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Abstract: In order to advance in the understanding of ClI in pepper fruits, the cell ultrastructure
alterations induced by CI and the physiological and metabolic changes have been studied along with
the proteomic study. When stored at low temperatures bell pepper (Capsicum annuum) fruits
exhibited visual CI symptoms and important alterations within the cell ultrastructure, since
peroxisomes and starch grains were not detected and the structure of the chloroplast was seriously
damaged in chilled tissues. Physiological and metabolic disorders were also observed in chilled fruits,
such as higher ethylene production, increased MDA content, changes in sugar and organic acids and
enzymatic activities. The comparative proteomic analysis between control and chilled fruits reveals
that the main alterations induced by CI in bell pepper fruits are linked to redox homeostasis and
carbohydrate metabolism. Thus, protein abundance in the ascorbate-glutathione cycle is altered and
catalase is down-regulated. Key proteins from glycolysis, Calvin cycle and Krebs cycle are also inhibited
in chilled fruits. Enolase and GAPDH are revealed as proteins that may play a key role in the
development of chilling injury. This study also provides the first evidence at the protein level that
cytosolic MDH is involved in abiotic stress.
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*Highlights (for review)

The proteome profile of chilled bell pepper fruits was determined.

Microscopic, physiological and metabolic changes induced by Cl were studied.

The main alterations are linked to redox homeostasis and carbohydrate metabolism.
Enolase and GAPDH are revealed as possible key proteins in the Cl development.
First evidence at protein level is provided that cyMDH is involved in abiotic stress.
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ABSTRACT

In order to advance in the understanding of CI in pepper fruits, the cell ultrastructure
alterations induced by CI and the physiological and metabolic changes have been
studied along with the proteomic study. When stored at low temperatures bell pepper
(Capsicum annuum) fruits exhibited visual ClI symptoms and important alterations
within the cell ultrastructure, since peroxisomes and starch grains were not detected and
the structure of the chloroplast was seriously damaged in chilled tissues. Physiological
and metabolic disorders were also observed in chilled fruits, such as higher ethylene
production, increased MDA content, changes in sugar and organic acids and enzymatic
activities. The comparative proteomic analysis between control and chilled fruits reveals
that the main alterations induced by CI in bell pepper fruits are linked to redox
homeostasis and carbohydrate metabolism. Thus, protein abundance in the ascorbate-
glutathione cycle is altered and catalase is down-regulated. Key proteins from
glycolysis, Calvin cycle and Krebs cycle are also inhibited in chilled fruits. Enolase and
GAPDH are revealed as proteins that may play a key role in the development of chilling
injury. This study also provides the first evidence at the protein level that cytosolic

MDH is involved in abiotic stress.

Keywords: Carbohydrate metabolism; Capsicum annuum; Cold stress; Proteome; cell

ultrastructure; 2D-DIGE.



48

49

50

o1

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

INTRODUCTION

In addition to its economic importance, consumption of sweet cultivars of Capsicum
annuum has been demonstrated to be beneficial to human health [1]. To maintain fruit
quality and to avoid fruit decay, bell peppers must be cooled as rapidly as possible, at
least to7.5 °C [2]. However, the ability to prolong the postharvest life of this non-
climacteric fruit by storing it at low temperatures is compromised, since the species is
sensitive to chilling injury (CI) when stored at temperatures lower than 7 °C [3]. Visual
CIl symptoms include surface pitting, seed browning, tissue discoloration, shrivelling
resulting from moisture loss, and depressions in the pericarp that evolve into scalds at
advanced stages of the physiopathy.

Physiological events related to Cl have been extensively described [4]. Modifications in
membranes composition and especially in the saturation degree of their constitutive
lipids, which regulate membrane fluidity and permeability, are the first notable effects
of CI [5]. An exacerbation of oxidative stress due to the overproduction of reactive
oxygen species (ROS) has been considered a secondary effect of ClI [6, 7]. However, the
molecular bases of low temperature stress, that is, perception, signal transduction and
finally gene and protein expression changes induced by this environmental factor have
been scarcely studied [8]. To our knowledge, only one comprehensive transcriptomics
study has been carried out on hot pepper plants subjected to cold stress [9], although no
study has been carried out until now on pepper fruit stored at low temperatures.
Although gene expression is a highly regulated process, its determination as existing
levels of mMRNA does not, finally, allow the accurate prediction of expression or activity
of the final gene product, in most cases a protein [10]. Alterations in gene expression as
a result of stressful conditions often result in modifications of protein concentrations,

but this relationship is not always straightforward or linear.
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The potentialities and the development of proteomics in recent years have triggered a
scientific burst in all biological sciences and, consequently, fruit proteomics is now a
corpus of knowledge and of interest not only for academia but also for the agro-food
industry. Proteomics has been recently applied in studies on the molecular physiology
of fruit development and ripening [11]. However, papers about proteomics approaches
dealing with CI in fruits have only been published recently, in particular in the last three
years., Two climacteric fruits, peach [12, 13, 14, 15] and tomato [16, 17, 18] have been
used as fruit models for this type of study. Although some research works and reviews
have suggested a possible implication of the climacteric behavior of the fruit in the
sensitivity and development of CI [4, 19] analysis of differentially expressed proteins
under low temperature stress conditions in non-climacteric fruits has not been
approached yet. In this paper a proteomics study of CI in a non-climacteric fruit such as
bell pepper has been carried out applying 2D-DIGE coupled with MALDI-TOF-MS.
Furthermore, microscopic analysis has been performed in order to detect cell
ultrastructure alterations induced by CI. This analysis together with the physiological
and metabolic data, have been fulfilled in order to integrate these results within the
proteomic study. The strategy of integrating physiological and metabolic data with
those coming from proteomics has allowed us to elucidate at the protein level the
mechanisms and metabolisms most affected by CI. The microscopic images have
allowed us to visualize the cellular structures affected by cold stress in pepper fruits.
This last approach gives us an accurate image of what is occurring during chilling on
cell organelles stability, which has a direct effect on the protein profile of those cell
compartments.

MATERIALS AND METHODS

Plant material and cold treatment.
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Bell pepper fruits (Capsicum annuum L. var. ‘California’) were obtained from a local
producer and selection was based on size uniformity, color and absence of defects. They
were divided into three groups; each group consisted of four sub-samples (biological
replicates) and each sub-sample consisted of three fruits: one group was analyzed on
harvest day (H), another group was stored at 1 °C (chilled samples, Ch) and the last
group was stored at 10 °C (control samples, C), in both cases in darkness. The storage
period was 21 days and relative humidity (RH) was maintained at 80% in both samples,
Ch and C. After storage, fruits were transferred to a reconditioning chamber at 20 °C
and 80% RH for 72h, also in darkness, before proceeding with the analyses; thus the
total storage period was 24 days (21 days at 1 °C or 10 °C plus 3 days at 20 °C). After
this reconditioning period, ethylene production was measured. The whole pericarp
tissue was collected and frozen in liquid nitrogen, and stored at -70 °C until
lyophilization was fulfilled.

Transmission electron microscopy

Pepper fruit sections were embedded as previously described [20]. Sections (1 x 3 mm)
were fixed with 2.5% glutaraldenyde and 4% paraformaldehyde in 0.1 M sodium
phosphate buffer (pH 7.2) for 2.5 h. After three 15 min. washes with the buffer, the
samples were post-fixed in 1% osmium tetroxide, in the same buffer, for 2 h. After this,
three washes with phosphate buffer were performed. All fixed tissues were dehydrated
in a graded series of ethanol (35, 50, 70, 96 and 100%), then infiltrated, first with
propylene oxide and then with propylene oxide and Spurr’s resin mixture. The samples
were then immersed in Spurr’s resin overnight at 4°C. Finally, the samples were
embedded in Spurr resin. Blocks were sectioned on a Leica EM UC6 ultramicrotome,
collected on copper grids and stained with uranyl acetate followed by lead citrate.

Sections were examined using a Philips Tecnai 12 transmission electron microscope.
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Ethylene production.

Ethylene was measured by GC-FID according to Egea et al. [21]. Fruits were placed in
jars, hermetically sealed with a rubber stopper. After 1h, 1 mL sample of the internal
atmosphere of the jar was extracted and ethylene production was quantified in a
Hewlett-Packard gas chromatograph model 5890, equipped with a flame ionization
detector and stainless steel column (3 m x 3.25 mm i.d.) containing activated 80/100
mesh alumina. The flow rates of carrier gas (nitrogen), hydrogen and air were 32, 26
and 400 mL min™, respectively, and the temperatures of the column, injector and
detector were 70, 150 and 175 °C, respectively. The quantification was carried out by
calibration, point-by-point, with an external standard. Results were expressed as nL of
ethylene produced per gram of fresh weight and hour (nL g™*h™).

Determination of ascorbate content.

Fruit ascorbate (ASC) content was determined according to Egea et al. [21] with slight
modifications. Lyophilized tissue (0.1 g) was ground in an ice bath with 10 mL 5%
metaphosphoric acid stored at 4 °C, and then the final mix was homogenized by Vortex.
The final solution was maintained on the ice bath, in darkness, for 30 min and then
centrifuged at 20,000 x g for 25 min at 4 °C. After centrifugation, the supernatant phase
was purified through a C18 column (Sep-pak plus, Waters) and a 0.2 um filter
(Millipore). Analyses were carried out with a HPLC equipment (Shimadzu LC-10Atvp),
using a thermostatized ion-exchange column (ION-300, Tecknocroma) at 30 °C and
applying an isocratic elution of the mobile phase (H,SO4, 5 mM) at a flow rate of 0.35
mL min™. Ascorbate was spectrophotometrically detected by registering absorbance at
254 nm wavelength by means of a UV detector. For quantification of the compound a
calibration curve in the range of 10-100 mg kg™ was prepared from standard ascorbic

acid. Results were expressed as mg 100 g™ FW.
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Lipid Peroxidation Measurement.

Malonyl-dialdehyde (MDA) production was used as the analytical parameter to
determine the index of lipid peroxidation, using the thiobarbituric acid reactive
substrates (TBARS) assay to measure it. Extraction and determination of MDA content
was performed according to Martinez-Solano et al. [22] with slight modifications: 0.2 g
of lyophilized pepper tissue was homogenized in 4 mL of 0.1% trichloroacetic acid
(TCA) solution. Results were expressed as nmol MDA produced per gram FW per hour
(nmol MDA g™ h™h).

Sugar and Organic Acids Content.

Sugars and organic acids were extracted according to the procedure of Sanchez-Bel et
al. [23]. The extract was filtered through a Durapore 0.45 pum HV (Milipore
Corporation) membrane disk and then passed through a C18 Plus Sep-Pak cartridge
(Waters Corporation, Massachusetts).Quantification was carried out by high-
performance liquid chromatography (HPLC; Shimadzu, Kyoto, Japan) using a
thermostatized ion-exchange column (ION-300, Teknochroma) at 30 °C, with isocratic
elution of mobile phase made of H,SO, 2.5 mM and a flow rate of 0.4mL.min, and
with two detectors connected in tandem: a Shimadzu Refractive Index Detector (RIL-
10Avp, Kyoto, Japan) for detection of sugars, and a Shimadzu UV-Vis
Spectrophotometric Detector (UV-10Avo,Kyoto, Japan) for detection of organic acids.
The wavelengths for UV detection of organic acids were 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 mg per 100g of fresh weight.

Extraction and analysis of antioxidant enzymes (Supplementary table S1)
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Enzymes extractions and analyses (Guaiacol peroxidase, POX; EC 1.11.1.7, and
Catalase, CAT; EC 1.11.1.6) were carried out according to Martinez-Solano et al. [22].
Enzyme activities were expressed as specific activities (units per mg protein). Protein
concentration was measured using the Bio-Rad DC protein Kit.

Statistical analysis of physiological and biochemical data.

Tests for significant differences were carried out using the General Linear Model of the
SPSS (version 11.0) statistical package. Analysis of variance (ANOVA) was performed
to compare mean values for each variable using the treatments as a statistical parameter,
considering a confidence level of 95%. Parameters were analyzed, for the same day of
storage, by unpaired Student’s t-test at a stringency of p<0.05.

Protein extraction and preparation.

Samples at harvest day and those stored during 24 days (21 days at 1 °C or 10 °C plus 3
days at 20 °C) were used for the proteomics analysis. Soluble proteins were extracted by
adding 1.5 mL of extraction buffer [50 mM sodium phosphate buffer at pH 7.8
containing 1 mM EDTA, 0.2% Triton X-100, 2% poly(vinylpyrrolidone) (PVP), 1 mM
DTT and protease inhibitor (Complete, Roche) to 100 mg lyophilized pericarp powder,
followed by 1 min of Vortex agitation. The homogenate was chilled at 4 °C and then a
centrifugation step at 18000 x g and 4 °C for 15 min was fulfilled. The supernatant
phase was collected and desalted through a Sephadex G-25 (NAP-10, Gealthcare)
column. The sample was collected in 50 mM sodium phosphate buffer pH 7.8 and total
protein was quantified using the Bio-Rad DC protein assay kit, based on the method
described by Lowry et al. [24], using bovine serum albumin as standard to prepare the
calibration curve for quantification.

DIGE experimental design.
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DIGE experiments and protein identification were performed at the Proteomic Facility
of the Universidad Complutense -Parque Cientifico de Madrid, Spain (UCM-PCM), a

member of ProteoRed Network (http://www.ucm.es/info/qyp/proteomica/en/index.htm).

Following extraction, interfering components were removed by using 2D-Clean Kit™
(GE Healthcare). The proteins were resuspended in 10 mM Tris buffer pH 8.5
containing 7 M urea, 2 M thiourea and 2% v/w CHAPS. The protein concentration was
determined using 2D-Quant Kit™ (GE Healthcare). Each experiment 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 labeled using the CyDye DIGE Fluor minimal dye (GE Healthcare,)
following the manufacturer’s recommendation for minimal labeling. Four hundred pmol
of CyDye in one mL of anhydrous DMF was used per 50 mg of protein for the labeling.
After 30 min of incubation on ice 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 rehydration 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 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 °C 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, strips were
firstly equilibrated for 12 min in reducing solution (6 M urea, 50 mM Tris-HCI 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- HCI 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,
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2.6% C (piperazine diacrylamide) polyacrylamide gels cast in low fluorescent glass
plates. Electrophoresis was carried out at 20 °C, 15 W/gel using Ettan-Dalt six unit.
Image acquisition and DIGE analysis.

Proteins were visualized using a Typhoon 9400™ scanner (GE Healthcare) with CyDye
filters. For the Cy3, Cy5 and Cy2 image acquisition, 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. Image analysis was carried out with 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 harvest day; control samples versus harvest day; and
chilled versus control samples. Average ratio and unpaired Student’s t-test were
calculated between groups. In order to reduce the false positive, False Discovery Rate
(FDR) was applied. Protein spots with 1.5-fold as threshold in the average ratio with p-
values less than 0.05 were considered as differentially expressed with statistical
significance between extracts under comparison. Unsupervised multivariate analysis
was performed using the extended data analysis (EDA) module. PCA analysis was
performed following the nonlinear iterative partial least squares method.

Protein identification.

Total protein profile was detected by staining the DIGE gels with CBB. Proteins
selected for analysis were in-gel digested [25]. Samples were reduced with 10 mM DTT
in 25 mM ammonium bicarbonate for 30 min at 56 °C and subsequently alkylated with

55 mM iodoacetamide in 25 mM ammonium bicarbonate for 20 min in the dark.

10
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Finally, samples were digested overnight at 37 °C with 12.5 ng mL™ sequencing grade
trypsin (Roche Molecular Biochemicals) in 25 mM ammonium bicarbonate (pH 8.5).
After digestion, the supernatant was collected and 1 mL was spotted onto a MALDI
target plate and allowed to air-dry at room temperature. Then, 0.4 mL 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 4700 Proteomics Analyzer (Per-
Septives Biosystems, Framingham, MA). The instrument was operated in reflector
mode, with an accelerating voltage of 20000 V. All mass spectra were calibrated
externally using a standard peptide mixture (Sigma). Peptides from the auto digestion of
the trypsin were used for the internal calibration. 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 CID on (atmospheric gas was used) 1 KV ion reflector mode and
precursor mass Windows 610 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 v3.5 software with a licensed version 1.9 of MASCOT,
using viridiplantae database.

Biological processes and functions involving differentially abundant proteins.

The differential abundance of proteins in the three experimental conditions was
statistically analysed by ANOVA (p<0.01) followed by the 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

11
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Basic Local Alignment Search Tool BLASTX [26] with an e-value cut-off of 1.6 to
avoid false positives. Linked Mapman Bins were used for functional assignments

(http://mapman.mpimp-golm.mpaq.de/).

RESULTS

Development of visual symptoms of chilling injury and effects on cellular
ultrastructure.

Both pepper fruits stored under optimal (10 °C) and Cl-inducing (1 °C) temperatures
were reconditioned at 20 °C during three days, since it is during this rewarming period
when Cl-affected fruits exhibit visual symptoms caused by the physiopathy. Control
fruits do not appear to be affected during the storage period (Figure 1, image Al),
whereas chilled fruits were clearly affected by cold stress, exhibiting typical CI
symptoms: surface pitting and shrivelling (Figure 1, image A2).

The ultrastructure of pericarp in control and chilled pepper fruits was analysed by
transmission electron microscopy. Epidermal cells of chilled pepper fruits showed
collapsed cytoplasms in comparison with harvest day and control samples (Figure 1 A,
B and C). Similarly, collenchymatic cells (under the epidermal cell layer) were also
highly affected by cold storage; cytoplasms of chilled samples were collapsed and
degraded in comparison with harvest day and control samples (Figure 1 D, E and F).
The pericarp of pepper fruit is mainly composed of mesocarp cells which are bigger in
volume than epidermal and collenchymatic cells. These results showed that mesocarp
cells of chilled samples were also affected, although it was possible to find some cells
showing unaltered ultrastructure (Figure 1 G, H and 1). Plastids in harvest day samples
showed a different ultrastructure depending on the cell type. Epidermal and
collenchymatic cells showed a typical discoidal shape with abundant plastoglobuli

(Figure 1 A and J). However, plastids in mesocarp cells showed abundant starch grains

12
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and lower amounts of plastoglobuli (Figure 1 G and M). Control samples, showed some
altered plastids in collenchymatic and mesocarp cells; these plastids have disrupted
grana but the thylakoids are still stacked and show starch grains (Figure 1 K and N).
However, chilled samples showed great differences compared with control and harvest
day samples. In the majority of epidermal and collenchyma cells, plastids are degraded
(Figure 1 L). Plastids of mesocarp cells were also altered (Figure 1 O) but it was
possible to observe some cells with unaltered plastids (Figure 1 1). Cells of pepper fruit
have abundant peroxisomes in the cytoplasm as can be observed in harvest day sample
(Figure 1 M) but also in samples stored at 10°C. However, in chilled samples the
peroxisomes abundance decreased drastically (Figure 1 O).

Physiological and metabolic response of bell pepper fruits to Chilling Injury.
Parallel to the development of CI visual symptoms, chilled fruits showed a significant
(p<0.05) rise of ethylene production that did not come up with control fruits (Table 1).
One typical feature of CI is the induction of oxidative stress, which it is possible to
determine through the rise of lipid peroxidation. In this study, lipid peroxidation of
fruits was measured as MDA production and was significantly higher (p<0.05) in
chilled samples compared with control fruits (Table 1). Sucrose and fructose contents
increased significantly (p<0.05) in chilled fruits compared with control ones, while
glucose content was not affected. With regard to organic acids contents, the levels of
oxalic and citric acids were significantly (p<0.05) reduced in chilled fruits compared to
control ones whilst that of succinic acid seems not to be affected by cold storage. One
remarkable feature of this analysis was the malic acid, which was not detected in control
and harvest day fruits but did come up in chilled fruits (Table 1). Ascorbate content

(ASC) was significantly (p<0.05) reduced in chilled fruits compared to control fruits.

13
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Proteomic analysis of bell pepper fruits subjected to chilling and non-chilling
temperature storage.

Representative 2D-DIGE maps of proteins using an optimized extraction procedure are
provided as Supporting Information (Figure S1 of supplementary data). A total of 18 2D
gel images from 6 2D-DIGE gels corresponding to harvest and the two storage
conditions (1 °C and 10 °C), with 4 biological replicates per sample have been obtained.
The distribution pattern of proteins at harvest, and at the end of the storage period for
control and chilled fruits are also provided as Supporting Information (Figure S2 of
supplementary data). Of the protein profiles of samples from harvest day and the two
storage temperatures, a total of 147 spot proteins exhibited a significant variation in
their abundance when a one-way analysis of variance (ANOVA) (p<0.05) and a false
discovery rate correction test (FDR, g-value of 0.05) were applied (Figure 2A). The
differential data set was also subjected to a principal components analysis (PCA) to
investigate inter- and intra-group relationships among the three types of samples (Figure
2B). 82.3 percent of the cumulative variance was represented by the first two principal
components in PCA (PC1 52.3% and PC2 30%). There is a clear partition between the
three types of samples, each one located in one quadrant of the map created by PC1 and
PC2. The first principal component (PC1, x-axis) separates chilled samples (positive
area) from harvest day and control ones (negative area) while throughout PC2 (y-axis)
there is a clear separation of harvest day samples (negative area) from chilled and
control samples which are placed on the positive area of the PC2 axis. These data
indicate that 52% of variation corresponds to a regulation of protein abundance due to
cold storage.

Of the 147 protein spots which exhibited significant variation in their abundance, 106

were down-regulated and 41 were up-regulated. 67 of these proteins could be excised

14



346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

from the gels and then identified by mass spectrometry. Of this set of 67 proteins, 15
were up-regulated and 52 were down-regulated (Figure 2C). Most of the spots were
identified by peptide mass fingerprint. In the particular cases where the identification by
mass fingerprint did not supply conclusive results, a peptide fragmentation strategy was
performed and the fragmented peptides were searched for independently (MS/MS) or in
combination with the search by mass fingerprint. In some cases, when no identification
was found in the databases, even with high-quality spectrums of peptides fragmentation,
a de novo sequencing was carried out and a search by sequence homology was
completed in order to provide a more probable sequence identification.

Of the 67 identified proteins that displayed significant differential abundance, 55
exhibited an abundance fold change value higher than 1.5 when chilled samples were
compared with control ones. Of this set of 55 proteins, 10 were up-regulated and 45
were down-regulated (Figure 2C).

Functional classification and abundance patterns of protein spots

The 55 proteins identified as having differential abundances and a fold change value
higher than 1.5 when compared chilled samples with control samples (Ch/C) were
classified into 16 classes according to the bioinformatics tool for functional
classification Mapman (Mapman 3.5.1, http://mapman.gabipd.org). Redox and
carbohydrate metabolism, this last one comprising glycolysis-, tricarboxylic acids
(TCA)- cycle, Calvin cycle and fermentation-metabolism, were the two major
functional classes found in our proteomic study (Figure 3A).

Concerning Redox metabolism, four protein spots were up-regulated in chilled fruits
compared to control fruits (Ch/C): monodehydroascorbate reductase (MDHAR, spot
581), glutathione-S-transferase (GST, spot 1279), manganese superoxide dismutase

(Mn-SOD, spot 1333) and thioredoxin peroxidase (TXP, spot 1439) (table 2). The rest
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of the proteins belonging to this category were down-regulated in Ch/C; a probable
glutathione-S-transferase  (GST, spot 1306), a probable NADP-dependent
oxidoreductase (spot 822), ascorbate peroxidase (APX, spot 1154), two GSH-dependent
dehydroascorbate reductase (GSH-DHAR, spots 1298 and 1299) and four catalase
(CAT, spots 230, 362, 366 and 371).

Linked to the carbohydrate metabolism, the spots found with differential protein
abundance (down-regulated in chilled fruits compared with control fruits) were
aldehyde dehydrogenases (ADH spots 357, 365 and 372), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, spots 557, 750, 754, 756, 767, 768), phosphoglucomutase
(PGM, spots 198, 212), glucose-6-phosphate isomerase (GPI, spot 259), enolase (spot
409), ribulose-1,5-biphosphate carboxylase/oxygenase (RuBisCO, spot 416) large
subunit, fructose-biphosphate aldolase (FruBP, spots 717, 834, 873), transketolase
(spots 143, 548), malate dehydrogenase (MDH, spots 748, 758), NADP-isocitrate
dehydrogenase (NADP-ICDH, spot 582) and citrate synthase (CS, spot 538). The only
up-regulated proteins were the enolase and one of the two transketolases (spot 143)
(Figure 3A, right-side zoom).

Finally, the rest of functional classes correspond mainly to proteins related to stress,
amino acid metabolism, cell wall metabolism, nitrogen metabolism, protein
degradation, RNA processing, secondary metabolism, and transport.

Six different patterns were created from the whole set of protein data on the basis of
similar abundance profiles (Figure 3B). Three of these clusters correspond to up-
regulated proteins and the other three to down-regulated proteins in response to cold
storage when comparing Ch/C. The first pattern (A) is formed by proteins that showed a
pronounced increase during the cold storage (Ch/H) compared with a minor increase

accumulation during the storage at 10 °C (C/H). This behaviour is exemplified by a
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NAD-dependent formate dehydrogenase, and two PR proteins. The second pattern (B)
is formed by proteins exhibiting an increased accumulation during storage at chilling
temperature (Ch/H) but they were down-regulated when the samples were stored at 10
°C (C/H). This cluster is mainly represented by glycolisis- and redox-related proteins.
The third pattern (C) is generated by proteins down-regulated both in control and chilled
samples when compared with harvest day samples, but the inhibition rate is lower
during cold storage than during storage at 10 °C, and as a result the comparison of Ch/C
showed up-regulation. The only protein of this group is a monodehydroascorbate
reductase (MDHAR). The opposite arrangement is presented by proteins included in
pattern D. In this pattern there are carbohydrate metabolism- and redox-related proteins.
These proteins have a lower degree of abundance during postharvest storage compared
with harvest day and this inhibition of the protein abundance was more pronounced
when the samples were subjected to cold storage (1 °C). The largest pattern (E)
corresponds to proteins that are up-regulated at non-chilling temperature storage and
down-regulated in response to storage at 1 °C, and even in this last type of conservation
the protein abundance is lower than in harvest day samples (Ch/H). This pattern is
mainly represented by glycolisis-, redox- and TCA cycle- related proteins. The last
pattern (F) corresponds to proteins that are up-regulated in both optimal and CI-
inducing storage in comparison with harvest day samples, but the increment of the
protein accumulation is lower during cold storage (Ch/H) than during storage at 10 °C
(C/H). In this pattern are cell wall metabolism-, amino acids metabolism, redox-, and
TCA cycle-related proteins.

It is interesting to underline the pre-eminence of one or another of the above functional

classes within the different patterns in which the proteins have been distributed
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according to the differential degree of abundance as a consequence of the different
postharvest storage temperature applied to the fruits (Table 2).

DISCUSSION

In spite of the numerous studies on the physiopathy of CI, which causes important
damages in fruit quality, scarce advances have been achieved until now, probably
because the most studies only analyze the physiological changes induced by ClI. In this
study, besides the physiological and metabolic changes, the damage induced by CI at
the cellular level has been analyzed by electron microscopy analysis. Moreover, this is
the first proteomic study in pepper fruits subjected to Cl. When fruits were analyzed
after storage, chilled fruits showed clear visual symptoms of damage and a deep
alteration of the cell ultrastructure (Figure 1), few studies have reported results at the
subcellular level concerning the effect of cold stress on the ultrastructure of the cells
[27]. Changes in physiological and metabolite contents induced by CI confirmed the
development of this physiopathy. Thus, an increase in ethylene production was
observed in chilled fruits (Table 1). In many cold-sensitive plant systems, low
temperatures stimulate ethylene biosynthesis together with development of CI, and
these events have been associated with an increase in the contents of precursors of
ethylene biosynthesis or in the activities of enzymes involved in the biosynthetic
pathway [28, 29, 30].

During CI loss of redox homeostasis because of a disproportionate increase in ROS
production, causing oxidative stress is a distinctive effect of low temperatures in plant
organs [4]. Changes in MDA production, which reflect the rise of lipid peroxidation of
cell membranes caused by ROS accumulation [29], were also observed in chilled fruits
(Table 1). It is interesting to point out that the MDA increase in chilled fruits is

associated to plastid degradation and the disappearance of peroxisomes in chilled fruits
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(Figure 1, L, O), the decrease in the activities of antioxidant enzymes (CAT and POX)
(supplementary table S1), and the data obtained from the proteomic study (Table 2) in
which “redox metabolism” is one of the two major functional classes affected by cold
stress.

The decrease in the number of peroxisomes, and even their disappearance at chilling
temperature storage, may be due to the oxidative degradation of their lipid membrane,
since they are extremely fragile organelles surrounded by a single membrane [31]. Thus,
ROS accumulation can oxidize their lipid membranes causing the structural
disintegration of the organelles as occurred in pepper fruits subjected to other abiotic
stresses like ionization treatments [22]. Since CAT is located inside of the peroxisomes,
the disintegration of these organelles could explain the decrease in CAT activity and the
down-regulation of CAT protein abundance. The accumulation of lipid hydroperoxides
found in chilled fruits along with other ROS could be the cause of the up-regulation of
TPX found in chilled fruits [32]. Thioredoxin peroxidase plays an important role in
plants under abiotic stress conditions through its involvement in regulating redox
homeostasis; it has been suggested that this enzyme achieves this role by catalysing the
decomposition of the H,O, that escapes detoxification by other antioxidant enzymes
such as catalases and other peroxidases [33].

The lower capacity of the chilled fruits to re-establish the cellular homeostasis is mainly
associated with both down-regulation of CAT and important alterations of the
abundance of proteins involved in the ascorbate-glutathione cycle. In a previous
proteomic study on tomato, prior to Cl symptoms appearance, we observed that redox
metabolism was not affected [18], whereas in this study, in which pepper fruits clearly
manifested CI symptoms, it is affected. This suggests that redox metabolism alterarions

are a consequence of the damage of CI rather than a defence mechanism against stress.
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This assumption is also supported a by other proteomic studies on tomatoes were clear
Cl symptoms were spotted. The proteome of tomato fruits in these studies presented
significant changes in the abundance of proteins involved in oxidative homeostasis [16,
17].

To counteract the increased accumulation of ROS, plant responses include the induction
of diverse ROS-scavenging systems(enzymatic and non-enzymatic). Detoxification of
hydrogen peroxide is performed mainly through APX enzyme belonging to the
ascorbate/glutathione cycle (Figure 4), while MDHAR enzyme catalyzes the
regeneration of ASC in the chloroplast at the expense of NADH or NADPH [34]. The
diminution of ASC observed in the chilled fruits together with the down-regulation of
APX and of DHAR would indicate that the capacity of regeneration of ASC was
exceeded because of Cl and, as a consequence, the ASC pool was depleted (Figure 4).
On the other hand, up-regulation of MDHAR in chilled samples may be a consequence
of the low content of ASC. Eltelib et al. [35] suggested that the ASC pool is possibly
involved in regulating the mRNA expression and activity of MDHAR, and as a result its
activity and expression increase in tissues with low ASC content.

In plants, low temperatures stress is known to have significant effects on carbon
metabolism and on carbohydrates contents [4, 8]. Many studies have shown that there is
a causal link between the cold-induced modulation of sucrose metabolism and cold
tolerance [36]. One of the main consequences of chilling injury in affected tissues is the
loss of permeability control of the cell membranes which leads to an ion and water
leakage and the subsequent osmotic stress [8]. This process is responsible for
dehydration, and it has been proposed that sugars have a role as compatible solutes to
protect cells against osmotic stress [37]. Thus, exposure of plants to cold stress

frequently leads to the mobilization of carbohydrates and this process may involve the
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hydrolysis of starch and other polysaccharides or simply the conversion of sucrose to
reducing sugars [8]. In this study, starch grains disappear and sucrose and fructose
contents increased in chilled fruits. Moreover, most of the proteins involved in
carbohydrate metabolism were down regulated by CI. One of the proteins found to be
down-regulated was PGM, which plays a pivotal role in the synthesis and breakdown of
glucose controlling the flux through the major metabolic pathways. Although little is
known about the role of this protein in the plant response to stress, this is not the first
time PGM has been reported as being down-regulated by abiotic stress [38]. The
enzyme is thought to be responsible for maintaining the Glc-6-P and Glc-1-P balance.
The first compound continues its metabolic pathway through glycolysis, while the
second is diverted to the metabolism of starch biosynthesis. This result supports the
hypothesis that cells are trying to accumulate reducing sugars in two ways; by
mobilization of carbohydrates, which would explain the disappearance of the starch
grains on chilled samples (Figure 1) and is consistent with the inhibition of PGM (Table
2), and by the down-regulation of the catabolic pathways of sugars as it seems to
indicate the sucrose and fructose contents of the chilled fruits compared to control fruits
(Table 1).

Enolase is the only up-regulated protein found in the glycolytic metabolism. In addition
to its activity in the glycolytic pathway, it has been proposed that enolase is a positive
regulator of cold response, since a gene that codes for this enzyme (X58107) has been
identified in a transcriptomics study of Arabidopsis subjected to low temperature
treatment as a cold-induced gene [39]. A comparison of the protein profiles regarding
carbohydrate metabolism among this study on pepper fruit (supplementary table S2) and
analogous studies on other species showed that although carbohydrate metabolism

seems to be one of the most affected by this stressful condition, only two proteins
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overlap between pepper and other species (peach and tomato) irrespectively of the
ripening stage of the fruits and the degree of development of CI: enolase [13, 16] and
GAPDH [15, 18]. GAPDH has been localized in the nucleus of Arabidopsis plant cells
when cold stress occurred [40]. Moreover, its capacity to bind DNA has been observed
[41], specifically in the coding sequence of the plastid NADP-dependent malate
dehydrogenase (MDH) gene (At5g58340) [42]. This molecular function has been
proposed as part of the signalling pathway which goal is increasing the malate-valve
capacity [41]. In this study, cytoplasmic malate dehydrogenase is inhibited in chilled
samples (Table 2). While plastid MDH has been extensively studied in abiotic stress,
this is the first evidence at the protein level of a cytosolic MDH involved in this type of
stress. Yao et al. [43] characterised the role of the apple cytoplasmic MDH gene
(MdcyMDH) in tolerance to cold stress and observed that the transcripts levels were
strongly down-regulated when chilling temperatures were applied, as occurred in this
study at the protein level. Those authors found that MdcyMDH overexpression enhances
cold and salt tolerance. The role of cyMDH in cold tolerance can be exerted by means
of either altering metabolic energy (ATP) generation [43] or importing malate produced
by cyMDH catalytic activity into mitochondria via malate-OAA shuttle in order to
maintain the flux of TCA cycle and the subsequent respiratory flux [44, 45]. In this
sense, another protein found to be inhibited in pepper chilled samples was Aspartate
aminotransferase (AspAT) (Table 2). This protein catalyzes the transfer of the amino
group from aspartate to o-ketoglutarate, yielding oxalacetate and glutamate and the
inverse reaction [46]. In plants, AspATs have been reported to play an important role in
a number of physiological processes including the participation in the malate/aspartate
shuttle [47]. Asp is the precursor for several essential amino acids involved in osmotic

regulation and they represent the link between the nitrogen and carbon metabolic
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pathways [48]. Indeed, the oxalacetate required to synthesize Asp is produced from
malate in the TCA cycle through the activity of malate dehydrogenase, whereas a-
ketoglutarate can be synthetized by isocitrate dehydrogenase, and by AspAT during Asp
production [49]. In this sense, the fact that we found down-regulated the protein AspAT
in chilled fruits is in agreement with the observation that almost all proteins associated
with the organic acids and sugar catabolic processes, were down-regulated in chilled
fruits. Furthermore, every protein related to organic acids metabolism found in this
study (cMDH, NAP-ICDH, CS) codes to enzymes that catalyse critical steps where
reducing molecules are generated. Studies on pepper plants [50] showed that under cold
stress conditions an increase in NADPH production is needed to undergo cold
acclimation and a rise in all NAD-dehydrogenases activities occurs.

Modifications in the abundance of Calvin cycle-related proteins were not observed in
the proteomic studies carried out with the chilled fruits of tomato and peach [13, 15, 16,
18], even though biochemical and physiological adaptations of plants to low
temperature generally include alterations of gene expression and post-translational
modifications of enzymes from the sucrose synthesis pathway and from the Calvin
cycle. However, in this study, a differential down-regulation abundance of RuBisCo
large subunit has been detected in chilled pepper fruits compared with control fruits.
This down-regulation of RuBisCO and other enzymes of Calvin cycle seem to be a
consequence of the plastids degradation observed due to chilling injury (Figure 1 L O).
There is a particular case of two spots (Ids 143 and 548 with MW of 67064 and 49456,
respectively) identified as transketolases that presented an opposite abundance pattern.
Chilled fruits show up-regulation in spot number 143 while spot 548 is down-regulated
when compared with control ones (Figure 2A right-side zoom). The lower molecular

weight of spot 548 is linked to the fact that the protein sequence coverage is arranged
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from the middle up to the end. This could indicate that the referred transketolase has
been subjected to degradation. This phenomenon of protein degradation has been
previously reported in proteomic studies [51, 52]. Results obtained from tobacco plants
with reduced levels of plastidic transketolase suggested that non-allosteric enzymes as
transketolase could exert control over carbon fixation, since reductions in transketolase
activity had dramatic effects on carbon partitioning between the sucrose and starch
biosynthetic pathways [53]. This finding, together with the down-regulation found in
PGM, supports the hypothesis that cells are readjusting their metabolism in response to
cold stress in order to maintain the level of sugars.

SUPPLEMENTARY DATA

Table S1. Antioxidant enzyme activities (CAT and POX) of bell pepper fruits at harvest
day and at the end of both storage treatments (21 days at 1 or 10 °C with a posterior
reconditioning step at 20 °C in both cases).

Table S2. A comparison of differentially expressed proteins detected in proteomics
studies performed in tomato, peach and bell pepper affected by CI

Figure S1. Representative 2D-DIGE images from the Cy5 vs. Cy3 samples gels.

Figure S2. Distribution pattern of proteins from harvest, control and chilled samples in
2D gels.
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FIGURE LEGENDS

Figure 1. Visual symptoms of Cl and transmission electron microscopy images.

Visual aspect of fruits at harvest (A0) and after 21 days of storage at 10 °C (Al) or 1 °C (A2)
plus 3 days of reconditioning at 20 °C. Transmission electron microscopy images from
transversal sections of pericarp of Capsicum annunn. (A, D, G, J and M) pepper fruits at harvest
time, (B, E, H, K and N) pepper fruits after 21 days of storage at 10 °C (control) plus 3 days of
reconditioning at 20 °C. (C, F, I, L and O) pepper fruits after 21 days of storage at 1 °C (chilled)
plus 3 days of reconditioning at 20 °C. (A, B and C). Ultrastructure of epidermal cells (Arrows
in C show collapsed cytoplasm). (D, E and F) Ultrastructure of Collenchymatic cells under the
epidermis (Arrows in F show collapsed cytoplasm). (G, H and 1) Mesocarp cells. (J) Detail of a
collechymatic cell in control pepper fruit showing a plastid. (K) Detail of a collechymatic cell in
control samples (10°C) showing an altered plastid. (L) Detail of a collechymatic cell in chilled
samples (1°C) showing a degraded cytoplasm and plastid. (M) Detail of a mesocarp cell in day 0
pepper fruit showing a cytoplasm rich in plastids containing starch grains, peroxisomes and
mitochondria. (N) Detail of a mesocarp cell in control samples (10°C) showing a cytoplasm
containing altered plastids. (O) Detail of a mesocarp cell in chilled samples (1°C) showing a
degraded cytoplasm containing altered plastids. Ct= Cuticle; CW= Cell Wall; Ep= Epidermal
cell; M= Mitochondria; Pt= Plastid; Px= Peroxisome; S= Starch grain.

Figure 2. Proteomic analysis in bell pepper fruits.

(A) Master gel stained with CCB showing protein spots with significant variations. Green
colour marks correspond to those spots with significant variation at p<0.05, those spots with
significant variation at p<0.01 are marked with orange colour. Right-side zoom: Details of spots
143 and 548. (B) PCA of the 147 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 colour) were visualized for each sample. The two principal components PC1 and PC2
accounted for 52.3% and 30% of the total variance respectively. (C) Summary of the number of

spots obtained in each proteomic analysis step.
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622  Figure 3. Functional classification of protein spots.

623  (A) Functional classification according to putative function using MapMan software

624  (http://mapman.mpimp-golm.mpg.de/). (B) Different protein patterns created from data on the
625  basis of the protein abundance profiles for control and chilled samples compared with harvest
626  samples, and chilled samples compared with control samples. Up = up-regulation, Down =
627  down-regulation

628  Figure 4. Ascorbate-glutathione cycle.

629  Proteins and metabolites down-regulated are indicated with downwards arrows, upwards arrows
630 indicate the proteins that are up-regulated. AA, ascorbic acid; APX, ascorbate-peroxidase;
631 MDHAR, monodehydroascorbate reductase; DHAR, dehydroascorbate reductase; GR,
632  glutathione reductase.

633
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Table 1. Physiological parameters and metabolite contents in fruits after 21 days of storage at 10 °C
(control) or 1 °C (chilled) plus 3 days of reconditioning at 20 °C.

Control Chilled

Ethylene (nL g* h™) 0.75+0.015a 5.07+1.15b

Lipid peroxidation (nmol MDA g* h') 99.45+3.80a 117.20+3.01b
Sucrose (mg 100g FW™) 0.16 £0.01b 0.32+£0.03a
Glucose (mg 100g FW™) 242+0.25a 2.13+0.17 a
Fructose (mg 100g FW™) 2.28+0.13b 2.82+0.24a
Oxalic acid (mg 100g FW™) 2.86 +0.22 a 1.95+0.23b
Citric acid (mg 100g FW™) 290+0.15a 1.26 +0.17 b
Malic acid (mg 100g FW™) nd 1.73 £ 0.67

Succinic acid (mg 100g FW™) 7.02+1.07b 9.66 + 4.69 a

Ascorbic acid (mg 100g FW™)

196.11+11.82 a

120.55+2.73b

Values represent the means + SD of four replicates (3 fruits each).

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

nd. Non-detected
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Table 2. Identified protein spots, functional classification and their accumulation (fold change).

Matched/

Fold Change'

. . . .
Pattern Sp‘;’t Assignment” Unl_Prot % Unmatched® MS/MS ions® (score) TargetP" Species Nominal  Calculated ~ Nominal CH Ch/H Ch/C
no’. accesion no. Coverage (Score)d Mr Mr pl
Amino acid metabolism
E 38 xmg’sg'”e Q42699 9 8/38(90) c Catharanius 74008 g4gsy 61 107 -189 -2.02
YLFAGVVDGR (21)
Methionine Catharanthus
E 80 synthase Q42699 21 14/55(241) GVTGFGFDLVR (18) _ rOSeus 84857.3 74157 6.1 1.03 -1.95 -2
F 648 ':‘rf]?ﬁgtt?;isferase P46248 18 C t’?]r;?;ﬂgps's 498313 46571 818 186 103 -1.8
11/59(83) AGITVIQIDEAALR(29)
C1-metabolism
A ery o QO7511 25 S AAGTKDULDR(S) M flft:z:‘:srﬂm 415456 45706 6.9 1 181 181
ydrog 12/60 (92) YAAGTKDMLDR(22)
Cell wall
Polygalacturonase GLGNPYDLITWDPK(73) Capsicum
F 802 inhibitor D7RJIV7 18 20/40(153) LDLNHNKIYGSLPTILT S annuum 38247 36504 8.99 4.11 1.39 -2.97
K (149)
Xyloglucan
endotransglucosyla Arabidopsis
F 1571 se/hydrolase P93046 18 12/43(93) \G/E(GD?(((B:I\RIBES 8523; M thaliana 33540.7 33540 9.03 1291 399 -3.23
protein VYDYCRDPR (23)
Cell organisation
E 1462 Feptidyl-prolylcis- g nsq 14 [VISLYGDDVPQTAENF \y  Arabidopsis — ng356 1 28306 939 18 -1.08 -2
trans isomerase (59) thaliana

4/60(73)

LIESQETDRGDRPR(1)


http://ees.elsevier.com/jprot/download.aspx?id=113218&guid=7cd48972-5da6-4f04-afa4-03a8345de098&scheme=1

SNFVLVEIACTR(22)

E 930 Annexincap32 QoSB88 16 8/57(86) g\ reoumYLHTOONALL Sapsiou 35858.7 37271 585 149 -114 -17
2)
E 938 Annexincap32 Q9SB88 62 Capsicum 35858.7 36203 585 211 -1.01 -2.12
26/39(271) annuum
GDAGSIFVLIK(80) .
E 948 Fibrillin Q42493 23 12/53(206) S0l TpsFYETNNGE) Capsioum 35260.1 35635 508 235 -158 -3.72
AEIVELITQLESK(26)
Fermentation
E 357 Aldehyde QISU63 24 13/52(77) Arabidopsis  gergs g g5gge 711 168 1.2 -2.02
dehydrogenase thaliana
E g5 Aldehyde Q9SU63 15 18/47(132) TFQGPPHGIQVER(36) Arabidopsis  peseg g 55ggg 7.11 2 -134 -2.68
dehydrogenase thaliana
Aldehyde TFPTLDPR(34) Arabidopsis ) i
E 372 o logenase Q9SU63 17 13/52(141) Y AGWADK(S2) thaliane 58588.9 55502 711 277 -1.66 -4.58
Glycolysis
Fructose-
D 717 bisphosphate P17784 11 VAPEVIAEYTVR(8)GI Oryzasativa  38863.4 44200 696 -1.26 -3  -2.38
aldolase 5/60(97) LAADESTGTIGKR(48)
Fructose- Solanum
E 873 bisphosphate Q38JH2 30 10/55(74) wberosurm 423271 39620 819 126 -18 -2.26
aldolase
KAGWGVMTSHR(3) Solanum
B 409 Enolase P26300 30 ISGDQLKDLYK(2) . 47798.3 54418 5.68 -1.43  1.04 15
AAVPSGASTGIYEALEL lycopersicum
16/49(176) Rr(99)
Glucose-6- Solanum
E 259 phosphate Q1PCD2 1 X FLANVDPIDVAR(39) lvcopersicum 62685.5 59466 6.39 157 -1.03 -161
isomerase yeop
Glyceraldehyde-3- ILGYTEDDVVSTDFV
E 557 phosphate P04796 5 X GILG S Sinapsisalba  36924.3 49310 77 169 -1.64 -2.78

dehydrogenase

GDNR(59)



Glyceraldehyde-3-

D 750 phosphate Q8VWP1 33 13/52(253)  ssiFDAKAGIALSK(94) ;"]"rﬁ’i"n‘:m 344854 43167 619  -1.01 -452 -4.46
dehydrogenase AASFNIIPSSTGAAK(88)
Glyceraldehyde-3- VIHDRFGIVEGLMTTV Capsicum
E 754 phosphate Q8VWP1 34 13/52(139) isTAToK(2) o 344854 43082 619 102 -422 -429
dehydrogenase
Glyceraldehyde-3- Cansicum
D 756 phosphate Q8VWP1 17 9/56(173)  SSIFDAKAGIALSK(69) amﬁ’uum 344854 43209 619  -1.34 -2.65 -1.97
dehydrogenase
TVDGPSMKDWR(6)
Glyceraldehyde-3- TVDGPSMKDWR(8) Capsicum
E 767 phosphate Q8VWPO 12 13/52 (98)  AASFNIIPSSTGAAK(22) 34171 42997 6.14 115 -292 -3.35
dehydrogenase LVSWYDNEWGYSSR(2 annuum
6)
TVDGPSMKDWR(10)
Glyceraldehyde-3- AASFNIIPSSTGAAK(12) Capsicum
D 768 phosphate Q8VWP1 25 10/55 (195) L)VSWYDNEWGYSSR(1 anr?uum 34485.4 42158 6.14 -1.01 -205 -2.03
5
dehydrogenase GILGFTEDDVVSTDFVG
DSR(132)
E 198 "hosphoglucomuta g,y 23 14/51(88)  YLFEDGSR(27) Solanum 63469.8 62841 601 105 -1.69 -1.79
se LSGTGSEGATIR(3) tuberosum
E 212 "hosphoglucomuta — q7q, 2 X DNLGGDKLVTVEDIVR Populus 631236 62286 549 122 255 -3.12
se (77 tremula
N-metabolism
DDGTLASFVGFR(42)
E  s5g3 Clutamae PO3541 7 X GGIGCSPSDLSISELER( Solanum 448133 48827 6.68 136 -177 -241
dehydrogenase 5 lycopersicum
Not assigned.unknown
S . MFGGYNKR(1) Arabidopsis
E 1060 formylglutathione QB8LAS8 16 8/57(79)  ELPTLLHENFPELDTSR( thaliana 31655.6 33474 5.91 118 -179 -2.12
hydrolase 57)
Protein degradation
Proteasome AAGITSIGVR(24) Nicotiana
E 1190 subunitalphatype-  Q9XG77 20 18/47 (144) YLGLLATGMTADAR(L tabacum 27303.1 29362 5.92 178 -164 -2.93
6

6




PS calvin cycle

Fructose-

D 834 hisphosphate G8FMI9 18 SAAYYQQGAR(22) Carica papaya 42941.8 40210 6.79 -1.06 -2.37 -2.23
aldolase 8/57(74) LASIGLENTEANR(24)
Ribulose

D 416 Disphosphate 031951 45 29/46(254) Capsicum 52030.3 54418 654  -101 -214 -2.13
carboxylase large baccatum
chain

B 143 Transketolase 078327 46 34/31(294) gr?r?jb"nfm 80398 67064 616  -136 112 152

SITGELPAGWEK(4) Capsicum
E 548 Transketolase 078327 14 14/51(78)  VSIEAGSTFGWEK(2) 80398 49456 616 303 -1.36 -411
VSIEAGSTFGWEK(15) annuum
Redox
Probab.]e SPLLLQMNPIHK(14) Nicotiana

E 1306 glutathione S- Q03666 10 X SPLLPSDPYKR(4) ah 25788.9 26267 567 132 -13 -172

transferase FWADYVDKK(4) abacum
FWADYVDKK(20)

E 82 géogzz!eenlt\l AoP QISLNS 4 X Arabidopsis - 57000 40809 809 122 -249 -3.04
P YFPDGIDIYFENVGGK thaliana : : : : '
oxidoreductase (53)

Monodehydroascor AYLFPEGAAR(3) Solanum
C BBL Q43497 22 11/54(122)  EayapYERPALSKE9) yeopersicum 470357 49020 577  -16 -1.03 155
SVDEYDYLPYFYSR(48)

E 1154 L-ascorbate Q42661 42 12/53(86) Capsicum 271176 30302 521 142 -2.09 -2.97
peroxidase annuum
GSH-dependent

E 1298 dehydroascorbate Q4VDNS 6 X LYHLKVALGHFKK (84) f%‘g”:rr;‘icum 234069 26579 579 101 -15 -152
reductase ycop
GSH-dependent

D 1299 deh drggggorebnate Q4VDNS 25 7/58(89)  VPVINFGDK(33) Solanum 234069 26423 579  -122 -28 2.3
Y WFLEVNPEGK(4) lycopersicum ' ' ' ' '
reductase WFLEVNPEGK(32)

F 230 Catalase QIM5L6 22 12/53(78)  CAHHNNHR(9) gﬁﬁjﬁ’m 56480 56479 731 551 14 -3.92

SHIQENWR(16)



Solanum

E 362 Catalase P55311 54 29/36(237) 56620.2 55041 6.86 141 -314 -441
melongena
E 366 Catalase QIM5L6 39 22/43(161) gr?rﬁ’j:fn‘im 56480 55941 731 106 227 2.4
D 371 Catalase QIM5L6 17 13/52(141) gr?rﬁ’j:fn‘im 56480 55941 731 -111 -174 -157
. i LFESHAILR(29) L
B 1279 ClutathioneS P42761 26 7/58(107)  TPEYQEVNIMK(12) Arabidopsis 24230 27028 549  -1.74 106 184
transferase ERD13 TPEYQEVNIMK(63) thaliana
TPEYQEVNIMK(45)
LVIETTANQDPLVIK(67
)
S id LVIETTANQDPLVIK(37 c .
uperoxide ) apsicum )
B 1333 DoV 049066 10 6/59(98) ;?LVIETTANQDPLVIK(S B 255122 24979 839 -134 141 189
RLVIETTANQDPLVIK(1
5)
; ; GDAGSIFVLIK(6)QLTD -
B 1439 Ihioredoxin Q8SAG?2 16 8/57(82)  SFYGTNR(@0)QLTDSFY Capsicum 174061 17427 517  -157 142 224
peroxidase GTNR(2) annuum
RNA processing
Maturase K (Intron Manihot
E 551 [ rase) BINWD1 43 11/54(76) esoulonta 60615.7 49262 96 167 -224 -3.74
Secondary metabolism
Capsanthin/capsor DSHLGNEPYLR(21) Capsicum ) i
E 423 O e Q42435 4 X CEDARFDVOPRGE) B 56658.7 53831 877 422 -129 -5.43
Stress
Glucan endo-1,3- LEYALFTSNPVVLTND
A 961 beta-glucosidase, P36401.1 x? x? R 36994.7 36185 5.21 947 154 163
acidic isoform
A GAYTFTDKSTASVAPS
Pathogenesis- R(89) Capsicum
A 1415 related protein QIM500 44 13/52(89)  ALVIDFNNLVSK(78) am'?uum 17390 17294 566 162 1485 9.14

PR10

ALVIDFNNLVSKLAPD
V(58)



Pathogenesis-

Capsicum

A 1426 related protein Q9M500 47 14/51(101) 17390 20672 5.66 1.64 16.08 9.82
PRI10 annuum
Tricarboxilic Cycle Acid. TCA.
EFAPSIPEKNITCLTR(84
Malate LFAPSIPEKNITCLTR 95 Medicago
E 748 dehydrogenase, 048905 30 11/54(257) ( sativa g 35546.9 43252 6.39 112 -207 -231
cytoplasmic NGEWSIVQGLPIDEFSR
(116)
Malate VLVTGAAGQIGYALVP Vedi
MIAR(66) edicago
E 758 dehydrogenase, 048905 33 1U/54(216) [amcEKNITCLTR(EA Sativn 35546.9 42912 639 131 -161 -211
cytoplasmic )
E 538 Citrate synthase 080433 28 14/51(93) HAFGDQY(20) Daucus carota 52656.6 50690 6.95 164 -144 -2.37
TIEAEAAHGTVTR(8)
F 5g lsocitrate P50218 32 12/53(82) Nicotiana 467293 49020 606 195 113 -1.72
dehydrogenase tabacum
transport.p- and v-ATPases
: IRQEYER(4)
E 1078 Y-lypeproton QISWE7 32 10/55(81)  IVCENTLDAR(32) Citruslimon 263433 32821 713 294 -166 -4.89
ATPase IVCENTLDAR(11)

& Spot number as assigned in gel master

b Protein assignment based on LC-MS/MS identification

¢ Number of peptides matched/unmatched in MS analysis. Proteins identified by MS/MS are designed with x.

¢ 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.
¢ Amino acid sequence identified by MS/MS when protein identification was performed by combined search (peptide mass fingerprint plus MS/MS); the ion score is indicated in

parentheses.

Values reported indicate the protein accumulation pattern (fold change) between the conditions shown above them. C = control samples, Ch = chilled samples, H= harvest day
samples

Yidentification made by de novo sequencing and a search by sequence homology. Positive identities found = 14/18 (77%)

" subcellular localization predicted by TargetP:

C
M
S

Chloroplast, i.e. the sequence contains cTP, a chloroplast transit peptide;

Mitochondrion, i.e. the sequence contains mTP, a mitochondrial targeting peptide;

Secretory pathway, i.e. the sequence contains SP, a signal peptide;
Any other location;



Figure
Click here to download Figure: Figure 1.pptx



http://ees.elsevier.com/jprot/download.aspx?id=113203&guid=2bf5861b-b05f-4fca-82a1-6623527ebfb5&scheme=1

Figure
Click here to download Figure: Figure 2.pptx

13 Hanrestl
o

e10°C

C Up- Down- 3

Total regulated regulated P
Spqts with S|gn|f|cant variation in 147 a1 106 3
their expression -35
Spots identified by MS/MS 67 15 52 “
Spots with Fold Change >1.5 55 10 45 -&5



http://ees.elsevier.com/jprot/download.aspx?id=113204&guid=7de33bd7-5560-4e1f-8317-3bf8467d4723&scheme=1

Figure

Click here to download Figure: Figure 3.pptx

A Redox
glycolysis

PS Calvin Cycle
TCA

cel organisation
fermentation

amino acid metabolism
stress

cell wall

Transportp- and v-ATPases
protein degradation

RMA processing., splicing
secondary metabolism
M-metabolis m
C1-metabolism

not assigned.unknow n

0.00 5.00 10.00 15.00 20.00 25.00
% of total spots
B Expression profiles
Pattern Control/day 0 Chilled/day0 Chilled/Control
A Up Up Up
B Down Up Up
C Down Down Up
D Down Down Down
E Up Down Down
F Up Up Down



http://ees.elsevier.com/jprot/download.aspx?id=113205&guid=502afc22-910a-490b-9e90-8916def05b2b&scheme=1

Figure
Click here to download Figure: Figure 4.pptx

H,0, lAA GSSG NADPH
y » ®
lAPX ]MDHA DHARl GR

2H,0 MDHA GSH NADP*

DHA


http://ees.elsevier.com/jprot/download.aspx?id=113206&guid=b4699bcb-5467-48d4-a743-c77c029a3814&scheme=1

Supplementary material
Click here to download Supplementary material: Supplementary table 1.doc


http://ees.elsevier.com/jprot/download.aspx?id=113207&guid=7468d106-113f-4bd3-91e5-1d7942e1f9e5&scheme=1

Supplementary material
Click here to download Supplementary material: Supplementary table S2.xls


http://ees.elsevier.com/jprot/download.aspx?id=113208&guid=f21c8673-5b5c-4967-af37-147217b91338&scheme=1

Supplementary material
Click here to download Supplementary material: Supplementary figures.doc


http://ees.elsevier.com/jprot/download.aspx?id=113209&guid=5fcbafd2-bcf8-4da9-ab0b-03a0df2de13a&scheme=1

