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Dynamic changes in proteins during apple (Malus x domestica)

fruit ripening and storage
Yun Shi1, Li Jiang1, Li Zhang2, Ruoyi Kang1 and Zhifang Yu1

A proteomic study, using two-dimensional polyacrylamide gel electrophoresis and matrix-assisted laser desorption/ionization
time-of-flight/time-of-flight, was conducted in apple fruit (cv. ‘Golden Delicious’) starting at 10 days prior to harvest through 50 days in
storage. Total protein was extracted using a phenol/sodium dodecyl sulfate protocol. More than 400 protein spots were detected in
each gel and 55 differentially expressed proteins (p,0.05) were subjected to matrix-assisted laser desorption/ionization time-of-flight/
time-of-flight analysis. Fifty-three of these proteins were finally identified using an apple expressed sequence tag database
downloaded from Genome Database for Rosaceae and placed into six categories. The categories and the percentage of proteins placed
in each category were stress response and defense (49.0%), energy and metabolism (34.0%), fruit ripening and senescence (5.6%),
signal transduction (3.8%), cell structure (3.8%) and protein synthesis (3.8%). Proteins involved in several multiple metabolic pathways,
including glycolysis, pentose–phosphate pathway, anti-oxidative systems, photosynthesis and cell wall synthesis, were
downregulated, especially during the climacteric burst in respiration and during the senescent stages of fruit development. Proteins
classified as allergens or involved in cell wall degradation were upregulated during the ripening process. Some protein spots exhibited
a mixed pattern (increasing to maximal abundance followed by a decrease), such as 1-aminocyclopropane-1-carboxylate oxidase,
L-ascorbate peroxidase and abscisic acid response proteins. The identification of differentially expressed proteins associated with
physiological processes identified in the current study provides a baseline of information for understanding the metabolic processes
and regulatory mechanisms that occur in climacteric apple fruit during ripening and senescence.
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INTRODUCTION

Apple (Malus domestica L.) is one of the most widely cultivated
fruits in the world for its flavor, health and nutritional value.
Apple is a climacteric fruit, exhibiting a burst in respiration during
ripening, and the physiology, biochemistry and molecular biology
of ripening and senescence have been extensively studied.1,2

Fruit ripening is characterized by physiological and biochemical
processes, including ethylene biosynthesis, pigmentation, chlo-
rophyll degradation, cell wall degradation, organic acid accu-
mulation and volatile production, resulting in changes in fruit
traits such as color, texture, flavor, aroma and other aspects of
fruit metabolism.3,4 These changes are associated with stages
of ripening and post-harvest storage conditions. During the fruit
ripening process, fruit generally, among other changes, decline
in firmness, increase in flavor and undergo changes in color.3

These complex physiological changes result from alterations
in gene and protein expression that impact specific metabolic
pathways.

Many ‘omics’ technologies, such as genomics, transcriptomics,
proteomics and metabolomics, have been recently used to obtain
information on global changes occurring during fruit maturation,
ripening and senescence.5 Over 150 000 expressed sequence tags
(ESTs) have been collected from ‘Royal Gala’ apple fruit tissues.6 The
availability of the apple genome sequence has also provided a rich
resource for understanding the genetic regulation of fruit ripening.
Apple genes associated with cell division, flavor and aroma
development, and starch metabolism during fruit development
and ripening have been identified.7 Additionally, 19 ACC synthases

have been identified in the apple genome and their expression in
fruit has been characterized.8

Comparative proteomics can be an effective tool for generating
useful information regarding complex biological processes, such
as fruit ripening.5 The availability of the complete apple genome
sequence can facilitate the identification of apple proteins and their
putative function. Proteomic research on fruit ripening has been
conducted on tomato,9,10 strawberry,11,12 grape,13,14 peach,15,16

citrus,17 papaya,18 mango19 and apricot,20 which has provided a
large body of information for better understanding the process
and regulation of fruit ripening and senescence.

Qin et al.21 used a proteomic approach to examine the regulatory
effect of reactive oxygen species (ROS) on apple fruit ripening and
senescence. Results indicated that differentially expressed mito-
chondrial proteins were involved in the electron transport chain,
tricarboxylic acid cycle, stress response and carbon metabolism.
Superoxide dismutase [Mn] {SOD[Mn]} activity was reduced in res-
ponse to exposure to high oxygen (100%), which was followed by
an increase of damaged proteins, suggesting that ROS may regulate
fruit senescence by regulating the expression of mitochondrial pro-
teins. Zheng et al.22 compared proteomic changes in apple fruit
associated with ethylene treatment. However, proteomic studies
of apple fruit during maturation and storage, and their association
with physiological changes, have not been conducted.

In the present study, differentially expressed proteins in apple
fruit during maturation and different stages of ripening were char-
acterized. This approach was used to better understand the apple
ripening process and changes during storage. This knowledge
can be used to develop harvesting and post-harvest handling
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practices that will ensure the delivery of high-quality apple fruit to
consumers.

MATERIALS AND METHODS

Plant material
The optimal date of harvest, designated as H0, for apples (Malus 3 domestica
Borkh. cv. Golden Delicious) grown in the Dashahe Orchard (34.529N,
116.609E, elevation of 30–40 m), Fengxian, Jiangsu Province, China, was 2
September 2011. This was based on fruit size, color and the historical harvest
date for this cultivar. Apples used in this study were sampled 10 days (H-10)
prior to H0, 5 days (H-5) prior to H0, at H0, and then at 5- or 10-day intervals
during 50 days of storage (H5–H50) at 2565 6C and 80–90% relative humid-
ity. At each sampling time, three biological replicates, consisting of 20 fruits,
were peeled, cut into quarters, immediately frozen in liquid nitrogen and
then stored at 220 6C prior to protein extraction. In parallel, 10 additional
fruits at each date of sampling were used to measure fruit firmness, total
soluble solid content and respiratory rate. Firmness (expressed as kg cm22)
was measured twice on opposite peeled sides of each fruit with a penet-
rometer (Xingke Instruments, Siping, China). Soluble solids were determined
using a refractometer (Quanzhou Optics Instruments, Quanzhou, China) and
the respiratory rate of fruits was estimated using a portable infrared CO2

analyzer (GXH-3010E; Nuoji Instruments Inc., Changzhou, China).

Protein sample preparation
A modified phenol/sodium dodecyl sulfate (SDS) protocol23 was used to
extract protein from the fruit samples. Five grams of frozen fruit were finely
ground in liquid nitrogen, suspended in 10 mL of extraction buffer (30%
(w/v) sucrose, 2% (w/v) SDS, 0.1 M Tris-HCl, pH 8.0, 5% (v/v) b-mercaptoeth-
anol), vortexed and incubated for 30 min at 4 6C. After adding an equal
volume of ice-chilled, Tris-saturated phenol (pH 7.8), the mixture was vor-
texed and incubated for 30 min at 4 6C and then centrifuged at 10 000g at
4 6C for 30 min. The upper phenol phase was collected and precipitated
overnight at 220 6C using five times the volume of 0.1 M ammonium acet-
ate in methanol. After centrifugation at 10 000g at 4 6C for 15 min, the
supernatant was discarded and precipitated proteins were rinsed twice with
ice-chilled methanol, twice with chilled 80% acetone in water and once with
100% acetone. The pellets were air dried at room temperature and dissolved
in lysis buffer (7 M urea, 2 M thiourea, 4% (w/v) 3-3[(cholamidopropy)
dimethylammonio-1-propanesulfonate, 1% (w/v) dithiothreitol and 0.5%
(v/v) pH 4–7 immobilized pH gradient buffer) at 4 6C. Supernatants were
collected after centrifugation at 12 000g at 4 6C for 20 min and the protein
concentration was determined using the Bradford method24 with bovine
serum albumin as a standard. Samples were stored at 220 6C until they were
subjected to two-dimensional polyacrylamide gel electrophoresis (2-DE).

2-DE and gel staining
Lysis buffer was added to approximately 1.8 mg of total protein from each
sample to a final volume of 360 mL and then loaded onto immobilized pH
gradient strips (17 cm pH 4–7, Ready strip; Bio-Rad, Hercules, CA, USA) and
rehydrated for 12 h at 20 6C. Focusing was performed with a PROTEAN iso-
electric focusing system (Bio-Rad) for a total of 60 kVh at 20 6C by applying
the following voltages: 100 V for 1 h, 200 V for 1 h, 500 V for 1 h, 1000 V for
1 h, 4000 V for 2 h, 8000 V for 2 h and then holding at 8000 V until final volt-
hours (60 kVh) was reached. Prior to running the second dimension, the
focused strips were equilibrated for 15 min with 2% (w/v) dithiothreitol in
equilibration buffer (50 mM Tris-HCl pH 8.8, 6 M urea, 20% (v/v) glycerol and
2% (w/v) SDS) followed by 15 min in the same buffer with the addition of
2.5% (w/v) iodoacetamide. The second dimension protein separation was
carried out on a 12% polyacrylamide gel, using the Ettan Six vertical set (GE
Healthcare, Uppsala, Sweden) with 1 W gel21 for 1 h, then 15 W gel21 until
the bromophenol blue dye reached the bottom of the gel. The gels were
stained with colloidal Coomassie brilliant blue G250.25 Three gels, one from
each biological replicate, were run from each sampling date.

Gel image acquisition and statistical analysis
Images of the stained gels were acquired with a Versdoc 3000 scanner (Bio-
Rad) and image analysis was performed using PDQuest 2-D v.2 analysis
software (Bio-Rad). Manual editing was performed after automated spot
detection and matching of spots between different gels. Protein spots were
considered valid based on their presence in at least two out of three of the 2-
DE gels for each sample. Spot intensities were normalized as a percentage of

the total volume in all the spots present in the whole gel. Protein percentage
volume data were exported to an Excel file to calculate fold change. Only
spots with at least a twofold increase/decrease in abundance and statist-
ically significant (Student’s t-test, p,0.05) were considered to be differenti-
ally expressed.15

Protein digestion
Differentially expressed protein spots were manually excised from 2D gels
and destained in 50% (v/v) ACN and 25 mM NH4HCO3. Gel particles were
dehydrated with 100% (v/v) ACN and vacuum-dried. Proteins were reduced
in 10 mM dithiothreitol for 1 h at 56 6C and alkylated with 55 mM iodoace-
tamide for 1 h at room temperature. The gel plugs were then dehydrated
with 100% (v/v) ACN again and dried under a vacuum. Proteins in the gel
plugs were digested with 12.5 ng mL21 trypsin (Promega, USA) in 25 mM
NH4HCO3 overnight at 37 6C. The resultant fragments were extracted with
67% ACN containing 0.1% trifluoroacetic acid. The pellets were air dried
and stored at 20 6C for mass spectrometry (MS) analysis.

MS analysis and protein identification
The air-dried samples were resuspended in 0.1% trifluoroacetic acid and
analyzed using a 4800 matrix-assisted laser desorption/ionization time-of-
flight/time-of-flight Proteomics Analyzer (Applied Biosystems, USA), at
200 Hz laser, in a mass range 800–4000 Da of mass peaks.

GPS Explorer v. 3.5 software (Applied Biosystems) was used to conduct a
combined search (MS plus MS/MS) against the apple expressed sequence
tag database downloaded from the Genome Database for Rosaceae (GDR)
(http://www.rosaceae.org/species/malus/malus_x_domestica/genome_
v1.0) using an in-house Mascot search engine v2.1 (Matrix Science Ltd,
London, UK) with the following settings: a missed cleavage maximum value
of 2.50 ppm mass tolerance, 0.2 Da for MS/MS tolerance, a fixed modifica-
tion (cysteines carbamidomethylation) and a variable modification (methio-
nine oxidation). Only a Mascot score indicating a significant identification
of 95% (p,0.05) was accepted. The functional annotation of the identi-
fied proteins was based on UniProt, GDR, NCBInr protein database and
the literature.

RESULTS AND DISCUSSION

Physiological changes in fruit during ripening and storage
The respiratory rate, firmness and soluble solid content of apple
fruit underwent significant changes during ripening (H-10–H50)
and storage (Table 2a). In accordance to previous reports,22,26 fruit
exhibited a continuous decrease in firmness, and an increase in
their respiratory rate (H5–H20) and soluble solid content during
ripening and storage (H20), which then had a tendency to decrease
upon further storage (H30–H50). A climacteric rise in respiration
was observed at H20 marking the pre-climacteric to climacteric
transition. The decrease of fruit firmness from 10.20 to 4.46 kg
cm22 occurred in parallel to changes in fruit peel color from green
to yellow. Soluble solid content increased slowly up to 20 days after
harvest (H20) and then subsequently declined.

Identification and differential expression of apple fruit proteins
More than 400 protein spots, ranging in molecular mass from 14–
90 kDa and pH 4–7, were detected in ‘Golden Delicious’ apple fruit
during ripening and storage (Figure 1). A total of 55 spots were
differentially abundant (.two-fold) compared to the H0 stage in
at least one sampling point. Among them, 53 spots were confi-
dently identified using the GDR database, as was their subcellular
location (Table 1). The 53 differentially expressed proteins are illu-
strated in Figure 1 and changes in protein levels, for some of the
proteins, over the time course of the study (H-10–H50) are illu-
strated in Figure 2. Changes in the level of expression for all of
the differentially expressed proteins over the time course used in
this study are presented in Table 2b. The differentially expressed
proteins were assigned into one of six categories based on their
description in GDR, their annotation in Munich Information Center
for Protein Sequences Functional Catalogue Database and pub-
lished literature. The category containing most of the differentially
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expressed proteins (49.0%) was defined as ‘stress response and
defense’. The category with the second largest percentage of pro-
teins (34.0%) was one containing proteins involved in energy
and metabolism, including carbohydrate, amino acid, nucleotide,
thiamine, lipid and secondary metabolism. Three proteins (5.6%)
were associated with fruit ripening and senescence; two proteins
(3.8%) were associated with signal transduction; two (3.8%) with
cell structure, and the remaining two (3.8%) were associated with
protein synthesis. These results are illustrated in Figure 3.

Some proteins were identified in more than one spot, indicating
that a small number of the differentially expressed spots were either
subjected to post-translational modification or were members of
multigenic protein families. Such spots included adenine phosphor-
ibosyl transferase 1 (APR1) (two spots), 1-aminocyclopropane-1-
carboxylate oxidase 1 (ACO 1) (two spots), major allergen Mal d 1
(two spots), superoxide dismutase [Cu–Zn] (Cu/Zn-SOD) (two spots)
and abscisic acid response protein (three spots).

A number of proteins related to fruit respiratory pathway and
quality (i.e., firmness and soluble solids) exhibited significant
changes over the course of fruit maturation and ripening. Among
these proteins, three (NADP-dependent malic enzyme, triosepho-
sphate isomerase and probable 6-phosphogluconolactonase 2) are
associated with fruit respiration and may have changed in abund-
ance due to the respiratory burst at H20 (Table 2a). Five proteins
(beta-galactosidase, beta-galactosidase 3, pollen-specific leucine-
rich repeat extensin-like protein 3, actin-depolymerizing factor 2
and putative uncharacterized protein) are associated with cell wall
metabolism and may have played a role in the observed changes in
fruit firmness and three other proteins (soluble inorganic pyro-
phosphatase, NADP-dependent malic enzyme and triosepho-
sphate isomerase) are putatively associated with metabolic
changes associated with changes in the content of soluble solids.

Among the 53 identified proteins, 10 were proteins that were
newly synthesized during the last stages of ripening and sen-
escence (NADP-dependent malic enzyme, beta-galactosidase,
beta-galactosidase 3, probable sarcosine oxidase, chavicol O-
methyltransferase, 26.5 kDa heat shock protein, abscisic acid res-
ponse protein, major allergen Pru ar 1, major allergen Mal d 1 and
ACC oxidase 1) (Table 2b). Three proteins (oxygen-evolving enhan-
cer protein1, probable 6-phosphogluconolactonase 2 and 17.8 kDa
class I heat shock protein) disappeared during the time course of
the study (Table 2b). Four proteins (NADP-dependent malic
enzyme, beta-galactosidase, beta-galactosidase 3 and probable 6-
phosphogluconolactonase 2) were identified potentially playing a
role in changes in fruit respiration, firmness and soluble solids. As
shown in Table 2b, all 53 proteins identified in this study exhibited
significant differences in abundance over the time course of this
study. A more detailed discussion of each protein and its putative
functional role in fruit ripening and senescence follows.

Proteins related to energy and carbohydrate metabolism
The process of gluconeogenesis is essentially the reversal of the
glycolysis pathway brought about by several enzymatic reactions.
Cytosolic NADP-dependent malic enzyme (NADP-ME, spot 36), trio-
sephosphate isomerase (TIM, spot 40) and a putative 6-phospho-
gluconolactonase 2 (6PGL 2, spot 10) were identified in this study.
These proteins, as the source of pyruvate, provide energy (ATP)
and reductive power (NADPH) in fruit tissue. NADP-ME, a key
enzyme for malate oxidation, may promote gluconeogenesis
during fruit ripening by providing a linkage between NADPH and
pyruvate entering into respiratory pathways for energy produc-
tion.27 The pattern of NADP-ME expression, a respiratory related
protein, mirrored the pattern of respiration in apple fruit during
maturation and the ripening period. NADP-ME appeared at H15
and increased to a maximum at H20, then gradually declined
at later sampling times (Table 2b). A similar relationship between
cytosolic NADP-ME activity and endogenous ethylene during
tomato fruit ripening was previously reported,28 indicating that
the peak of NADP-ME activity was partly consistent with the climac-
teric burst in respiration. These results support the premise that
NADP-ME in the current study may be involved in sustaining the
climacteric respiratory burst exhibited in apple during the ripening
process (Table 2a).

TIM is involved in glycolysis, catalyzing the interconversion of
dihydroxyacetone phosphate with glyceraldehyde 3-phosphate,
which finally favors glyceraldehyde 3-phosphate, resulting in the
formation of pyruvate. TIM, a key enzyme in sugar metabolism, was
reactivated by glutathione and involved in the redox regulation
by glutathionylation.29 In the current study, TIM concentration
increased during apple fruit maturation, which suggests that it
would promote respiration and catabolic metabolism, such as
redox regulation and the accumulation of energy. The decrease
in TIM observed after harvest occurred in parallel with the reduction
in antioxidant enzymes and total soluble solid content (Table 2a).
This relationship has also been reported in other fruit tissues.13,14,22

The pentose–phosphate pathway plays an important role in
generating NADPH and in oxidative stress response.30 6PGL 2,
which is involved in the pentose–phosphate pathway and
Entner–Doudoroff pathway, catalyzes the oxidative reaction of
6-phosphate gluconolactone into glucose 6-phosphate. In the
current study, 6PGL 2 significantly decreased to 0.18-fold at H30,
relative to the level present at H0 (optimal harvest time), and dis-
appeared during subsequent sampling times (Table 2b). This sug-
gests that antioxidant enzymes were also downregulated during
ripening and storage, especially after the climacteric peak (H15–
H20). In general, antioxidant capacity would have been weakened
due to the reduced pool of NADPH which could protect against
oxidative stress.31

Figure 1. Identification and differential expression of apple (cv.
Golden Delicious) proteins in fruit maintained at 25 6C and sampled
during ripening and senescence. 2-DEwas performedusing 1.8 mgof
protein, linear 17 cm IPG strips (pH 4–7) for the first dimension, and
12% SDS–PAGE gels for the second dimension electrophoresis. Gels
were stained with colloidal CBB G250. Numbers with arrows indicate
the differentially expressed protein spots that were identified in this
study. CBB, Coomassie brilliant blue; IEF, isoelectric focusing;
IPG, immobilized pH gradient; SDS–PAGE, sodium dodecyl sulfate–
polyacrylamide gel electrophoresis.
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Table 1. Identification of 53 differentially expressed protein spots in the apple proteome during ripening and senescence as determined by 2-DE
analysis, MALDI-TOF-TOF, and MASCOT analysis.

Spot no. a Protein name b GDR accession no. c

M ascot

score d

Matched

% Cov. e

Matched

peptides f

Theo

Mr(kDa) /pI g

Obse

Mr(kDa) /pI Subcellular location h

Energy and Metabolism

Energy (gluconeogenesis, photosynthesis)

Gluconeogenesis

36 NADP-dependent malic enzyme(NADP-ME) MDP0000268037 49 1 1 83.34/5.81 80.00/6.00 Cytoplasm

40 Triosephosphate isomerase (TIM) MDP0000694943 431 32 7 27.49/5.76 29.97/6.30 Cytoplasm

Photosynthesis

8 Oxygen-evolving enhancer protein1 (OEE1) MDP0000248920 444 38 8 35.29/6.09 34.19/5.51 Chloroplast

Metabolism (carbohydrate, amino acid, nucleotide, thiamine, lipid and secondary)

Carbohydrate metabolism

10 Probable 6-phosphogluconolactonase 2

(6PGL 2)

MDP0000223309 109 7 5 34.08/5.12 31.73/5.43 Chloroplast

19 Soluble inorganic pyrophosphatase(PPase) MDP0000281233 407 11 6 64.36/5.35 29.79/5.62 Cytoplasm.

43 Putative uncharacterized protein MDP0000127723 328 19 4 40.73/5.71 49.93/6.31 Nuclear

35 Beta-galactosidase MDP0000416548 425 14 10 81.52/5.69 79.87/6.07 Apoplast

46 Beta-galactosidase 3 MDP0000030527 66 1 1 95.63/8.34 79.73/6.15 Apoplast

Amino acid metabolism

20 L-asparaginase 1 MDP0000658649 334 17 5 34.63/5.21 27.93/5.79 Endoplasmic reticulum

27 Cysteine synthase MDP0000325786 340 22 7 41.19/7.60 41.35/5.66 Chloroplast stroma

Chromoplast.

34 Probable sarcosine oxidase MDP0000686885 577 23 7 44.10/5.59 44.26/6.09 Cytoplasm

44 Isovaleryl-CoA dehydrogenase 2 (IVD 2) MDP0000225981 408 25 8 58.20/6.11 42.73/6.24 Mitochondrion

Nucleotide metabolism

2 Adenine phosphoribosyltransferase 1 (APRT

1)

MDP0000121897 625 76 7 13.00/5.03 27.84/5.17 Chloroplast Cytoplasm

6 UMP/CMP kinase (UMP/CMPK) MDP0000240174 320 21 7 28.49/5.69 28.59/5.32 Cytoplasm

7 Adenine phosphoribosyltransferase 1 (APRT

1)

MDP0000137185 616 42 8 27.00/8.40 28.00/5.48 Chloroplast Cytoplasm

Thiamine metabolism

24 Thiazole biosynthetic enzyme (THI1) MDP0000206098 714 27 9 39.30/5.68 34.48/5.67 Chloroplast

Lipid metabolism

25 Epoxide hydrolase 2 (EH 2) MDP0000161121 349 16 8 35.34/5.20 40.38/5.61 Cytoplasm Peroxisome

Secondary metabolism

45 Chavicol O-methyltransferase (CVOMT 1) MDP0000219062 314 21 5 42.82/5.89 43.53/6.17 Cytoplasm

Stress response and defense

1 Ferritin-3 MDP0000189389 296 14 4 35.46/5.69 28.93/5.18 Chloroplast

3 Thioredoxin H-type (Trx-H) MDP0000415439 435 43 7 13.88/5.39 16.30/5.51 Cytoplasm

5 MLP-like protein 328 MDP0000132530 132 22 4 17.83/5.13 21.60/5.45 Cytoplasm

16 Superoxide dismutase [Cu-Zn] MDP0000258717 380 23 3 22.80/6.09 18.01/5.60 Chloroplast

17 Glycine-rich RNA-binding protein (GRP1A) MDP0000797759 412 52 8 16.88/5.61 17.17/5.68 Nucleus.

21 26.5 kDa heat shock protein MDP0000435717 364 16 6 37.21/9.34 28.17/5.76 Mitochondrion

22 L-ascorbate peroxidase 2 MDP0000210077 625 20 8 37.95/5.71 31.71/5.73 Cytoplasm

23 Putative lactoylglutathione lyase MDP0000319112 401 29 8 39.97/6.40 35.32/5.60 Cytoplasm

28 Superoxide dismutase [Cu-Zn] MDP0000250286 517 29 4 22.28/6.28 18.30/5.83 Chloroplast.

33 Abscisic acid stress ripening protein homolog MDP0000253074 211 11 1 25.72/6.01 30.64/6.05 Nuclear

37 Superoxide dismutase [Cu-Zn] 1 MDP0000201158 173 42 2 80.44/7.88 18.62/6.11 Cytoplasm.

39 17.8 kDa class I heat shock protein MDP0000791550 261 31 5 17.52/5.99 21.42/6.27 Cytoplasm.

41 Abscisic acid response protein MDP0000868045 414 31 4 19.86/8.61 33.55/6.29 Nuclear

47 Outer membrane lipoprotein blc

(temperature-induced lipocalin)

MDP0000148808 145 20 6 21.47/6.18 24.96/6.40 Cell outer membrane

49 Abscisic acid response protein MDP0000868045 257 17 3 19.86/8.62 32.46/6.43 Nuclear

50 Superoxide dismutase [Mn] MDP0000187714 444 13 7 60.57/8.51 27.00/6.60 Mitochondrion matrix.

51 Glutathione S-transferase MDP0000096349 632 57 9 24.03/6.17 28.13/6.58 Cytoplasm

52 Abscisic acid response protein MDP0000868045 397 31 4 19.86/8.68 31.09/6.65 Nuclear

53 universal stress protein (USP) family protein MDP0000639609 130 10 1 19.81/6.30 23.34/6.68 Cytoplasm

55 Peroxiredoxin-2F, mitochondrial (PRXIIF) MDP0000258515 161 15 2 21.61/8.77 23.90/6.85 Mitochondrion matrix

4 Major allergen Pru ar 1 MDP0000288293 340 33 5 17.61/5.10 19.28/5.35 Cytoplasm

15 Major allergen Mal d 1 MDP0000216907 444 38 5 17.52/5.54 18.47/5.53 Cytoplasm

18 MLP-like protein 329 MDP0000277802 383 31 4 17.83/5.41 23.27/5.68 Cytoplasm

31 Major allergen Mal d 1 MDP0000942516 566 28 6 17.53/5.62 20.27/5.82 Cytoplasm

38 Major allergen Mal d 1 MDP0000942516 592 52 9 17.53/5.62 20.68/6.10 Cytoplasm

54 Thaumatin-like protein 1a MDP0000223025 85 1 2 12.26/5.71 22.79/6.68 Extracellular

Continued
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In plants, photoassimilate partitioning between sucrose and
starch involves inorganic pyrophosphatase (PPase, spot 19), which
hydrolyzes pyrophosphate (PPi) to phosphate (Pi), which affects the
efficiency of sucrose synthase especially in the absence of PPi.32 In
our study, the 3.22-fold downregulation of PPase in the latter stages
of sampling (H40–H50) would have resulted in a decrease in PPi and
thus the synthesis of sucrose. The decreased content of oxygen-
evolving enhancer protein 1 (OEE1, spot 8), associated with pho-
tosynthesis II, has been reported in other fruits.9,20 The decrease in
OEE1 would have promoted the degradation of chlorophyll and the

transition of chloroplasts to chromoplasts.10 The reduced levels of
OEE1 in apple tissues coincided with the loss of green color in apple
fruit (Table 2a).

Proteins related to cell wall metabolism
The reduction in fruit firmness that occurs during ripening is par-
tially regulated by the activity of cell wall-degrading enzymes,
which lead to biochemical and structural alterations in cell walls.
The enzymes related to cell wall degradation in our study included

Table 1. Continued

Spot no. a Protein name b GDR accession no. c

M ascot

score d

Matched

% Cov. e

Matched

peptides f

Theo

Mr(kDa) /pI g

Obse

Mr(kDa) /pI Subcellular location h

Ripening and senescence

12 1-aminocyclopropane-1-carboxylate oxidase

1 (ACC oxidase 1)

MDP0000195885 617 39 9 35.56/5.24 38.74/5.53 Cytoplasm

13 1-aminocyclopropane-1-carboxylate oxidase

1 (ACC oxidase 1)

MDP0000195885 547 42 9 35.56/5.24 39.08/5.44 Cytoplasm

14 1-aminocyclopropane-1-carboxylate oxidase

1 (ACC oxidase 1)

MDP0000195885 593 42 9 35.56/5.25 39.72/5.76 Cytoplasm

Signal transduction

9 14-3-3 protein 7 MDP0000270640 207 13 4 30.54/5.31 32.77/5.42 Cytoplasm

48 GTP-binding nuclear protein Ran-3 MDP0000130864 66 8 2 28.54/6.14 31.30/6.53 Cytoplasm

Cell structure

11 Pollen-specific leucine-rich repeat extensin-

like protein 3 (AtPEX3/Pollen-specific LRR)

MDP0000158152 45 2 1 60.12/6.37 31.19/5.47 Cell wall

30 Actin-depolymerizing factor 2 (ADF 2) MDP0000245712 277 27 4 23.07/6.84 21.90/5.99 Extracellular

Protein synthesis

29 Eukaryotic translation initiation factor 5A-2 MDP0000201872 308 42 6 17.76/5.46 21.48/5.81 Cytoplasm

32 Proteasome subunit beta type-1 MDP0000193666 55 4 1 34.19/8.07 28.22/6.02 Cytoplasm Nucleus

a Numbering corresponds to the 2-DE gel in Fig.1.
b Names of the proteins obtained via the MASCOT software v2.1 against the apple EST database from Genome Database for Rosaceae (GDR)

(http://www.rosaceae.org/species/malus/malus_x_domestica/genome_v1.0)
c Accession number from the apple EST database from GDR.
d Total ion score for the entire protein and for ions complemented by 100% of the confidence index (C.I).
e Percent sequence coverage.
f Numbers of matched peptides.
g Theoretical molecular mass (Mr) and isoelectric point (pI) of the homologous protein available at the apple EST database, observed molecular mass (Mr) and isoelectric point

(pI) estimated in comparison to the 2-DE gel with marker proteins.
h Subcellular location of each spot is based on the Uniprot Database.

Figure 2. Close-up views of a selected sample of differentially abundant proteins marked in Figure 1. Different ripening stages are displayed
above and below the protein images. H-10 is 10 days before the optimal harvest date (H0) and H5–H50 are days of storage at 25 6C after H0.
Arrows and numbers indicate the spots with differential protein expression.
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beta-galactosidase (spot 35) and beta-galactosidase 3 (spot 46)
(Table 2b). The presence of both enzymes appeared at H15 and
significantly increased during and after the climacteric burst
(Table 2a). This pattern of expression coincided with the loss in fruit
firmness observed in the latter stages of fruit ripening (Table 2a).
Similar observations were previously reported in apple,33 tomato34

and kiwi fruit.35 Suppression of these two enzymes during the
early ripening stage could retard fruit softening and/or extend fruit
shelf-life, which has been demonstrated by genetic engineering
with anti-sense genes.36

Proteins involved in cell wall synthesis were greatly downregu-
lated during the storage period, including a pollen-specific leucine-
rich repeat extensin-like protein 3 (pollen-specific LRR, spot 11),
actin-depolymerizing factor 2 (ADF 2, spot 30) and a putative
uncharacterized protein (spot 43), with ADF 2 showing the greatest
reduction (Table 2b). ADF is involved in the stabilization of the actin
cytoskeleton.37 The decreased levels of ADF 2 may cause an instab-
ility in the cytoskeleton during fruit ripening, thus contributing to
reduction in firmness (Table 2a).

Proteins related to ethylene biosynthesis
Ethylene plays a critical role in the ripening process of climacteric
fruits, where an ethylene burst during fruit ripening is followed by
a respiratory peak.38 Ethylene, which is regulated by two main
enzymes: ACO and synthase, affects the transcription and trans-
lation of many ripening-related genes.39 ACO 1 (spots 12, 13 and
14) significantly increased during the early stages of ripening and
reached a maximum at H15 (Table 2b), indicating that ACO 1
increased the endogenous level of ethylene, which then led to
the rise in the rate of respiration. Among the three ACO proteins
that were identified, the most interesting one is spot 12, since it
represents a newly accumulated protein. It is possible that these
three proteins may be divided into two types, with one functioning
in ethylene biosynthesis system I and the other functioning in sys-
tem II. An increase in ACO 1 during ripening was also reported in
peach fruits.40 The ACO gene has been previously studied in apple41

and reported to be a key factor in ripening processes in peach,
such as ethylene biosynthesis, pigmentation, cell wall metabolism,
carbohydrate metabolism and signal transduction.42 Further
studies are needed, however, in order to fully understand the role

of ethylene-related gene synthesis on the genetic basis of the ripen-
ing process in climacteric fruits.

Proteins related to stress response and defense
Fruit ripening and senescence have been considered as oxidative
processes.43 In the current study, several anti-oxidative enzymes
were identified and their differential expressions appeared be
associated with both ripening and senescence. Anti-oxidative
enzymes identified include: Cu/Zn-SOD (spots 16, 28 and 37); per-
oxiredoxin-2F (PRXIIF, spot 55); Mn-SOD (spot 50); thioredoxin
H-type (trx-H, spot 3) and ferritin-3 (spot 1). Among them, Mn-
SOD (spot 50) levels increased during ripening (Table 2b). High
levels of Mn-SOD activity were reported to be associated with the
green to red transition of pepper fruit.44 Levels of Cu/Zn-SOD (spots
16, 28 and 37) and peroxiredoxin-2F (PRXIIF, spot 55) decreased
more than two-fold during the later stages of fruit senescence (at
H30–H50) (Table 2b). Although SOD activity has been reported to
increase during apple fruit senescence,45 our results indicated that
the total amount of SOD proteins decreased. Therefore, further
research on SOD activity and abundance is warranted.

Trx-H levels, a disulfide oxidoreductase associated with oxidative
stress response, were significantly elevated during the latter part of
ripening and senescence (H20–H50) (Table 2b). The trx-H gene was
also reported to be significantly upregulated in Arabidopsis during
senescence.46 Ferritin-3 abundance exhibited a pattern similar to
respiration, increasing by 2.66-fold (relative to H0) at H20, and then
gradually decreasing in later time periods (Table 2b). These results
were similar to a study in peach fruit,47 suggesting that the respir-
atory burst has a significant influence on the regulation of the
antioxidant system in apple fruits.

L-ascorbate peroxidase (APX, spot 22), glutathione S-transferase
(GST, spot 51) and lactoylglutathione lyase (LGL, spot 23), all of
which are involved in the ascorbate-glutathione cycle, exhibited
a tendency to increase during apple ripening and senescence
(Table 2b). APX is considered to play the major role in scavenging
ROS and protecting cells from various stresses.48 In our study, APX
was elevated 2.12-fold at H30 relative to levels at H0 and then
subsequently decreased at later time points. This expression pat-
tern was in good accordance with a report of abundance in
tomato.10 GST can play a significant role in scavenging cytotoxic

Figure 3. Classification of differentially expressed proteins identified in apple fruits at different ripening stages into functional categories. The
classification is based on protein descriptions in the GDR, protein annotations in MIPS Functional Catalogue Database and published literature.
MIPS, Munich Information Center for Protein Sequences.
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and genotoxic compounds.48 The abundance of GST, relative to H0,
was significantly elevated 4.39-, 7.73-, 19.72-, 18.4- and 26.57-fold at
H15, 20, 30, 40 and 50, respectively (Table 2b). This pattern of accu-
mulation was similar to reports on mango mesocarp19 and peach49

at the proteomic level, and pear fruit50 at the transcriptomic level.
In our study, the majority of anti-oxidative enzymes began to

decline at or after H20, indicating that the climacteric rise in the
respiration rate may significantly contribute to increased levels of
oxidative stress. Other studies have also indicated that the ability of
ROS scavenging compounds appears to decrease during the latter
stages of apple ripening and as a result, may play a major role
in inducing senescence.48,51 Based on the data obtained in the
present study, SOD may have a great effect on the oxidative-redox
system in apple during ripening and senescence.

Several low-molecular-weight heat shock proteins were differ-
entially expressed during apple ripening. A 26.5-kDa mitochondrial
heat shock protein (spot 21) appeared at H10 and increased during
subsequent time points, and the level of a 17.8-kDa class I cytoplas-
mic heat shock protein (spot 39) was initially high at pre-harvest
(H-10), slowly decreased during subsequent time periods and dis-
appeared at H30 (Table 2b). In general, heat shock proteins act as
molecular chaperones and are induced by heat shock and other
environmental and developmental conditions in fruit, where they
are believed to a play a protective role against biotic and abiotic
stress.52 A small heat shock protein 21 expressed in transgenic
tomato protects photosynthesis II from oxidative stress during fruit
maturation.53 These results suggested that heat-shock proteins
may play an important role in protecting fruit from oxidative stress
during ripening and senescence.

Apples, and other species in the Rosaceae family, often contain
compounds that are allergenic to humans. The allergic reaction
presents itself as IgE-mediated symptoms occurring mainly at the
mucosa of lips, tongue and throat after ingestion of apples and
other Rosaceous fruits. In apple, the major apple allergen is the
Bet v 1 homolog protein Mal d 1.54 In the present study, several
allergens exhibited a strong increase in expression during the pro-
cess of fruit ripening and senescence (Table 2b). These include:
major allergen Mal d 1 (spots 15, 31 and 38), major allergen Pru ar
1 (spot 4) thaumatin-like protein 1a (spot 54) and MLP-like protein
329 (spot 18). Previous studies have indicated that both Mal d 1 and
thaumatin-like protein in apple fruit significantly increase during
storage.55,56 Our results confirm these reports. The level for all of the
allergenic proteins in apple identified in the current study signifi-
cantly increased during fruit ripening, indicating that apple aller-
gens may be ripening-induced proteins. Additional information
regarding the regulation of apple allergen gene expression by
ethylene and the ethylene inhibitor, 1-MCP, could assist in devel-
oping approaches to more effectively regulate fruit ripening.57

Abscisic acid stress ripening protein homolog (ASR, spot 33), a
low-molecular-weight protein with strong hydrophillicity, is assoc-
iated with plant developmental processes. ASR has been demon-
strated to reduce oxidative stress induced by H2O2 and effectively
act as an ROS scavenger.58 In the current study, the pattern of ASR
expression was similar to a previous report in peach where it
increased prior to the climacteric burst and then decreased,59 allow-
ing for a large accumulation of ROS after the climacteric. An abscisic
acid response protein (spots 41, 49 and 52), which responds to the
stress-related hormone, ABA, increases more than 10-fold (relative
to H0) during ripening (Table 2b). Very little information is available
pertaining to the role of this protein in fruit development and as a
result, further research is warranted.

Proteins related to other metabolic processes
Amino acids are building blocks for proteins and can be converted
into other substrates such as glucose, fatty acids, purines and
pyrimidines. Both sarcosine oxidase (spot 34) and isovaleryl-CoA

dehydrogenase 2 (IVD 2, spot 44) are flavoproteins. They are
involved not only in amino-acid synthesis and degradation, but also
in the oxidation reduction and electron transport chain of flavin
adenine dinucletide and ubiquinone.60,61 L-asparaginase (spot 20)
and cysteine synthase (spot 27) play a pivotal role in nitrogen meta-
bolism.62,63 All four of these proteins increased during fruit ripening
(Table 2b), indicating that they may play a significant role in protein
metabolism. Two of the proteins identified in the current study,
eukaryotic translation initiation factor 5A-2 (eIf-5A2, spot 29) and
proteasome subunit beta type-1 (spot 32), exhibited distinct pat-
terns of differential expression (Table 2b). The eukaryotic trans-
lation initiation factor 5A-2 gradually increased from H-10–H10
and then decreased in H15–H50, while the proteasome subunit
beta type-1 protein was very low in H-10–H15 and then significantly
increased from H20 to H50.

Differentially expressed proteins identified in the current study
related to other metabolic processes included: thiazole biosyn-
thetic enzyme (THI1, spot 24); epoxide hydrolase 2 (EH, spot 25)
and chavicol O-methyltransferase (CVOMT1, spot 45). CVOMT1
appeared at H10 and increased thereafter, while THI1 was present
throughout the time course, but gradually increased from H15
to H50 (Table 2b). In contrast, EH gradually decreased from H0 to
H50 (Table 2b). EH and CVOMT1 both affect aromatic compound
metabolism64,65 and CVOMT1 may be involved in ethylene bio-
synthesis.65 The 14-3-3 protein (spot 9), a key regulator of signal
transduction proteins such as receptors and protein kinases, was
strongly upregulated strongly during ripening, indicating that sig-
nal transduction was enhanced following the climacteric.

Traditionally, factors such as fruit taste, firmness, color and
aroma, serve as indices of fruit ripeness and quality. The proteomic
profiling conducted in the present study provides an opportunity
for better understanding the metabolic processes that are involved
in apple fruit ripening and their regulation. Future studies should
focus on specific proteins identified in this study, and their coding
genes, in order to determine a clear linkage to the biological and
physiological processes that occur during fruit ripening. Proteomic
information when combined with genomic, transcriptomic and
metabolomic data could provide a comprehensive knowledge
of apple fruit ripening and lead to the development of new
approaches, which aim to improve fruit quality during prolonged
periods of storage.

CONCLUSION
Proteomic profiling of apple fruit (cv. ‘Golden delicious’) ripening
and senescence was performed in order to identify specific proteins
and changes in their abundance, which were associated with
physiological and quality changes of apple. A total of 53 proteins
were confidently identified from the .400 protein spots obtained.
The majority of the identified proteins were related to stress res-
ponse and defense, energy and metabolism, cell wall metabolism
and ethylene biosynthesis. Results confirmed that ethylene biosyn-
thesis enzymes (ACOs) increased earlier than respiratory-related
enzymes (NADP-ME) and indicated that the respiratory burst (cli-
macteric) induced an imbalance between energy metabolism and
ROS metabolism, as indicated by an increase in the abundance
of oxidation-related proteins and a decrease in the level of anti-
oxidative proteins, and accelerated apple fruit ripening.

Data on the proteomic changes that occur during the ripening
and senescence of apple fruits provide evidence for the role of
specific proteins in the physiology and quality of apple fruit.
These results could help us to better understand the processes
involved in the ripening and senescence of apple fruits.
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