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Abstract

A comparative proteomic analysis  between tomato fruits  stored at  chilling and non-

chilling temperatures was carried out just before the appearance of visual chilling injury 

symptoms.  In  this stage of the stress period it  was possible to discriminate between 

proteins involved in symptoms and proteins implicated in response. To investigate the 

changes  of  the  tomato  fruit  proteome  at  this  specific  stressful  condition,  two-

dimensional differential in-gel electrophoresis coupled with spot identification by mass 

spectrometry has been applied. This proteomic approach allowed  the identification of 

differentially expressed proteins, which are involved in two main biological functions: 

(i)  defensive  mechanisms  represented  by  small  heat-shock  and  late  embryogenesis 

proteins,  and (ii)  reaction to the uncoupling of photosynthetic  processes  and protein 

degradation machinery. One of the first changes  observed in chilled fruits is the down-

regulation of ATP synthase,  26S proteasome subunit RPN11 and aspartic proteinase, 

whereas the first responses in order to deal with the stress are mainly multifunctional 

proteins  involved  not  only  in  metabolism  but  also  in  stress  regulation  such  as 

glyceraldehyde phosphate dehydrogenase, 2-oxoglutarate dehydrogenase and invertase. 

In addition, our data seems to indicate a possible candidate to be used as protein marker 

for  further  studies  on  cold  stress;  the  aldose-1-epimerase,  which  seems  to  have  an 

important role in low temperature tolerance.

Keywords
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Introduction

Refrigerated storage is a widely used postharvest technology to extend the postharvest 

life  of  horticultural  produces,  since  low  temperatures  decrease  the  speed  of  cell 

metabolism and delay plant senescence and fruit ripening (McGlasson et al., 1979). But 

certain  horticultural  species  are  susceptible  to  low  temperature  stress,  which  is 

responsible for a set of physiological disorders known as chilling injury (CI) (Lyons, 

1973). The symptoms and physiological processes affected by this physiopathy linked 

to cold stress have been comprehensively studied (Sevillano et al., 2009) and recently 

some advances have been attained regarding the modifications of the genetic expression 

profiles  in  tomato,  a  fruit  susceptible  to  low  temperature  stress,  when  stored  in 

refrigerated conditions (Rugkong et al.,  2011). However, the molecular bases of low 

temperature stress have not been so extensively investigated and a gap in the knowledge 

of the molecular mechanisms responsible of low temperatures perception and the plant 

responses to these stressful conditions remain unclear (Ruelland et al., 2009). Moreover, 

the gene expression is a highly regulated process but its determination as existing levels 

of mRNA does not, finally, allow the accurate prediction of expression or activity of the 

final gene product (Baginsky et al., 2010). Changes in the regulation of gene expression 

as a result of stressful conditions often result in modifications in protein concentration, 

but this relationship is not always straightforward or linear. Proteomics has become a 

key  tool,  because  it  provides  quantitative  and  structural  information  about  proteins, 

which are  the major  functional  determinants of the cell  machinery (Cox and Mann, 

2007). Recently there has been an increasing trend in the use of proteomics methods to 

study and identify global changes in structure and abundance of proteins in the research 

field of plant physiology (Palma et al., 2011). Proteomic techniques have been used to 

study  the  proteome of  red  ripe  tomato  chromoplast  (Barsan  et  al.,  2010).  The first 
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studies  about  the  effects  induced  by  CI  on  the  protein  profile  of  fruit  have  been 

published in the last two years, using peach (Lara et al., 2009; Zhang et al. 2010; Dagar 

et al.2010; Nilo et al. (2010) and tomato (Page et al 2010; Vega-Garcia et al 2010) as 

model plant/fruit.

Tomato is considered an ideal fruit to accomplish proteomics studies as many genomics 

tools are now available in this Solanaceae species, and they have rapidly generated a 

large  amount  of  genetic  information  and  genomic  resources,  including  mapping 

populations,  mapped DNA markers,  bacterial  artificial  chromosomes,  and  expressed 

sequence tag (EST) collections. In the case of the latter, there are currently more than 

184,000 tomato ESTs available (from the whole set above 37,000 are fruit ESTs), which 

have  allowed the  identification of  approximately 30,000 unigenes  across  a  range of 

tissues  and developmental  stages  (http://documents.plant.wur.nl/cgn/pgr/tomato/),  and 

are invaluable bioinformatics tools for protein identification (Bombarely et al., 2011). 

The  studies  carried  out  until  now in  tomato  hint  at  the  effectiveness  of  proteomic 

approaches in the identification of functional proteins responsive to low temperature 

stress.  Page et  al.  (2010)  observed  that  up-regulated  proteins  in  chilled  fruits  were 

linked to freezing tolerance and that down-regulated ones were related to the ripening 

process.  In  this  study,  proteins  involved  in  the  differential  resistance  to  chilling 

conditions are small heat-shock proteins and a set of proteins involved in the defense 

against the stress impact in the endoplasmic reticulum. In a comparison between the 

protein  profiles  of  tomatoes  stored  at  low  temperature  and  those  stored  at  room 

temperature, Vega-Garcia et al. (2010) observed a significant higher accumulation of 

two  cold-related  proteins:  thioredoxin  peroxidase  and  glycine-rich  RNA-binding 

protein.  The  authors  suggest  that  both  may  be  acting  through  redox  sensing  and 

regulation of gene expression at low temperature conditions. In both proteomic studies, 
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the  protein  profile  of  healthy  fruits  and  damaged  fruits,  which  present  visual  CI 

symptoms are  compared,  and consequently  it  is  not  possible to distinguish between 

proteins involved in the stress response mechanisms of plant to survive to cold stress 

conditions, and those that seem to contribute to negative physiological  effects of the 

subsequent chilling physiopathy. Undertaking a proteomics study of fruits stored at low 

temperatures just before the first visual CI symptoms appear could provide more insight 

information  on  how  stressful  conditions  are  initially  perceived  and  what  primary 

responses are activated by the plant organ. This strategy would avoid the interference of 

proteins  involved  in  more  advanced  stages  of  the  cold  stress,  when  the  related 

physiopathy of chilling injury will be well in an advanced stage of development. 

This  research  work  identifies  proteins  that  are  differentially  expressed  by  low 

temperature stress in tomato fruits prior to the apparition of visual CI symptoms. To our 

knowledge, this proteomic study constitutes the first two dimensional differential in-gel 

electrophoresis coupled with  matrix-assisted laser  desorption/ionization time-of-flight 

mass spectrometry (2-D DIGE/MALDI-TOF-MS) analysis of tomato fruit stored at low 

temperature.  The  physiological  response  of  fruits  to  low  temperatures  stress  was 

recorded  by  diverse  physiological,  metabolomics  and  fruit  quality  parameters 

determined during and after cold storage, and after a reconditioning period too.

Results

In order to determine the period of time needed for tomato fruits cv. p73 to perceive low 

temperature stress but before visual CI symptoms became evident, fruits picked from 

the first and second trusses were used. CI impact was visually assessed, during storage 

at 2 ºC in darkness as well as during a reconditioning step of 48 hours at 20 ºC, also in 

darkness. The first visual CI symptoms (peel pitting) were observed only at the end of 

this reconditioning step in tomatoes stored 20 days at 2 ºC (Fig. 1A).
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The  conservation  assay  was  then  repeated  with  fruits  picked  from fourth  and  fifth 

trusses and performed in the same manner as the assay previously described. However, 

in  this  assay a second group of  fruits  was stored at  12 ºC (a temperature  at  which 

tomatoes  do  not  develop  CI).  Taking  into  account  the  results  from the  preliminary 

storage assay, the conservation period tested was 17 days plus 48 h at 20 ºC (19 days as 

a total conservation period),  before the first visual CI symptoms in chilled tomatoes 

become evident (20 days at 2 ºC plus 48 h at 20 ºC) (Fig. 1A). 

Physiological and quality parameters

Tomato fruit suffered a reduction of ethylene production and respiratory rate during 

refrigerated storage, which were significantly more intense at 2 ºC than at 12 ºC (Fig. 

1B). However, once the stored fruits were transferred to a reconditioning chamber (20 

ºC), chilled samples (stored at 2 ºC) suffered a rise in both physiological parameters, so 

at the end of the assay they were significantly higher (p<0.05) in the chilled fruits than 

in the control ones (stored at 12 ºC) (Fig. 1B). No significant differences were detected 

with regard to weight loss between chilled and control fruits at the end of the assay (17 

days  at  2  or  12  ºC  plus  2  days  more  at  20  ºC)  (Table  1).  Firmness,  measured  by 

comprensiometry,  was markedly reduced during storage and posterior reconditioning, 

but again no significant differences were observed between stored tomatoes (chilled vs. 

control) (Table 1). Electrolyte leakage was significantly (p<0.05) higher at the end of 

the conservation period compared with day 0, although no significant differences were 

found  between  control  and  chilled  samples  (Table  1).  The  concentration  of  sugars 

(glucose and fructose) and organic acids (citric, malic, oxalic and succinic acids) did not 

change significantly between the harvest day and the end of the storage period (17 days 

at 2 or 12 ºC plus 2 days at 20 ºC) or between control and chilled samples (Table 1). 

Sucrose was not detected in any of the samples analysed.
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The proteomic analysis of the tomato fruits

Proteins  from  chilled  and  control  fruits  were  analyzed  using  2D-DIGE  minimal 

labelling. The 2D-PAGE distribution patterns of the proteins at day 0 and after 19 days 

of  storage  at  2  and  12 ºC in  darkness  (considering  a  posterior  step of  48 hours  of 

reconditioning at 20 ºC in both cases, also in darkness) are also provided (Additional 

file 1 of supplementary material). A total of 18 2D gel images from 6 2D-DIGE gels 

corresponding to day 0 and the two storage conditions (2 ºC and 12 ºC), and considering 

4  biological  replicates  per  sample,  have  been  obtained  (Additional  file  2  of 

supplementary  material).  The three  proteome samples  individually  analyzed  by  2D-

DIGE allowed identification of an average of 1400 protein spots in each gel. Of these 

1400 spots, 818 could be matched in the six gels using the DeCyder-BVA module. A 

total of sixty-one spot proteins significantly varied in intensity (p<0.05) in the chilled 

fruits (Fig. 2A). Of this set of spots, thirty-four decreased in intensity in chilled samples 

compared  with  control  samples,  whereas  twenty-seven  increased  (Fig.  2B).  The 

differential  data  set  was  subjected  to  a  principal  components  analysis  (PCA),  to 

determine whether there were outliers in the data set, to check how well the samples 

were grouped and to investigate the inter- and intra-group relationships among the three 

types of samples (Fig. 2C). The sixty-one protein spots were centralised in two principal 

components (PCs) PC1 and PC2, which represent the two highest variances (48.9 and 

27.8%  respectively).  The  spots  of  each  group  of  samples,  representing  the  four 

biological replicates, cluster closely to each other and form a clear partition among the 

three types of samples, with each one located in one quadrant of the map created by 

PC1 and PC2, indicating that the biological variation is responsible for the separation of 

the different  samples.  The first  principal  component  (PC1,  x-axis)  separates  control 

samples (positive)  from day 0 samples  (negative),  while chilled samples are located 
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between the positive and negative areas of the PC1 axis. PC2 (y-axis) separates chilled 

samples  (negative)  from  day  0  samples  and  control  ones  which  are  placed  on  the 

positive area of the PC2 axis. These data indicate that 27.8% of variation corresponds 

exclusively to a regulation of protein expression due to cold storage.

Thirty-one of the sixty-one spots that significantly differ in expression were identified 

by MALDI/TOF MS. Of these thirty-one identified proteins that displayed significant 

differential expression levels, twenty-three exhibited an expression fold change value 

higher  than  1.2  when  chilled  samples  were  compared  with  control  ones  (Ch/C) 

(p<0.05).  Of  this  set  of  23  protein  spots,  7  were  up-regulated  and  16 were  down-

regulated (Fig. 2B). 

In the particular cases where the identification by peptide mass fingerprint (PMF) did 

not supply conclusive results, a peptide fragmentation strategy was performed and the 

fragmented  peptides  were  searched  independently  (MS/MS,  spot  1082)  or  by  a 

combined search of PMF and peptide fragmentation. Most of the spots were identified 

as PMF (14 spots) and combined search (8 spots). Concerning the migration pattern of 

proteins, one spot contained peptides matching two proteins that had migrated to the 

same spot (625); a 12S seed storage protein (P15455) and an aspartic (Asp) proteinase 

(O04057). There was also one protein (invertase, P29000) that generated two protein 

spots located at different positions (spots 1058 and 1117). The theoretical  isoelectric 

points (pI) and molecular weights (MW) of the proteins were calculated. The pattern of 

variation of proteins between control and chilled samples revealed a broad distribution 

in the pI and MW, ranging from 5.1 to 9.3 and from 13 to 70 kDa, respectively. 
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Classification of  proteins affected by cold stress in tomato on the basis of their 

biological function and expression pattern in different conditions.

The total set of 23 identified proteins having significant differential expression levels 

(p<0.05) and a fold change value higher than 1.2 when comparing chilled samples with 

control  samples  (Ch/C),  were  classified  into  10  functional  classes  using  the 

bioinformatics tool Mapman (Mapman 3.5.1,  http://mapman.gabipd.org).  Distribution 

of tomato protein spots into putative functional categories is represented in Figure 3A. 

The largest  proportion of proteins fell into two of the ten categories represented: (i) 

energy  metabolism (29.16% of  spots),  which  comprises  major  carbohydrate  (CHO) 

metabolism (8.3%), tricarboxylic acids (TCA) cycle (8.3%), minor CHO metabolism 

(4.16%),  glycolysis  (4.16%)  and  photosynthesis  (4.16%),  and  (ii)  stress  response 

(20.8% of spots) (Fig.  3A).  Concerning energy metabolism, only two proteins spots 

were  found  to  be  up-regulated  in  chilled  fruits  compared  with  control  fruits;  a 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (spot 510) and one of the two 

protein spots identified as a vacuolar acid invertase (INV) (spot 1117). The rest of the 

proteins belonging to this category were down-regulated in chilled fruits compared with 

control  fruits:  one  aldose  1-epimerase-like  protein  (spot  433);  two  2-oxoglutarate 

dehydrogenases  (OGDH),  each  one  being  part  of  the  mitochondrial  2-oxoglutarate 

dehydrogenase complex 1 or 2 (spots 316 and 323); the second spot identified as an 

INV (spot 1058); and the alpha subunit of ATP synthase (spot 200).  The second main 

functional category with high representation in the protein profile was that of proteins 

linked to stress responses. Within this category, two small heat shock proteins (sHsp) of 

17.4  kDa  and  22.7  kDa  were  up-regulated.  Another  heat  shock  protein  (Hsp)  up-

regulated  in  response  to  cold  stress  was  IN2-1  (spot  797),  which  belongs  to  both, 

the Glutathione  S-transferase  (GST)  superfamily  and the  Hsp  26  family.  One 
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chaperonin-60 α subunit (spot 186) and an abscisic acid stress-ripening protein (ASR 1, 

spot 1278), which is considered a member of the late embryogenesis abundant (LEA) 

proteins  superfamily,  were  both  down-regulated  in  response  to  cold  stress.  Other 

categories identified in our proteomics functional classification are protein degradation, 

development  and  storage,  and  transport  proteins.  Two  proteins  involved  in  protein 

folding were functionally classified as “protein degradation and modification”; the 26s 

proteasome regulatory subunit protein (spot 587),  which is involved in the ubiquitin 

conjugation pathway,  and  an aspartic  proteinase  (spot  625),  both down-regulated  in 

chilled  fruits.  The  proteins  belonging  to  the  “development  and  storage  proteins” 

category were two seed storage proteins (11S globulin seed storage protein 2, spot 585 

and  12S  seed  storage  protein,  spot  625),  both  down-regulated  in  chilled  fruits. 

Regarding transport-related proteins, we have identified two protein spots; a vacuolar-

type proton ATPase (spot 429) and a temperature induced-lipocalin (TIL, spot 1010).

Four  different  sets of proteins can be distinguished on the basis of their  expression 

profile  when  comparing  chilled  samples  with  day  0  samples  (Ch/d0)  and  control 

samples with day 0 samples (C/d0). These four sets are represented in Figure 3B as a 

Venn diagram. Of the twenty-three proteins that show significant changes when stored 

at 2 ºC (chilled) or 12 ºC (control), twelve protein spots were up-regulated (Fig. 3B, a, 

e) and eleven were down-regulated when comparing chilled samples with day 0 samples 

(Fig. 3B, b, f). In the case of the C/d0 comparison, there were sixteen protein spots up-

regulated (Fig. 3B, c, e) and seven protein spots down-regulated (Fig. 3B, d, f). Eight 

protein spots showed opposite patterns of accumulation in control and chilled samples; 

two protein spots showed up-regulation in chilled tomato fruits (Ch/d0 samples) and 

down-regulation in control fruits (C/d0 samples). These up-regulated proteins were Hsp 

17.4 and IN2-1 protein (Hsp 26). Six protein spots were down-regulated in chilled fruits 
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(Ch/d0 samples) and up-regulated in control fruits (C/d0 samples). This last behaviour 

regarding  expression  was  mainly  represented  by  proteins  involved  in  energy 

metabolism: the alpha  subunit  of  ATP  synthase  (spot  200)  and  two  mitochondrial 

OGDH (spots  316  and  326).  There  were  also  proteins  involved  in  metal  handling, 

protein  degradation-  and  protein  storage-  metabolisms;  a  11S  globulin  seed  storage 

protein 2 (spot 585), a 26S proteasome regulatory subunit RPN11 (spot 587) and one 

ferritin (spot 850). The intersections of the Venn diagram (Fig. 3B e and f) correspond 

to fifteen of the twenty-three proteins which had similar expression responses (up- or 

down-regulated) in control and chilled samples when compared with day 0 samples, 

although  these  are  of  different  magnitude.  Of  these  fifteen  proteins,  ten  were  up-

regulated  and  five  were  down-regulated.  Except  for  two  protein  spots  (one  heme-

binding-like protein and one 60kDa chaperonin), the rest correspond to proteins that are 

up- or down- regulated in both control and chilling storage in comparison with day 0 

samples, but the increment/decrement of the protein accumulation is lower during cold 

storage (2 ºC) than during storage at 12 ºC. That is, the response in chilled samples was 

attenuated when compared with control samples.  In  this expression pattern there are 

mainly  carbohydrate  metabolism-related  (major  and  minor  CHO  metabolism  and 

glycolisis), stress response, development and storage-related, and transport proteins.

Discussion

Physiological and quality measurements confirmed that tomatoes suffered cold stress 

after 17 days at 2 ºC of storage but no visual manifestation of CI was observed yet. 

Thus,  increases  in  ethylene  production  and  respiration  rate  were  detected  after  the 

reconditioning period in chilled fruits but not in control ones. Recent findings reported 

for tomato (Rugkong et al., 2011) showed that in shorter periods of cold storage it has 

been observed that fruits display an increase of ethylene production compared with non-
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chilled fruit. But at the same time this evolution of ethylene production indicates that 

the period of low temperature storage was not sufficiently prolonged to provoke the 

disability  of  the  ethylene  biosynthetic  machinery  to  restore  the  production  of  the 

phytohormone once  the fruit  is  returned  to  room temperature.  In fruits  subjected  to 

prolonged low temperatures storage conditions, where CI was clearly manifested, the 

capacity to synthesize ethylene was suppressed, and the normal feedback regulation of 

ethylene is blocked (Rugkong et al., 2011).

On the other hand, fruit quality analysis carried out confirmed the absence of CI impact 

on chilled fruits. No significant differences have been detected with regard to weight 

loss between chilled and control fruits (Table 1). A characteristic of CI-affected fruits is 

the significantly  higher  weight  loss  they suffer  during storage  at  a  temperature  that 

triggers  the  physiopathy  compared  with  a  temperature  that  does  not  induce  this 

physiological disorder (Fukushima et al., 1977).

Firmness  is  another  characteristic  where  no  significant  differences  between  both 

categories of stored samples (Ch and C) were found, which reinforces the assumption 

that stressed-fruits do not show yet the CI physiopathy . One of the primary responses 

of  CI  is  alteration  in  the  conformation  and  composition  of  cell  membranes,  which 

negatively affects their semi-permeability. This loss of controlled cell membrane semi-

permeability  can  be  determined  as  an  abnormal  increase  in  electrolyte  leakage 

(Sevillano et al., 2009). The marked rise of this parameter observed in CI-affected fruits 

has  been  verified  in  tomato  (Sharom  et  al.,  1994).  In  our  samples  no  significant 

differences were found between control and chilled samples, which indicates that the 

physiopathy has not yet affected the fruits stored at 2 ºC, even after the reconditioning 

step at room temperature (Table 1). No significant differences have been observed with 

regard to sugar content. This implies that the period and conditions of postharvest life of 
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the  tomato  fruits  are  not  too  drastic  to  have  a  marked  effect  in  organic  solutes 

accumulation or depletion (Table 1). The absence of sucrose is not surprising since it is 

well  known  that  ripening-dependent  invertases  degrade  the  disaccharide  into  their 

components,  glucose  and  fructose,  and  the  degree  of  sucrose  decomposition  during 

ripening is dependent on the genotype of tomato (Bastias et al., 2011).

With respect to differentially expressed proteins in response to low temperature stress, 

we have observed a widespread down-regulation of protein expression in the very first 

response to cold stress, as only a minority of the differentially expressed proteins was 

up-regulated in chilled fruits (7 out of 23 proteins). This finding reveals that not only 

protein induction, but protein repression too is essential in the plant response to low 

temperature stress, as other authors have found at the transcriptomic level (Fowler and 

Thomashow, 2002). It is interesting to point out that of the twenty-three proteins that 

show significant changes when stored at 2 (chilled) or 12 ºC (control), eight protein 

spots show opposite changes (up-down or vice versa) in control and chilled samples, 

when compared with day 0 samples, which suggests that these proteins are specifically 

regulated in response to low temperature stress (Fig. 3B parts a, b, c and d). Meanwhile 

fifteen of the twenty-three proteins had similar responses (up- or down-regulated) in 

control and chilled samples compared with day 0 samples, but these are of different 

magnitude, indicating that some of the processes occurring during the development of 

chilling injury are similar to those occurring during ripening and senescence (Fig. 3B 

parts e and f).

Heat shock proteins belonging to sHsp20 family seem to be key elements related to 

cold stress tolerance 

In this study, protein spots detected as stress-responsive were proteins belonging to the 

sHsp (Hsp20 and Hsp26) and chaperonins (Hsp60) families (Table 2). All of the small 
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Hsp detected were up-regulated when fruits were subjected to cold storage; two of them 

were specifically up-regulated in response to low temperature stress as they correspond 

to proteins up-regulated in chilled fruits and down-regulated in control fruits compared 

with day 0 (Hsp 17.4 and Hsp 26); the third sHsp corresponded to Hsp 22.7 which was 

strongly down-regulated during the storage at 12 ºC (control fruits) compared with day 

0 and this down-regulation was less severe in samples subjected to low temperatures. Of 

these three proteins,  Hsp 26 (Q8H8U5) belongs to the Hsp 26 family and to the plant 

glutathione S-transferases (GST) superfamily too. Some authors have found a relation 

between the overexpression of GST and tolerance to chilling and salt stress (Oztetik, 

2008).  Regarding  the  other  two sHsps  (Hsp  17.4  and  Hsp 22.7),  they are  not  able 

themselves  to  refold  non-native  proteins  but  have  a  high  capacity  to  bind to  them, 

stabilize them and prevent their aggregation, so facilitating their subsequent refolding 

by other chaperones,  which is  a common feature of sHsps (Lee and Vierling,  2000; 

Mogk et al., 2003). It is well known that under normal growth conditions, most Hsps are 

usually undetectable, but they accumulate rapidly in response to heat shock and other 

stresses (Sabehat et al., 1998; Ding et al., 2001; Nautiyal and Shono, 2010; Wang et al., 

2004). Moreover, the accumulation of Hsps often not only confers protection against the 

stress  that  causes  their  biosynthesis  but  also  against  any  of  the  subsequent  stress 

situations the plant or plant organ may be exposed to (Sevillano et al., 2009). 

In  tomato,  Page  et  al.  (2010)  observed  that  four  sHsp  were  up-regulated  during 

development of CI and only two of these four proteins seemed to be related to cold 

tolerance; interestingly these two proteins were both sHsp 20 (Hsp 17.4 and Hsp 17.6). 

The  expression  pattern  showed  by  the  differentially  expressed  sHsp  from  our 

experiment,  together  with  the  available  data  in  the  literature,  seem to  confirm  that 
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sHsp20 is a key protein family, preferentially accumulated as a first response of tomato 

fruits to cope with cold stress.

The first highlighted symptoms of cold stress in tomato fruit is an inhibition of the 

protein-degradation cell machinery

In this study, we observed a down-regulation of the protein degradation mechanism as 

we detected both functional groups, protein-refolding (Hsp 60 and LEA) and protein-

degrading  (26S  proteasome  subunit  RPN11  and  aspartic  proteinase)  proteins  to  be 

down-regulated in response to cold stress. During low-temperature stress situations, a 

denaturation and dysfunction of many proteins occurs (Timperio et al., 2008). Thus, one 

of the general responses to abiotic stress in all living organisms is to synthesise new 

specific proteins, among them LEAs and Hsps to prevent protein inactivation, to refold 

damaged  proteins  and  to  carry  irreversibly  denatured  proteins  to  the  proteasome 

(Ruelland  et  al.,  2009).  Chloroplastic  class  I  chaperonin  of  60 kDa (spot  186)  is  a 

molecular  chaperone (Hsp 60) that  plays  a crucial  role in assisting a wide range of 

newly synthesized and newly translocated proteins in the folding, in order to reach their 

native conformations under normal and stressful conditions. ASR1 (Q08655) is a LEA 

member  of  the  hydrophilin  proteins  (Battaglia  et  al.,  2008)  (spot  1278).  ASR1 

expression  has  been  previously  reported  to  play  a  role  during  environmental  stress 

conditions such as water  deficit,  salinity and low temperatures  (Doczi et  al.,  2005). 

Protein degradation through the proteasome and ubiquitin tagging system plays a key 

role  in  important  cellular  processes,  removing  misfolded  or  damaged  proteins  and 

controlling the level of certain regulatory proteins (Hendil et al., 2009; Lee et al., 2011). 

In this study the 26S proteasome subunit RPN11 (spot 587, Q9LT08) and the aspartic 

proteinase (spot 625, O04057) have been found to be down-regulated in response to 

cold stress. RPN11 is one of the three de-ubiquitinating enzymes associated with the 
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regulatory  complex  of  the  proteasome.  Many  authors  have  linked  the  proteasome 

activity with tolerance to abiotic stresses (Rinalducci et al., 2011; Hendil et al., 2009; 

Page  et  al.,  2010),  and  Joshi  (2011),  in  a  study  performed  with  rpn3 mutants  of 

Arabidopsis, showed that the RPN11 protein is critical in maintaining adequate levels of 

intact proteasomes. The second protein related to the degradation mechanism, aspartic 

proteinase (spot 625, O04057), is a vacuolar protease found to be accumulated in fruits 

during ripening (Faurobert  et al.,  2007). The evolution of the profile of this type  of 

proteins usually responds to the needs of the cell machinery. The Asp proteinase protein 

participates  in  programmed  cell  death  and  stress  responses  (Faurobert  et  al.,  2007, 

Robinson and Hinz, 1997). In tomato, it has been reported that its expression is altered 

in response to cold stress and this process depends on the tomato variety subjected to 

the stress (Page et al., 2010).

As  described  above,  all  of  these  proteins  participating  in  the  protein  degradation 

mechanisms were down-regulated in response to cold stress. It is interesting to point out 

that, with the exception of the ASR1 protein, the rest of the proteins mentioned needed 

ATP to perform their biological activity.  In vitro assays suggest that hydrophilins are 

able  to  prevent  enzyme  inactivation  under  partial  dehydration  in  the  absence  of  an 

energy source (ATP), but they are unable to protect proteins from heat shock and to 

assist in the recovering of the activity of proteins once this has been lost during the 

dehydration process (Reyes et al., 2005).  Cold stress usually uncouples photosynthesis 

and growth and this scenario is often associated, as is the case in this study, with an 

increased respiration rate which in its turn increases the demand for cellular respiration 

substrates (Sevillano et al., 2009). In this study, chilled fruits showed an intense down-

regulation of a chloroplastic ATP synthase subunit α (ATPa, Q2MIB5, spot 200) that 

could lead to a depletion of ATP within the cell. In this situation, the down-regulation of 
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this set of proteins should be taken as a damage symptom provoked by the low ATP 

availability  rather  than  as  a  cold  stress  response.  Concerning  the  ASR1 expression 

found in this study, it is remarkable that several authors have hypothesized that some 

hydrophilins may target molecular chaperones like Hsp 60 with the aim of protecting 

proteins from dehydration in a combined manner (Battaglia et al.,  2008). Until now, 

evidence to support such a hypothesis was at the transcript level, as the transcripts of 

different molecular chaperones are accumulated, like those of hydrophilins, in response 

to water limitation (Bartels and Souer, 2003). Our results constitute the first evidence at 

a  protein  level  that  the  expression  pattern  of  both,  chaperonins  (Hsp  60)  and 

hydrophilins  (ASR1),  may  change  in  a  combined  manner  in  response  to  low 

temperature stress, but more studies should be performed to confirm this hypothesis. 

The early responses to cold stress are mainly linked to proteins with a role in the 

regulation of the stress signal.

In plants, abiotic stress is known to have significant effects on carbon metabolism and 

on carbohydrates contents (Sevillano et al., 2009; Ruelland et al., 2009). In this study, 

the detected carbohydrate metabolism-related proteins were mainly those which have 

been  linked  to  the  regulation  of  the  stress  signal.  We have  detected  one  cytosolic 

isoform of NAD-dependent GAPDH (spot 510, Q43833) that is up-regulated in chilled 

samples.  GAPDH is thought to be a multifunctional  enzyme.  In  plants GADPH has 

been localized in the nucleus during cold stress (Bae et al., 2003), and its capacity to 

bind to DNA has been observed (Holtgrefe et  al.,  2008), in particular  to the coding 

sequence of the NADP-dependent malate dehydrogenase (MDH) gene (Hameister et al., 

2007). This molecular function has been proposed as part of a signaling pathway with 

the goal of increasing the malate-valve capacity and possibly enhancing other protective 

systems  activated  upon  the  overreduction  of  photosystem  I  and  the  initial 
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overproduction of reactive oxygen species (ROS) due to stressful conditions (Holtgrefe, 

2008). 

A down-regulated protein detected in chilled fruits compared with control ones was 2-

oxoglutarate dehydrogenase (OGDH). We have detected two isoforms of OGDH, both 

from  A.  thaliana  (spot  323,  Q9FLQ4;  spot  316,  Q8H107),  each  being  part  of  the 

mitochondrial 2-oxoglutarate dehydrogenase complex 1 and 2, respectively. Vacuolar 

invertase (INV, spots 1058, 1117, P29000) was also found to be differentially expressed 

in response to cold stress. Many studies have shown that there is a causal link between 

the cold-induced modulation of sucrose metabolism and cold tolerance (Strand et al., 

2003). Two spots of INV were detected as being differentially expressed, one spot was 

up-regulated  in chilled  samples  compared  with control  samples  (spot  1117) and the 

other was down-regulated (spot 1058). This is not the first time that different and even 

opposite expression patterns of the polypeptides chains for INV during tomato fruit set 

and ripening has been reported in 2D gel studies (Faurobert et al., 2007). In our gels, 

acid invertase molecular mass varied from 17 kD (spot 1058) to 31 kD (spot 1117), 

whereas the molecular mass of the precursor protein is about 70kD (Uniprot database). 

INV  has  been  described  as  an  enzyme  involved  in  the  response  of  the  plant  to 

environmental  stimuli;  its  substrate  (sucrose)  and  reaction  products  (glucose  and 

fructose) are both nutrients and signal molecules (Roitsch and Gonzalez, 2004),but the 

physiological significance of the differential regulation of the INV polypeptides remains 

to be explored.

Chilled fruits also showed down-regulation of aldose 1-epimerase content with respect 

to control fruits (Q9STT3, spot 433). Aldose 1-epimerase or aldose mutarotase is an 

enzyme that catalyzes the reversible conversion between α-d-glucose and β-d-glucose. 

Although there are few studies on the involvement of aldose 1-epimerase in stress, this 
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is not the first time this protein has been found to be differentially expressed in response 

to temperature stress. Jones et al. (2006) found an induction of aldose 1-epimerase when 

cold-adapted (15 °C) Escherichia coli was incubated at 8 °C for 4 days. Chong et al. 

(2011)  in  a  study  performed  on  Antarctic Chlorella,  an  algae  able  to  grow  at 

temperatures  ranging from 4 to  30 °C, found that  expression of  aldose 1-epimerase 

increased at 30 °C but decreased markedly at 4 °C. Schluepmann et al., (2004) studied 

the  expression  related  with  trehalose-6-phosphate  (T6P)  accumulation  of  over  6500 

genes in Arabidopsis seedlings and the only correlation the authors found between T6P 

levels and expression of genes related to enzymes from the primary metabolism was for 

an aldose 1-epimerase-like encoding gene; the accumulation of T6P has been described 

as a possible mechanism inducing tolerance to abiotic  stress (Iordachescu and Imai, 

2008). Moreover, the abnormally high induced expression of a gene homologous to the 

aldose  1-epimerase  enzyme  was  detected  in  an  herbicide-resistant  mutant  of 

Arabidopsis after  exposure  to  paraquat,  a  viologen  that  belongs  to  the  group  of 

herbicides  of  bipyridine  type  (Otoshi  et  al., 2001).  From  our  results,  and  as  the 

bibliography  suggests,  aldose  1-epimerase  may play  an  important  role  in  the  early 

development of tolerance under low temperature and other stressful conditions, but its 

specific role remains unclear.

Low temperature stress and its effect on the regulation of membrane trafficking 

proteins.

It has been shown that low temperatures cause different effects on the lipid composition 

and  conformation  of  membranes  in  chilling-sensitive  plants  when  compared  with 

chilling-tolerant plants (Kasamo et al., 2000). In our study, chilled fruits showed down-

regulation of a temperature induced-lipocalin (TIL)  (Spot 1010, Q38JE1). Lipocalins 

are small ligand-binding proteins with a simple tertiary structure that gives them the 
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ability to bind small molecules. Recent studies have shown that lipocalins are involved 

in modulating tolerance to oxidative and freezing stresses (Levesque-Tremblay et al., 

2009). In tomato, microarray analysis showed that TIL (DV104311) also responds to 

heat  shock  (Liu  et  al.,  2006).  Charron  et  al.  (2005)  suggest  that  TILs  may have a 

protective function of the photosynthetic system against temperature stress.

Another  transport  related  protein  which  has  been  found  to  be  down-regulated  in 

response to cold storage is a vacuolar type proton ATPase subunit C (V-ATPase) (spot 

429, Q9SDS7), which is a subunit of the peripheral V1 complex of V-ATPase. Valluru 

et al. (2008) suggest a rapid inactivation of the V-ATPase proton pump during the first 

responses to cold stress, which leads to an acidification of the cytoplasm, and this effect 

triggers the tonoplast deformation and membrane invagination as a part of a mechanism 

to release fructans from the vacuole to the plasma membrane in order to stabilize it. 

Also Minami et al. (2009), in a proteomic study of cold acclimation of  Arabidopsis, 

suggest that the membrane microdomains with high proportions of both sphingolipids 

and sterols (also known as rafts) from the plasma membrane, may function as shuttles 

for membrane transport, trafficking and cytoskeleton interaction; they found many V-

ATPase  located  in  these  microdomains  which  were  down-regulated  after  chilling 

exposure and  hypothesized  that  these  V-ATPase  may contribute to  cold or  freezing 

tolerance  by  means  of  membrane  trafficking  regulation.  The  above  dissertation  is 

consistent with our proteomic results and could support the hypothesis that a possible 

early response to cold stress is the regulation of membrane trafficking with the target of 

stabilizing cell membranes.

Conclusions

Major  modifications  in  the  protein  expression  profile  at  the  beginning  of  low 

temperatures stress observed in tomato are linked to stress-responsive proteins (mainly 
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small Hsps), and carbohydrate metabolism. The results obtained in this study indicate 

that one of the first consequences of cold stress is the down-regulation of ATP synthase 

protein,  leading to a  depletion of  ATP within the  cell. Most of  the proteins  with a 

differential expression in response to cold stress found in this study are related to the 

carbohydrate metabolism and it is suggested they may participate in the stress signal 

regulation, in addition to their proper enzymatic activities. A clear example of this is 

GAPDH, a differentially expressed up-regulated protein in chilled tomato fruit, which in 

addition  to  its  role  in  the  glycolitic  pathway  may  be  involved  in  mediating  stress 

signalling and signal transduction to the nucleus. 

We have not detected changes in redox cellular homeostasis in chilled fruits as no such 

proteins have been found to be significantly modified in their expression in response to 

cold stress  in our  experimental  conditions.  This lack of  redox homeostasis response 

suggests that chilled fruits have not yet  suffered from a pronounced oxidative stress. 

The primary sites of low temperature stress impact in plant cells are cell membranes, 

where severe changes in their fluidity, metabolic status and protein turnover occur. The 

cellular response against this physiological damage is to maintain the ion homeostasis, 

as  reflected  in  the inhibition of  key transport  proteins such as V-ATPase  in  chilled 

fruits, which is thought to participate in the very early response to cold stress by means 

of regulating membrane trafficking. Among the differentially expressed tomato proteins 

in chilled fruits we have identified a potential new candidate for protein markers for 

further studies; the aldose-1-epimerase which seems to have an important role in cold 

tolerance. 

A widespread down-regulation of protein expression in response to cold stress has been 

detected, indicating that protein repression seems to be essential in the plant response to 

low temperature stress.
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Materials and methods

Plant material

Tomato (Solanum lycopersicum L. var. p73) fruits were grown in a greenhouse located 

at Murcia (Spain), belonging to the research centre Centro de Edafología y Biología 

Aplicada  del  Segura  (CEBAS-CSIC).  Plants  were  grown  in pots  (35 L)  filled with 

coconut fiber; using a drip-irrigation system, with a programmed flow rate of 4 L h-1, 

and  normal  fertilisation  for  tomato  culture  (Cadahia,  1995).  Training  on  a  trellis, 

pruning and application of  pesticides  followed the standard cultural  practices  of  the 

area. The fertirrigation solutions were prepared in 2000-L tanks, with local irrigation 

water  (Electric  conductance,  EC  =  0.9  dS  m-1),  under  standardized  conditions  for 

Mediterranean climate. 

Fruits  were  harvested  at  commercial  ripening  stage  according  to  size,  color,  and 

firmness, at random from different plants and transported to the laboratory within 24 h 

in isothermal boxes. Once in the laboratory visually defect-free fruits uniform in color 

and size were selected.

Determination of the conservation period of time before the appearance of visual 

chilling injury symptoms 

Cold storage assays were performed using fruits picked from first and second truss of 

tomatoes plants to determine the period of time tomato fruits could endure before visual 

CI  symptoms  became  evident.  Tomatoes  were  stored  in  darkness  in  a  ventilated 

conservation chamber at 2 ºC and 80% relative humidity (RH) during 8, 11, 14, 17, 20 

and 23 days. Next, they were reconditioned at 48 h at 20 ºC in another chamber, in 

darkness and at the same RH condition. The trial was managed to ensure that 10 fruits 

were visually checked at each of the 6 storage times (sixty fruits in total). Normally, 

visual  CI  symptoms  are  accentuated  when  fruits  are  transferred  from low to  room 
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temperature (reconditioning) (Shewfelt and Erickson, 1991). Therefore, in this assay CI 

impact was visually assessed, during storage at 2 ºC as well as during a reconditioning 

step of 48 hours at 20 ºC.

Experimental design and physiological and quality parameters measurements

Sixty visually defect-free p73 tomatoes, uniform in color and size, were selected and 

then  divided  into  three  groups;  each  group/sample  consisted  of  4  sub-samples 

(biological  replicates)  and  each  sub-sample  consisted  of  five  fruits:  one  group  was 

analyzed at harvest day (day 0), another was stored at 2 ºC (chilled samples, Ch) and the 

last  was  stored  at  12 ºC (control,  C).  Taking in account  the results  obtained in  the 

above-mentioned preliminary assay, the conservation period was 17 days in both cases 

and it was carried out in darkness and with 80% RH. After refrigerated storage (at 2 ºC 

or 12 ºC) fruits were transferred to a reconditioning chamber at 20 ºC for 48h (19 days 

total storage period), also in darkness and at 80% RH. 

Physiological parameters (ethylene production and respiratory rate) were measured at 

harvest (day 0), after storage (17 days at 12 ºC or 2 ºC) and after the reconditioning 

period (17 days of storage plus 2 days at 20 ºC). Quality parameters (weight, firmness, 

and electrolyte leakage) were measured at harvest and after the reconditioning period, at 

the end of the assay. Weight loss was calculated in percentage (%) referred to day 0 

(harvest date) weight values. Ethylene production and respiratory rate were determined 

according to Flores et al. (2008). Electrolyte leakage was analysed according to Ben-

Amor et al. (1999). Fruit firmness was measured by compressiometry with a Durofel 

equipment (Copa Technologie, 13103 St-Etienne du Gres, France), using a calibrated 

rod  of  0.25  cm2 and  expressing  the  result  as  percentage  (%)  of  resistance  to 

compression, considering 100% as the value of resistance of an un-deformable surface. 
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Whole  pericarp  tissue  from  fruit  was  collected  and  frozen  with  liquid  nitrogen, 

lyophilized and stored at -70 ºC until further proteomic analysis were performed.

Sugars and organic acids were determined by high-performance liquid chromatography 

(HPLC;  Shimadzu  LC-10Atvp,  Kyoto,  Japan)  using  a  thermostatized  ion-exchange 

column (ION-300, Teknochroma) at 30 ºC, with isocratic elution of mobile phase made 

of H2SO4 2.5 mM, and with two detectors connected in tandem: a Shimadzu Refractive 

Index  Detector  (Kyoto,  Japan)  for  detection  of  sugars,  and  a  Shimadzu  UV-Vis 

spectrophotometric detection of organic acids (Kyoto, Japan). The detection wavelength 

was 210 nm for oxalic acid and 230 nm for citric, malic, and succinic acids. The sugars 

and organic acids quantifications were performed by means of calibration curves for 

each compound prepared with solutions made of standards of each organic acid and 

sugar (Sanchez-Bel et al., 2008). Results of sugars and organic acids are expressed as 

µM.

Statistical analysis

Data were statistically analysed using the General Linear Model of the SPSS (version 

11.0) statistical package. Physiological parameters were analysed, for the same day of 

storage, by unpaired Student’s  t test at a stringency of  p<0.05. Significant differences 

are indicated with  star  (*) in the graph. The statistically significant differences with 

regard to results from weight loss, fruit firmness, electrolyte leakage and metabolites 

contents  were  analysed  using  an  analysis  of  variance  (ANOVA)  and  Tukey  test. 

Significant differences (p<0.05) are indicated in the tables by different letters (a or b), 

according to Tukey’s test. Values of all parameters analysed are the mean ± SE of two 

technical  replications for each of the four  biological  replicates (five fruits  each) per 

sample.
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Protein extraction and preparation

Protein extraction has been performed according to the protocols of Nilo et al. (2010) 

with  modifications.  Four  independent  protein  extractions  were  performed  for  each 

sample under evaluation (day 0, C and Ch). 50 mg lyophilised pericarp powder was 

mixed with 1.5 mL of protein extraction buffer containing sucrose 0.7 M, Tris base 0.5 

M (pH 7.8), HCl 0.03 M, KCl 0.1 M, EDTA 5 mM, DTT 2 mM and protease inhibitor 

(Complete, Roche) and incubated for 10 min. An equal volume of Tris-saturated phenol 

pH 8.0 was added and the phenol/aqueous solution was shaken vigorously for 5 min. at 

room temperature. The phases were then separated by centrifugation at 8500 × g for 14 

min at 4 °C. The phenol phase was recovered and re-extracted with an equal volume of 

protein  extraction  buffer  and  Tris-saturated  phenol  pH  8.0.  The  protein  fraction 

concentrated in the phenolic phase was precipitated by the addition of five volumes of 

0.1 M ammonium acetate dissolved in methanol at -20 °C, storing the whole solution 

for two hours at -20 °C. The precipitated proteins were collected by centrifugation at 

10000 × g for 15 min at 4 ºC and the protein pellet was washed four times with 0.1 M 

cold ammonium acetate in methanol and three times with 80% acetone kept at -20 °C. 

The sample pellet was collected and re-dissolved in 50 mM sodium phosphate buffer 

pH 7 and total  protein was quantified using the Bio-Rad DC protein assay kit. The 

protocol of the kit is based on the method described by Lowry et al. (1951) and bovine 

serum albumin was used as standard.

DIGE experimental design

DIGE experiments and protein identifications were performed at the Proteomic Facility 

of the Universidad Complutense -Parque Científico de Madrid, Spain (UCM-PCM), a 

member of the ProteoRed Network. Following extraction, interfering components were 

removed using 2D-Clean KitTM (GE Healthcare). Proteins were resuspended in 10 mM 
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Tris  buffer  pH  8.5  containing  7  M  urea,  2  M  thiourea  and  2%  v/w  3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate  (CHAPS).  The  protein 

concentration was determined  using 2D-Quant  Kit™ (GE Healthcare).  Each sample 

group contained four biological replicates, generating 12 individual samples that were 

distributed across six DIGE gels with the internal standard pooled sample also present 

in each separation. The samples were labelled using the CyDye DIGE Fluor minimal 

dye (GE Healthcare, Uppsala, Sweden), following the manufacturer’s recommendation 

for  minimal  labelling.  Four  hundred  pmol  of  CyDye  in  1  mL  of  anhydrous 

dimethylformamide (DMF) were used per 50 mg of protein for the labelling. After 30 

min of incubation in ice bath in the dark, the reaction was quenched with 10 mM lysine 

and incubated for 10 min. Samples were combined according to the experimental design 

and an equal volume of rehydratation buffer (7 M urea, 2 M thiourea, 4% w/v CHAPS, 

2% v/w DTT and 4% pharmalytes pH 3–11) was added for the cup loading. 2-DE was 

performed using GE Healthcare  reagents  and equipment.  First  dimension isoelectric 

phocusing (IEF) was performed on 24-cm 3–11 NL pH range IPG strips, previously 

rehydrated with 7 M urea, 2 M thiourea, 4% w/v CHAPS, 100 mM DeStreak and 2% 

pharmalytes pH 3–11. IEF was performed at 20 ºC using the following program: 120 V 

for 1 h, 500 V for 2 h, 500–2000 V for 2 h, 1000–5000 V for 6 h and 5000 V for 10 h. 

After this analytical step, strips were first equilibrated for 12 min in reducing solution (6 

M urea, 50 mM Tris-HCl pH 6.8, 30% v/v glycerol, 2% w/v SDS and 2% w/v DTT) and 

secondly for 5 min in alkylating solution (6 M urea, 50 mM Tris- HCl pH 6.8, 30% v/v 

glycerol, 2% w/v SDS and 2.5% w/v iodoacetamide). Second dimension SDS-PAGE 

were run on homogeneous 12% T, 2.6%C (piperazine diacrylamide)  polyacrylamide 

gels cast in low fluorescent glass plates. Electrophoresis was carried out at 20 ºC, 15 

W/gel using Ettan-Dalt six unit.
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Image acquisition and DIGE analysis

Proteins were visualized using a Typhoon 9400™ scanner (GE Healthcare) with CyDye 

filters. The 532 nm/580 nm, 633 nm/670 nm and 488 nm/520 nm excitation/emission 

wavelengths, respectively, and 100 mm as pixel size were used for the Cy3, Cy5 and 

Cy2 image acquisition. Image analysis was carried out with the DeCyder™ differential 

analysis  software  v 6.5 (GE Healthcare).  The DIA module was used to  assign spot 

boundaries  and  to  calculate  parameters  such  as  normalized  spot  volumes.  Inter-gel 

variability was corrected by matching and normalization of the internal standard spot 

maps in the biological variance analysis (BVA) module. The internal standard image gel 

with the greatest number of spots was used as a master gel. Three comparisons were 

carried out: chilled samples versus day 0; control samples versus day 0; and chilled 

versus  control  samples.  Average  ratio  and  unpaired  Student’s  t-test  were  calculated 

between groups. False Discovery Rate (FDR) was applied to reduce the false positive. 

Protein spots with 1.2 fold-change expression as threshold in the average ratio with p-

values less than 0.05 were considered as differentially expressed proteins with statistical 

significance between the extracts under comparison. Unsupervised multivariate analysis 

was performed using the extended data analysis (EDA) module. Principal Components 

Analysis (PCA) was performed following the nonlinear iterative partial least squares 

method.

Protein identification

Total protein profile was detected by staining the DIGE gels with Colloidal Coomassie 

Blue G-250 (CCB). Proteins selected for analysis were in-gel digested. Samples were 

reduced with 10 mM DTT in 25 mM ammonium bicarbonate for 30 min at 56 ºC and 

subsequently alkylated with 55 mM iodoacetamide in 25 mM ammonium bicarbonate 

for 20 min in the dark.  Finally,  samples were digested overnight at 37 ºC with 12.5 
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ng/µL sequencing grade trypsin (Roche Molecular Biochemicals) in 25 mM ammonium 

bicarbonate  (pH 8.5).  After  digestion,  the  supernatant  was  collected  and  1  µL was 

spotted onto a MALDI target plate and allowed to air-dry at room temperature. Then, 

0.4 µL of a 3 mg/mL of CHCA matrix (Sigma) in 50% v/v ACN was added to the dried 

peptide digest spots and again allowed to air-dry at room temperature. MALDI-TOF 

MS analyses  were  performed in a MALDI-TOF/ TOF mass  spectrometer  4800 plus 

Proteomics Analyzer (Applied Biosystems). The instrument was operated in reflector 

mode, with an accelerating voltage of 20000 V. The MALDI plate was calibrated using 

a standard peptide mixture (ABSciex). Peptides from the auto digestion of the trypsin 

were  used  for  the  internal  calibration  of  all  MS spectra.  MALDI-TOF MS analysis 

produces  peptide  mass  fingerprints  and  the  peptides  observed  can  be  collected  and 

represented as a list of monoisotopic molecular weights with an S/N greater than 20. 

The  suitable  precursors  for  MS/MS  sequencing  analyses  were  selected  and 

fragmentation  was  carried  out  using  the  collision  induced  dissociation  (CID, 

atmospheric gas was used), 1 KV ion reflector mode and precursor mass windows of +/-

5 Da. The plate model and default calibration were optimized for the MS/MS spectra 

processing. The search for peptides was performed in batch mode using GPS Explorer 

v3.6  software  (Applied  Biosystems)  with  a  licensed  2.1  version  of  MASCOT 

(www.matrixscience.com).  The  SGN  tomato  database 

(ftp://ftp.solgenomics.net/proteins/protein_predictions_from_unigenes/combined_specie

s_assemblies/tomato_species/, 42257 sequences; 9187268 residues) was used.

Search parameters were: Carbamidomethyl Cystein as fixed modification and oxidized 

methionine as variable modification; 50 ppm of peptide mass tolerance for Peptide Mass 

Fingerprint  (PMF)  and  100  ppm for  MS/MS or combined  search;  1  missed  trypsin 

cleavage site; peptide charge state +1 and MS-MS fragments tolerance 0.3 Da.
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The parameters for the combined search (Peptide mass fingerprint and MS-MS spectra) 

were the same as described above. In all protein identification, the probability scores 

were greater than the score fixed by MASCOT as significant, with a p-value minor than 

0.05.

Biological processes and functions involving differentially abundant proteins

The differential  abundance of proteins in the three samples under evaluation (day 0, 

control and chilled) was compared by ANOVA (p<0.01) followed by Tukey Multiple 

Comparison  Test  (p<0.05).  Proteins  description  and  functional  assignments  were 

performed using annotations associated with each protein entry and through homology-

based  comparisons  with  the  TAIR10  protein  database  (http://www.arabidopsis.org/), 

using Basic Local Alignment Search Tool BLASTX17 with an e-value cut-off of 1e-5 to 

avoid  false  positives  and  linked  Mapman  Bins  for  functional  assignments 

(http://mapman.mpimp-golm.mpg.de/).
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Legends to Figures

Figure 1. (A) Previous assay conducted with tomatoes fruits cv. p73 for the selection of the low 

temperature storage period when no first visual symptoms of CI could be observed, harvested 

from first and second trusses of plants. Representative p73 fruit at harvest day (day 0), after 17 

days of storage at 2 ºC plus 48 h at 20 ºC, and after 20 days at 2 ºC plus 48 h at 20 ºC. Arrow 

points to the first visual CI symptoms appeared in fruit (sunken lesions on the peel surface). (B) 

Physiological response of tomato fruits stored at 2 and 12 ºC, with a reconditioning step of 48 h 

at  20  ºC.  Evolution  of  ethylene  production  (C2H4)  and  respiratory  rate  (measured  as  CO2 

production)  at  day 0,  after  17  days  at  12 ºC (control  samples,  grey bars)  or  2 ºC (chilled 

samples, black bars), and after 17 days plus 48 h of reconditioning period at 20 ºC (19 days of 

total storage). Each bar represents the mean value ± SE of four repetitions (5 fruits each). Stars 

stand for values where the differences between samples are significant (pairwise t test with P < 

0.05) for the same day of storage.

Figure  2.  Proteomics  analysis  of  tomato  fruits  cv.  p73.  (A)  Master  gel  stained  with  CCB 

showing protein spots  with significant  variations.  Those spots  with significant  variations at 

p<0.05 are marked with orange colour. (B) Summary of the number of spots obtained in each 

proteomics analysis  step.  Up-  and down-regulation  refer  to  the  comparison of  chilled (Ch) 

versus control (C) fruits (Ch/C). (C) PCA of the 61 spots that showed significant changes at 

level (p<0.05); each dot represents the spot map of a single sample. Four biological replicates 

(represented  with  the  same  color)  were  visualized  for  each  sample.  The  two  principal 

components PC1 and PC2 were 48.9% and 27.8% of the total variance respectively.

Figure 3. Functional and expression classification of protein spots. (A) Functional classification 

of protein spots according to MapMan as mentioned in “Material and Methods”. Proteins were 

assigned  to  their  putative  function  using  the  MapMan  software  (http://mapman.mpimp-

golm.mpg.de/).  (B)  Venn diagram of  the protein  expression  profiles  from the  twenty  three 

differentially expressed proteins when comparing chilled samples with day 0 samples (Ch/d0, 

left-side) and control samples with day 0 samples (C/d0, right-side). Numbers in brackets are 

the number of protein spots found in each expression pattern (a, b, c, d, e and f).

36

 at R
ed de B

ibliotecas del C
SIC

 on January 12, 2012
http://pcp.oxfordjournals.org/

D
ow

nloaded from
 

http://mapman.mpimpgolm.mpg.de/
http://pcp.oxfordjournals.org/


Table 1. Evolution of quality parameters of tomatoes stored 17 days at 12 ºC (control) or 2ºC (chilled), plus 48 h of reconditioning at 20ºC.

Quality parameter Day 0

After 17 days of cold storage + 2 days at 20ºC

Control (12 ºC) Chilled (2ºC)

Relative weight loss (%)z 0 6.84 ± 0.88a 6.21 ± 1.15a

Firmness (% compression)y 52.00 ± 5.31a 34.00 ± 2.86b 31.00 ± 2.86b

Electrolyte leakage (%)z 28.33 ± 2.74a 45.44 ± 2.98b 47.17 ± 9.03b

Sucrose (µM) z nd nd nd

Glucose (µM) z 4.52 ± 0.57a 4.20 ± 0.57a 4.57 ± 0.32a

Fructose (µM) z 5.75 ± 0.75a 5.51 ± 0.60a 5.76 ± 0.38a

Citric acid (µM) z 47.45 ± 2.78a 40.53 ± 3.69b 44.80 ± 2.29b

Malic acid (µM) z 28.38 ± 5.63a 21.53 ± 1.90a 22.55 ± 4.67a

Oxalic acid (µM) z 6.79 ± 0.60a 6.68 ± 0.15a 6.96 ± 0.52a

Succinic acid(µM) z 26.49 ± 1.98a 39.82 ± 0.18b 35.39 ± 0.35b
zValues represent the means ± SE of four replicates of 5 fruits each. 
yValues represent the means ± SE of 20 fruits.

Means within a parameter without a common letter are significantly different by Tukey test (p< 0.05).

nd. Non-detected.
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Table 2. Identified protein spots, functional classification and their fold changes when comparing chilled samples with control samples (Ch/C).

Spot no.ª Assignmentb UniProt 

accesion no.
% Coverage Matched c Scored Species Nominal Mr Nominal pI

Fold Changee

(Ch/C)

Cell wall

1082 Polygalacturonase-2 P05117 1 1 33
Solanum 

lycopersicum
51280 6,43 -1,22

Glycolysis

510 GAPDH, cytosolic Q43833 57 23 173
Solanum 

tuberosum
38900 6,03 1,29

Major CHO metabolism

1058 Invertase, vacuolar P29000 17 7 94
Solanum 

lycopersicum
16767 5,34 -1,22

1117 Invertase, vacuolar P29000 47 8 237
Solanum 

lycopersicum
31674 4,84 1,37

Metal handling

850 Ferritin-3, chloroplastic Q948P6 41 9 70 Glycine max 17690 5,37 -1,43

Minor CHO metabolism

433 Aldose 1-epimerase Q9STT3 47 14 119
Arabidopsis  

thaliana
39659 6,02 -1,31

Misc. Nitrilases

588 Epoxide hydrolase Q41415 30 7 166
Solanum 

tuberosum
38153 6,88 1,34

Protein folding and degradation

587 26S Proteasome (RPN11) Q9LT08 18 8 97
Arabidopsis  

thaliana
37028 5,71 -2,26

625 Aspartic proteinase, vacuolar O04057 29 11 64 Cucurbita pepo 57924 6,03 -1,21

Photosynthesis

200 ATP synthase, subunit α Q2MIB5 28 10 184
Solanum 

lycopersicum
66711 5,66 -3,68

RNA regulation of transcription.

703 Remorin P93788 33 14 113 Solanum 25803 5,87 -1,62
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tuberosum

Storage proteins

585 11S globulin seed storage protein 2 Q9XHP0 30 13 79
Sesamum 

indicum
58673 8,26 -2,38

625 12S seed storage protein CRU4 P15455 34 15 103
Arabidopsis  

thaliana
54260 7,79 -1,21

Stress

186 Hsp 60 P08926 21 21 159 Pisum sativum 66146 5,54 -2,11

797 IN2-1 (Hsp26, GST) Q8H8U5 48 8 63 Oryza sativa 33144 5,61 1,51

1278 ASR1 (LEA protein) Q08655 29 7 228
Solanum 

lycopersicum
13153 6,27 -1,87

1070 Hsp 22.7 P19244 35 10 68 Pisum sativum 25016 9,17 2,05

1214 Hsp17.4 O82545 24 9 277
Solanum 

lycopersicum
18445 8,58 1,80

TCA

316
2-oxoglutarate dehydrogenase 

complex 2, mitochondrial
Q8H107 28 26 229

Arabidopsis  

thaliana
50596 6,85 -1,39

323
2-oxoglutarate dehydrogenase 

complex 1, mitochondrial
Q9FLQ4 21 18 104

Arabidopsis  

thaliana
66575 8,43 -1,37

Transport

429 V-ATPase subunit C Q9SDS7 31 14 98
Arabidopsis  

thaliana
46507 7,19 -1,29

1010 Temperature-induced lipocalin Q38JE1 52 10 158
Solanum 

lycopersicum
24026 5,87 -1,76

Unknown

865
Heme-binding-like protein, 

chloroplastic
Q9SR77 29 12 104

Arabidopsis  

thaliana
25566 8,53 1,21

a Spot number as assigned in gel master 
b Protein assignment based on LC-MS/MS identification
c Number of peptides matched in MS analysis. 
d Mascot score (S=−10*Log(P)); where P is the probability that the observed match is a random event. In all cases, the probability score was <0.05.
eValues reported indicate the protein accumulation pattern (fold change) between chilled (Ch) and control (C) samples.
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