition (Na) as
compared to control.
Annexins are a multigene, multifunctional family of soluble
proteins and play important roles in various cellular processes, including membrane trafficking and organization,
regulation of ion channel activity, and phospholipid metabolism (Clark et al., 2001; Seals et al., 1997). Annexins are
characterized by their ability to bind phospholipids in a Ca2 + dependent manner. The functions of annexins have been determined in various plant species. In tobacco, annexin P34 is
vacuole specific and involved in cell expansion (Seals et al.,
1997). In tomato, annexin P34 expression shows a close relationship among fruit ripening stages (Faurobert et al., 2007).
In strawberry and bell pepper, an annexin mRNA was upregulated during fruit ripening (Proust et al., 1996). Moreover,
protein similar to Universal Stress Protein was detected in our
gel (spot 24), which was increased during RR fruit development and decreased under salt stress (Na) whatever the genotype or fruit ripening stage. Our data are in agreement with
previous studies (Faurobert et al., 2007).
Two other proteins that could be included in stress defense
were identified as cysteine proteinase (spot 44, Avrova et al.,
1996) and elicitor-inducible protein EIG-J7 (spot 49; Takemoto
et al., 2001), which exhibited the greatest level of accumulation at RR stage and no effect of salt stress was detected. The
last spot is actin (spot 5), which could be associated to cell wall
defense, was more intense during RR stage than green stage in
both genotypes. However, actin exhibited downregulation
under salt stress (Na). There are fewer data concerning interaction between salt stress effect and ripening process for
actin cell content (Wang et al., 2011).

MANAA ET AL.
On the other hand, endochitinase (spot 12), known as cell
wall associated contigs and antifungal protein, was exceptionally detected in Levovil at RR stage and negatively affected by salt stress (Na or Ca + Na). Previously, this protein
has been reported to have altered expression in long-term
cold stored fruits (Vizoso et al., 2009) but in our studies,
expression of this protein illustrates specific defense response in Cervil.
Proteins associated with oxidative stress
Salt stress leads to the overproduction of reactive oxygen
species (ROS) in plants that are highly reactive and toxic and
cause damage to proteins, membrane lipids, carbohydrates,
and nucleic acids, which ultimately results in oxidative stress
(Apel and Hirt, 2004; Gill and Tuteja, 2010). Antioxidants
modulate the steady-state concentrations of ROS, avoiding
their potential cytotoxicity while allowing them to function as
signal molecules (Mittler et al., 2004). Antioxidant enzymes
include superoxide dismutase (SOD), peroxidase, and glutathione peroxidases (GPX) (Gill and Tuteja, 2010; Mittler et al.,
2004). Most extensive studies on the role of ROS and antioxidants in fruit development and maturation (ripening) have
been conducted on climacteric fruits such as tomato Lycopersicon esculentum (Gautier et al., 2009; Rocco et al., 2006). In
the present study, such proteins (spots 8, 13, 42) were detected
in our experiment, protected plant cells from oxidative damage by scavenging of ROS (Apel and Hirt, 2004; Bhushan
et al., 2007; Gill and Tuteja, 2010). Peroxidase (spot 42) with
the greatest level of accumulation was detected in RR fruit
with Cervil exhibiting higher levels than Levovil. Peroxidase
increased with Na treatment in Cervil and Levovil mostly at
the RR stage. Mitochondrial superoxide dismutase (MnSOD;
spot 13) exhibited a significant increase in RR fruit as compared to the green stage, mostly in Cervil genotype. In contrast, SOD exhibited a general decrease in intensity in both
genotypes under salt stress (Na) at whatever fruit stage. In
agreement with our results, previous studies reported that
SOD activity increased during late tomato ripening, whose
changes were unrelated to cytosolic SOD mRNA levels (Rocco
et al., 2006). Other authors also observed in cherry tomato a
transient increase in the SOD from green to orange stage,
followed by a decrease at the end of the ripening (Ahn et al.,
2002). Indeed, Gautier et al. (2009) demonstrated that changes
in enzymatic activities of antioxidants in tomato fruit were
strongly dependent on the genotype and on the salinity
treatment. They observed an increase in ascorbate peroxidase
and SOD activities in response to salt treatment (Na) with a
strong variation among genotypes and fruit development
stage. This suggests that the accumulation of SOD, especially
in our study under saline conditions, no longer reflects the
degree of tolerance or sensitivity of tomato genotypes. In a
similar manner, glutathione peroxidase (spot 8) was detected
in our experiment and was downregulated under Na treatment. These results suggest that during fruit ripening, efficient antioxidant system protects the tomato fruits against the
damaging effect of progressive oxidative stress. However,
oxidative damage occurs due to decreased activities of the
ROS scavenging enzymes (Gill and Tuteja, 2010). According
to previous studies (Gautier et al. 2009), increased Na content
in fruit tissue may be responsible for increased oxidative
parameters.
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Lactoylglutathione lyase (spots 18 and 20) were also identified as abundant proteins in Cervil and Levovil genotypes,
respectively, and were upregulated from the green to the RR
stage. The first one (spot 18) exhibited downregulation under
Na treatment only at the green stage in Cervil. The second one
(spot 20) which was Levovil specific, exhibited a slight increase in abundance level with salt treatment (Na or Ca + Na).
It is worth noting that other proteins involved in oxidative
process were identified as enolase (spot 29) and nascent
polypeptide associated complex alpha chain protein (spots 35
and 36). All of them were increased at RR compared to the
green stage whatever the genotype and exhibited an increase
in level under salt stress (Na). As established in our previous
data (Manaa et al. 2011), the distant phylogenetic between
Cervil (a cerasiforme type) and Levovil (a classical largefruited S. lycopersicum) may explain the fruit proteome variation among these two genotypes under salt treatments (Ranc
et al., 2008).
Miscellaneous
Different proteins that are not classified in the above categories have also been identified. Among them, some are of
particular interest as the outer membrane lipoprotein (spot 45)
belongs to the lipocalin family, a class of proteins binding
small hydrophobic molecules, with a function well characterized in animals (Flower, 1996) but much less in plants. In
our experiment, protein relative abundance increased at RR as
compared to mature green stage. Nevertheless, salt treatments (Na or Ca + Na) have no significant effect on protein
accumulation. Our quantitative analysis seems to parallel
well with some studies, since an upregulation of the outermembrane lipoprotein was observed during fruit maturation
from green to red stage in two tomato ecotypes (Rocco et al.,
2006).
Proteins associated to biotic stress as pathogenesis (cytochromes b5, spot 27, and putative nucleic acid binding protein, spot 39) were identified and exhibited an increased level
at the RR stage. These proteins were also increased under salt
treatment (Na) in Cervil and Levovil. Cytochromes b5 (spot
27) can be defined as electron transfer proteins. Cyt b5 possess
a wide range of properties and function in a large number of
different redox processes (Bagnaresi et al., 2000). Putative
nucleic acid binding protein plays an essential role in modification of plasmodesmata (Franks et al., 2008), but there are
fewer data concerning its effect on ripening process and salt
stress.
Calcium application mitigates damaging effects
of salt stress on fruit proteome
The greatest effect observed in our report was the mitigating effect of exogenous calcium on metabolic activities of
fruit tomato restrained by salinity. As discussed above, 24
spots were downregulated and 19 spots were upregulated
under salt treatment (Na). Nevertheless, a combination of
Ca + Na has similar effects on protein abundance as compared
to control treatment (Table 3). Thus, exogenous calcium seems
to induce adaptation to salinity in tomato fruit through the
activation of the enzymes involved in energy and carbohydrate metabolism. In fact, relative abundance of two ATP
synthase (spots 2 and 3) and putative F1F0-ATPase (spot 46)
were remarkably decreased under salt treatment (Na) in

349
Cervil and Levovil genotypes at the RR and green stages, but
any variation was observed with moderate salinity (Ca + Na).
ATP synthases (ATPases) are membrane-bound enzyme
complexes/ion transporters that combine ATP synthesis
and/or hydrolysis with the transport of protons through the
membrane, playing a key role in biological energy metabolism. ATPases differ in respect to function (ATP synthesis
and/or hydrolysis), structure (F-, V- and A-ATPases contain
rotary motors), and in the type of ions they transport (Cross
and Müller, 2004; Rappas et al., 2004). F1-ATPases in mitochondria, chloroplasts, and bacterial plasma membranes are
the prime producers of ATP, using the proton gradient generated by oxidative phosphorylation (mitochondria) or photosynthesis (chloroplasts). Mitochondrial Ca2 + accumulation
triggers activation of mitochondrial metabolism, which increases ATP synthesis in mitochondria and ATP levels in cytosol ( Jouaville et al., 1999) In addition, the reduced activity of
NAD-dependent isocitrate dehydrogenase (spots 6 and 7)
under salt treatment (Na) in Cervil and Levovil genotypes
during fruit growth, is restored under (Ca + Na) treatment.
This phenomenon suggests that salinity dramatically inhibits
energy metabolism in tomato fruit and in the case of these two
ATPases, calcium can completely restore them to control
levels.
In the present study, perturbations of enzymes implicated
in starch activity such as inorganic pyrophosphatase (spot 28)
and fructokinase (spot 16) under salt stress (Na) were reestablished with calcium application (Ca + Na). These observations provide a convenient explanation of the adaptive
response of tomato to salinity, namely, that plants control
their energy consumption by modulating the synthesis of
storage substances such as starch (Gupta and Kaur, 2005).
Therefore, calcium seems to improve carbohydrate metabolism and induces sugar signaling to enhance salt tolerance of
tomato fruit.
In addition, the exogenous calcium could enhance the antioxidant enzyme activities, which in turn could reduce ROS
accumulation and inhibit protein oxidative damage (He et al.,
2012). Our data showed that proteins involved in oxidative
process; peroxidase (spot 42; upregulated), SOD and glutathione peroxidase (spot 8 and spot 13; downregulated) under
salt stress (Na), were unmodified by adding Ca + Na as
compared to control treatment for the two genotypes, particularly during the RR stage. Thus, exogenous calcium can
enhance the activities of ROS-scavenging enzymes to defend
against the damage caused by ROS, which would suppress
the salt stress effects.
Preceding studies showed that Na treatment strongly increased oxidative stress parameters ([H2O2] or [MDA]) as
compared to the Ca + Na treatment, which triggered a lower
or no increase in these parameters (Gautier et al., 2009). They
demonstrated that combination of Ca + Na compared to Na
treatment led to a lower stress that may be due to the lower Na
concentration within fruit.
For the most part, glutathione acts to stimulate calcium
release into the cytosol, an effect that appears to depend on
total glutathione concentration. As previously discussed in
depth (Gill and Tuteja, 2010), the accumulation of glutathione
occurs in response to various stresses and the attendant release of calcium may mean that glutathione accumulation is
equally as important in signal transduction as in chemical
defense against reactive oxygen. By triggering the activation
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of calcium-dependent protein kinases, increases in glutathione concentration may participate in early signal transduction
events and function in the integration of multiple abiotic
stimuli (Gomez et al., 2004).
Conclusion
The present study underlines profound changes in proteome composition among compared genotypes, cultivated at
two fruit ripening stages under various salt conditions (Na or
Ca + Na). In fact, the ripening stage was the largest source of
variation between samples and genotypes. Our findings reveal a large variation on fruit proteome among the two genotypes that can be correlated with salt treatment or/and fruit
ripening stage. The greatest effect observed in our report was
the positive effect of calcium that can be greatly used to enhance salt tolerance of tomato plants. Thus, more efforts to
investigate protein trafficking as well as calcium-signal
transduction and molecular signaling may contribute to
greater comprehension of the full metabolic picture displayed
during fruit development and ripening under salt stress
conditions.
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