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Abstract

China is one of the main producers in the worldwide raisin market. Most China’s raisins are produced in Xinjiang
where the Thompson seedless grape (Vitis vinifera L.cv.Thompson seedless) is the main variety of green raisin. How-
ever, the browning of Thompson seedless grape during drying has been well-acknowledged as the primary factor
affecting the development of the raisin industry. Data independent acquisition (DIA)-based protein profiling was
performed on fresh and shade-dried Thompson seedless grapes. As a result, 5431 proteins were identified, among
which the amounts of 739 proteins in fresh grape were found to be significantly different with those in dried grape.
The functional annotation based on the Blast2GO showed that the ‘organic substance metabolic process; regulation
of molecular function;‘enzyme regulator activity, and ‘isomerase activity'related proteins became very active during
browning. Further analyses revealed that the browning-related proteins, which with significant different amounts in
fresh and in dried grapes, are primarily involved in the phenylpropanoid biosynthesis, tyrosine metabolism, phenyla-
lanine metabolism, oxidative phosphorylation metabolism, plutathione metabolism, peroxisome pathway, and fatty
acid degradation. And five random differential proteins were verified with parallel reaction monitoring (PRM). The
PRM results were in agreement with the DIA data. The main browning-related proteins of Thompson seedless grape
were identified in this study. Their properties were tested, and their roles in the browning mechanism were indicated.
This will lay base to a better understanding on the enzymatic browning of Thompson seedless grape, and it will also
provide guidance for controlling the quality of Thompson seedless grapes in industry.
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Introduction the low moisture content, raisins are resistant to storage

Thompson seedless grape (Vitis vinifera L.cv.Thompson
seedless) has been a major raisin grape variety worldwide
for over a century [1]. China’s raisin production accounts
for about 15% of the world’s total output, ranking third
after the United States and Turkey. Raisins are not only
delicious, but also with high nutritional values [2]. Due to
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and transportation.

Xinjiang, the largest raisin producing area in China,
possess the output of 180,000 tons in 2018, among which
60% were green raisins. The main variety of green raisins
is Thompson seedless grape [3], which is mainly pro-
duced in Turpan region of Xinjiang. Due to the superior
photothermal conditions and unique climate in Turpan,
shade-dry is the most common drying method used in
the production of raisins. Natural dry hot air in a special
four-wall ventilation is used as drying medium. The prod-
uct is not directly exposed to the sunlight. The browning
of the raisins prepared in this way is very common. Based
on investigations, the browning rate of raisins in different
regions of Xinjiang varies from 40 to 65%.
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Biochemical reaction of phenolic substances caused
by polyphenol oxidase (PPO) and peroxidase (POD)
were considered as the primary factor for the browning
of shade-dried Thompson seedless grape. In healthy
fresh fruit, PPO and POD present in a soluble form in
cytoplasm, while they bind to organelle membrane and
cell membrane or cell wall in plastid, mitochondria,
chloroplast, etc. The phenols are distributed in vacu-
ole [4, 5], where enzymes cannot get access to the reac-
tion with phenolic substances. As a result, fresh grapes
remain green without browning. However, under the
influence of non-biological forces such as aging and
dehydration after harvest, the biofilm systems of fruits
and vegetables, such as cell membrane and organelle
membrane, will be damaged. Consequently, the cellu-
lar compartments could be released from their original
locations, and the contact between oxidases and phe-
nolic substances will produce enzymatic browning [6].

The shade-dry process is a type of abiotic stress for
Thompson seedless grape, which can cause metabo-
lism changes on the grape. These changes may affect
the browning of grape. At present, the research on
browning of Thompson seedless grape mainly focuses
on the changes of polyphenol oxidase and its phe-
nolic substances [7-10]. The proteomics changes dur-
ing drying in shade of Thompson seedless grape are
rarely studied. In this study, fresh Thompson seedless
grape (browning index 1), browning grapes (browning
index 6) were used as raw materials. The proteomics
changes of Thompson seedless grape during drying in
shade were studied by using data independent acquisi-
tion (DIA) proteomics technology. Systematic analysis
on different proteins and metabolic pathways during
browning was performed. Moreover, parallel reaction
monitoring (PRM) was applied to validate the DIA
results. This study provides a reference for the brown-
ing mechanism of Thompson seedless grape drying in
shade.

Materials and methods

Chemicals and reagents

Sucrose, Tromethane hydrochloride (Tris—HCI), Eth-
ylenediamine tetraacetic Acid (EDTA), Lauryl sodium
sulfate (SDS), Phenol, Acetone, Formic acid, Potas-
sium chloride (KCI) were purchased from Sinopharm
(Beijing, China); 1,4-Dithiothreitol (DTT), Trypsin,
Bond-Breaker™ TCEP Solution (TCEP), Iodoacetamide
and Acetonitrile were purchased from Sigma-Aldrich
(Johannesburg, South Africa); 1x Protease Inhibitor
Cocktail was purchased from Roche Ltd. (Basel, Swit-
zerland); iRT peptides were purchased from Biognosys
(Schlieren, Switzerland).
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Equipments

Refrigerated centrifuge, —80 °C refrigerator, Orbitrap
Lumos coupled to EASY-nLC 1200 system and on-line
nanospray LC-MS/MS on Orbitrap Fusion'~ Lumos "
Tribrid ™ mass spectrometer coupled to an EASY-nanoL.C
1000 system were purchased from Thermo Fisher Scien-
tific (Massachusetts, USA).

Fruit materials and treatment

Fruit of grapes (Vitis vinifera L.cv.Thompson seed-
less) at commercially mature stage (Brix: 20-22%) were
harvested on 20 August 2019 from a garden located in
Turpan in Xinjiang, China. They were selected for their
uniformity of size (diameter: 12.51 mm=+0.81 mm,
length: 16.99 mm =+ 1.28 mm), ground colour, and exemp-
tion from defects and mechanical damage. Then 200 kg
of Thompson seedless grapes were kept in the shade for
drying. Samples were taken every 2 days for measure-
ments. One gram grapes for proteomic analysis were
sampled from fresh grapes (FG) and browned grapes
(BG). The FG samples were collected on the harvest day,
and the BG samples were from the batch that had been
kept at shade for drying for 30 days. All the samples were
independently prepared in triplicate and stored at — 80
°C until use.

Measurement of browning index

The browning index (BI) of Thompson seedless grape was
measured according to the method described by Lin et al.
[11]. Browning was assessed by measuring the extent of
the browned area of 50 individual fruits, the BI was cal-
culated as X (browning scale x proportion of correspond-
ing fruits within each class).

Protein preparation

The samples were homogenized in liquid nitrogen, and
then 2 mL of lysis buffer (30% sucrose, 0.5 M Tris—HCI,
50 mM EDTA, 20 mM DTT, 0.1 M KCl, 2% SDS, 1x
Protease Inhibitor Cocktail) was added into the sam-
ples. Cell lysis was performed by sonication on ice for 1
h and followed by centrifugation at 4000x g for 30 min at
4 °C. 2 mL of Tris-saturated phenol (pH 7.5) was added
and the resulting mixture was thoroughly vortexed for
30 min at 4 °C and centrifuged for phase separation. The
organic phase was collected for use. The extraction step
was repeated once. Five volumes of acetone were added
to the combined organic phase and precipitated at — 20
°C overnight. 100 pg of protein from each sample was
transferred into a new Eppendorf tube and the final vol-
ume was adjusted to 100 pL. 2 pL of 0.5 M TCEP was
added and the sample was incubated at 37 °C for 1 h, and
then 4 pL of 1 M iodoacetamide was added to the sample,
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followed by an incubation in dark for 40 min. After that,
five volumes of acetone were added to precipitate the
proteins overnight. Sequence grade modified trypsin was
added to digest the proteins at 37 °C overnight.

Liquid chromatography-mass spectrometry analysis

For the library generation by DDA, all 6 samples were
pooled and separated into 6 fractions using high pH
separation. The peptides were re-dissolved in solvent A
(A: 0.1% formic acid in water) and analyzed by on-line
nanospray LC-MS/MS on Q Exactive HE-X coupled
to EASY-n LC 1200 system. For retention time and m/z
calibration, the iRT peptides were added to the peptides.
Three microliter peptide sample was loaded to a trap col-
umn (ThermoFisher Scientific Acclaim PepMap C18, 100
pm x 2 cm), and subsequently to an analytical column
(Acclaim PepMap C18, 75 pum x 25 cm). The samples
were separated by a 120 min-gradient from 5 to 60% of
solvent B (B: 0.1% formic acid, 80% ACN). The flow rate
was maintained at 400 nL/min. The electrospray voltage
of 2 kV versus the inlet of mass spectrometer was used.
The mass spectrometer was run under data dependent
acquisition mode. It automatically switched between MS
and MS/MS mode. DIA analysis was performed by the
same LC-MS/MS system as DDA.

LC-MS data analyses

Raw Data of DDA were processed and analyzed by Spec-
tronaut 13 (Biognosys AG, Switzerland) with default set-
tings to generate an initial target list, which contained
58,642 precursors, 41,550 peptides, 5431 proteins and
5261 protein group. Spectronaut was set up to search
the Uniport database of Vitis vinifera (version 201907,
29875 entries) assuming trypsin as the digestion enzyme.
Carbamidomethyl (C) was specified as the fixed modifi-
cation. Oxidation (M) was specified as the variable modi-
fications. The cutoff of Q value (FDR) on PSM, precursor
and protein level were set to 1%. Raw Data of DIA were
processed and analyzed by Spectronaut 13 (Biognosys
AG, Switzerland) with default settings, according to the
iRT peptide segment software, the retention time can
be automatically corrected. Spectronaut determines the
ideal extraction window dynamically depending on iRT
calibration and gradient stability. Qualitative criteria
for proteins: Precursor Threshold 1.0% Q value (FDR),
Protein Threshold 1.0% FDR. Decoy generation was set
to mutated which is similar to scrambled but will only
apply a random number of AA position swamps (min=2,
max =length/2). The average peak area of the first three
peptide segments less than 1.0% FDR was used to calcu-
late the major group quantities.

Page 3 of 10

Quantitation data analysis

Statistical analysis including data normalization and
relative protein quantification on the DIA dataset was
performed using Spectronaut 13 (Biognosys AG, Swit-
zerland). After Welch’s ANOVA Test, the proteins with a
p value <0.05and fold change>1.5 were considered to be
“significantly” regulated in protein quantity.

Bioinformatics analysis

Blast2GO version 5 was used for functional annota-
tion. GOATOOLS was used to perform GO enrichment
analysis. Pathway analysis was performed using KOBAS
(http://kobas.cbi.pku.edu.cn/).

Verification of protein by parallel reaction monitoring
(PRM)

Additional quantitative validation of 5 proteins was per-
formed by PRM analysis. Protein preparation was simi-
lar as DIA experiment. The peptides were redissolved in
solvent A (A: 0.1% formic acid in water) and carried out
in a linear gradient of acetonitrile with 0.1% formic acid
at 400 nL/min for 120 min. After that, PRM analysis was
performed by on-line nanospray LC-MS/MS on Orbit-
rap Fusion” Lumos™ Tribrid™ mass spectrometer cou-
pled to an EASY-nanoLC 1000 system. The settings for
PRM were according to the method described by Zhang
et al. [12] with some modification. Full MS scans in the
mass range from m/z 350 to 1200 were acquired with a
resolution of 120,000. MS2 spectra were acquired with
a resolution of 30,000. The maximum ion injection time
and the AGC target were 70 ms and 2e’, respectively. The
inclusion list exported from SpectroDive was imported
into the mass list table in the PRM mode. For PRM analy-
sis, raw files of the targeting runs were analyzed in Spec-
troDive 9.10 with default settings. Q-value cutoff 1% on
precursor was applied. The average of filtered peptides
were used to calculate the protein quantities.

Statistical and phylogenetic analyses

A completely randomized design with three replicates
was performed. SPSS software (version 17.0) was used to
analyze the data. Significant differences were determined
by Duncan’s multiple range test at 5% level.

Results

Change in browning index of Thompson seedless grape
dry in shade

The browning index increased with the increase of
drying time from day 10 (Fig. 1). The browning index
remained stable in the first 8 days. At the end of
the shade-drying, the grapes are all browning. The
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Browning index

Dry days

Fig. 1 Changes in browning index of samples. Browning
was assessed by measuring the extent of the browned area
of 50 individual fruits, the Bl was calculated as ¥ (browning
scale x proportion of corresponding fruits within each class)

browning index of the grapes is 6, increased by 5
(P<0.01) over fresh grapes. Therefore, fresh grapes and
the grapes shade-dried for 30 days were selected for
further protein analyses.
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Identification and GO analysis

In this study, 58,642 precursors were generated. These
precursors leading to an identification of 35,803 peptides
and 5431 proteins. Proteins with a 1.5-fold change in pro-
tein amount (mean value of all comparison groups) and
a P-value (t-test of all comparison groups) less than 0.05
were defined as significantly changed proteins (SCP). In
all, 739 proteins were identified as SCP. Among these
proteins, 550 proteins were up-regulated and 189 pro-
teins were down-regulated.

Go analysis of level 2 was performed on SCP to study
their biological functions of Thompson seedless grape in
the browning process. As shown in Fig. 2, proteins which
play roles in the organic substance metabolic process
(17%), the regulation of molecular function (17%), the
nitrogen compound metabolic process (15%), the cellular
component organization (13%), response to stress (6%),
and small molecule metabolic process (6%) had been sig-
nificantly changed in their amount during shade-drying.
As shown in Fig. 3, 30% and 22% of SCP are related to
enzyme regulation and isomerase activity, respectively.
The percentage of SCP with molecular functions in lipid
binding, oxidoreductase activity, protein binding, and
hydrolase activity were calculated to be 13%, 12%, 5%,
and 5%, respectively. As shown in Fig. 4, 83% of SCP were
enriched in organelle lumen and catalytic complex.
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Fig. 2 Classification of SCP by “the biological process” Gene ontology (GO) analysis of SCP based on the biological process, the results were sorted
by p-value, the number of proteins enriched in the top 20 items with the smallest p-value was counted (other was the total number of remaining
items). The pie chart was made to show the proportion of the number of proteins in each item




Liu et al. Appl Biol Chem (2021) 64:41

Page 5 of 10
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lyase activity
%
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Fig. 3 Classification of SCP by “molecular function” Gene ontology (GO) analysis of SCP based on the molecular function, the results were sorted
by p-value, the number of proteins enriched in the top 20 items with the smallest p-value was counted (other was the total number of remaining
items). The pie chart was made to show the proportion of the number of proteins in each item
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ribonucleoprotein complex

membrane protein complex
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Fig. 4 Classification of SCP by “the cellular component”. Gene ontology (GO) analysis of SCP based on the cellular component, the results were
sorted by p-value, the number of proteins enriched in the top 20 items with the smallest p-value was counted (other was the total number of
remaining items). The pie chart was made to show the proportion of the number of proteins in each item

KEGG pathway analysis of SCP
Pathway analysis on SCP was performed based on KEGG
database. The top 20 SCP-involved pathways with the
lowest p-value were shown in Fig. 5. The y axis indicates
the percentage of the protein which is involved in the
correlated pathway in total SCP.

The results showed that the amount of the proteins
which are involved in Metabolic pathways, Biosyn-
thesis of secondary metabolites, Carbon metabolism,

Biosynthesis of amino acids, and Protein processing in
endoplasmic reticulum pathways is prone to be affected
by shade-drying. Tyrosine metabolism, Fatty acid biosyn-
thesis, and Citrate cycle (TCA cycle) are the key compo-
nents in grape metabolism pathways. However, we found
that many proteins which are involved in other four path-
ways, Glutathione metabolism, Fatty acid degradation,
Phenylalanine metabolism, and Peroxisome, were also
significantly changed during the process of shade-drying.
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In addition, the Oxidative phosphorylation, Phenylala-
nine, tyrosine and tryptophan biosynthesis, Glycerophos-
pholipid metabolism, and Phenylpropanoid biosynthesis
pathways may also be largely affected by shade-drying.

The browning-related proteins

According to their functional description, some SCPs
were further classified. As illustrated in Table 1, the grape
browning-related proteins are enriched in the phenylpro-
panoid biosynthesis, tyrosine metabolism, phenylalanine
metabolism, oxidative phosphorylation metabolic, Glu-
tathione metabolism, Peroxisome, and Fatty acid degra-
dation pathways. So, the following sections will focus on
the involvement of these proteins for the above seven key
pathways.

PRM analysis

PRM has been widely used to detect and quantify target
proteins due to its high specificity and sensitivity [13].
To validate the results of DIA, PRM was performed
to analyze the five random SCP (four up-regulated:

A5AUO08, F6H344, F6H8B4and F6H]JJ4, and one down-
regulated: D7U030) in Table 2. The five proteins are
glutathione peroxidase, ATPase, phospholipid hydrop-
eroxide glutathione peroxidase, Oxygen-evolving
enhancer protein, and malate dehydrogenase. These
proteins are involved in glutathione metabolism, Oxi-
dative phosphorylation, Photosynthesis, and Biosyn-
thesis of secondary metabolites pathway.

The results of PRM analysis revealed that these
proteins possess similar expression tendencies (fold
change; between BG and FG) with those from pro-
teomic data. For example, the PRM for the protein of
phospholipid hydroperoxide glutathione peroxidase
was induced by 2.45-fold, which is similar to the 2.12-
fold increase in the protein expression level. The PRM
for the protein of ATPase was down-regulated by 1.67-
fold, which is similar to the 2.28-fold decrease in the
protein expression level.

Although some quantitative differences in the results
from the two analytical platforms can be observed, the
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Table 1 The information of proteins related to browning of Thompson seedless grape
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Protein name

Protein accessions Fold change Functional description

Pathway names

POD F6GXY7 171 Cationic peroxidase 1-like Phenylpropanoid biosynthesis
Beta-glucosidase D7U288 2.01 Beta-glucosidase 11 Phenylpropanoid biosynthesis
Acylpyruvase FAHD1 D75YB8 156 Acylpyruvase FAHD1 Tyrosine metabolism
Aspartate aminotransferase D7SUD7 1.65 Aspartate aminotransferase Phenylalanine metabolism
Fumarylacetoacetase D7TRJ7 1.54 Fumarylacetoacetase Tyrosine metabolism
Primary amine oxidase FeHUI4 1.72 Primary amine oxidase-like Tyrosine metabolism
Alcohol dehydrogenase F6H098 1.51 Alcohol dehydrogenase Tyrosine metabolism
Alcohol dehydrogenase EOCQN2 1.96 Alcohol dehydrogenase | Tyrosine metabolism
Bifunctional aminotransferase  D7SW04 1.57 Bifunctional aspartate aminotransferase and glu-  Tyrosine metabolism
tamate/aspartate-prephenate aminotransferase
ATP synthase D7SM33 —1.66 ATP synthase subunit delta’ Oxidative phosphorylation
ATPase D7U030 —167 ATPase, FO complex, subunit G Oxidative phosphorylation
SOD D7SNA2 1.88 Superoxide dismutase [Cu-Zn] Peroxisome
SOD FOHTYS5 2.02 Superoxide dismutase [Cu-Zn] Peroxisome
SOD FEHTX9 2.99 Superoxide dismutase [Cu-Zn] Peroxisome
CAT D7UD99 1.52 Catalase isozyme 1 Peroxisome
GSH A5AU08 2.85 Glutathione peroxidase Glutathione metabolism
GSH F6H344 2.12 Phospholipid hydroperoxide glutathione peroxi-  Glutathione metabolism
dase 1
Acyl-coenzyme A oxidase 3 F6H4X3 2.03 Acyl-coenzyme A oxidase 3 Fatty acid degradation
Aldehyde dehydrogenase D75P43 291 Aldehyde dehydrogenase family 3 member F1 Fatty acid degradation
Alcohol dehydrogenase F6H098 1.51 Alcohol dehydrogenase Fatty acid degradation
Alcohol dehydrogenase EOCQN2 1.96 Alcohol dehydrogenase | Fatty acid degradation
Acetyl-CoA acetyltransferase  F6HRX1 1.63 Acetyl-CoA acetyltransferase Fatty acid degradation
Table 2 PRM analysis on SCP
Protein BG/FG ratio P value BG/FG ratio (DIA)
A5AU08 Glutathione peroxidase 1.40 0.035 2.85
D7U030 ATPase —2.28 2.99E—-06 —1.67
F6H344 Phospholipid hydroperoxide glutathione peroxi- 245 0.008 2.12
dase
F6HB8B4 Oxygen-evolving enhancer protein 240 0.001 5.88
FeHJJ4 Malate dehydrogenase 143 0.003 238

5 SCP exhibiting similar trend in the PRM results sup-
ported the reliability of the DIA data.

Discussion

Enzymatic browning is a reaction that affects the appear-
ance, quality, and sensory properties of fruits and other
vegetables. It is appealing more and more attentions from
industry and researchers [14]. The browning of Thomp-
son seedless grape during drying in the barn has been
well-acknowledged as the primary factor affecting the
development of the raisin industry in Xinjiang, China.
The browning of grapes only occurred in the middle

and late stage of the shade-drying. After 10 days of dry-
ing in shade, the browning dramatically developed. The
shade-drying process is a dehydration stress for grapes.
Dehydration not only reduces the weight of the grapes,
but also causes changes in the metabolism and com-
pounds of the grapes. This process involves the expres-
sion of many different proteins. Therefore, fresh and
completely browning Thompson seedless grapes were
used as research material in this study. DIA sequencing
technology was used to determine the protein changes
in the process of shade drying of Thompson seedless
grapes. The main regulatory proteins which are related
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to browning were screened. Changes in their metabolic
pathways were also analyzed. PRM was applied to sup-
port the analyses on the expression of proteins. This
study laid a theoretical foundation to the study of enzy-
matic browning of Thompson seedless grapes during
shade drying. In addition, our results provided a guid-
ance for the effective control of browning in industry.

In this study, differential proteomics analysis was car-
ried out using fresh grapes and browning grapes as mate-
rials. In all, 739 proteins were identified as SCP. Among
these proteins, the amount of 550 proteins were up-
regulated, while the amount of 189 proteins were down-
regulated. The results of Gene Ontology annotation
showed that the SCP are mainly involved in the organic
substance metabolic process, regulation of molecular
function, nitrogen compound metabolic process, cellular
component organization, response to stress, and small
molecule metabolic process. The KEGG results indicate
that between BG and FG, the Metabolic pathways, Bio-
synthesis of secondary metabolites, Carbon metabolism,
Biosynthesis of amino acids, and Protein processing in
endoplasmic reticulum pathways were the most affected
pathways during the drying process.

Previous studies found that the cause of grape brown-
ing is the enzymatic reaction [15, 16]. Enzymatic brown-
ing is caused by structural damage to the fruit tissue and
it is originated by enzymes, such as the PPO or POD.
These enzymes react with phenolic substrates to produce
quinones, which can be further oxidized and polymer-
ized to form darker pigments (brown) on the surface of
fruits [17, 18]. POD are the main enzymes involved in the
phenolic oxidation of many fruits. In our research, the
POD (F6GXY7) is 1.71-fold up-regulated in the BG. POD
is the terminal enzyme of phenylpropanoid metabolic
pathway involved in lignin synthesis in plants.

The phenols are main substrates of enzymatic brown-
ing, which are closely related to browning [19]. Hogan
et al. [20] considered that the browning degree of grape
had a high correlation with the contents of total phe-
nol, proanthocyanidins, catechins and root skin gly-
cosides. Grncarevic et al. [10] studied the relationship
between phenolic compounds and browning during the
drying of grapes. It is acknowledged that browning is
related to the production of medium and low molecular
weight polymers. The enzymatic oxidative degradation
of hydroxycinnamate and flavan-3-ol derivatives during
drying is an important cause of grape browning. Single-
ton pointed out that the caffeic acid disappeared during
the drying process of the Thompson seedless grape, but
no s-glutathionyl caffeic acid production was detected.
Durst et al. [21] found that flavanol compounds were
less sensitive to enzymatic browning than hydroxy cin-
namic acid compounds (cinnamic acid, caffeic acid,

Page 8 of 10

p-coumaric acid, ferulic acid, etc.), but the degradation of
proanthocyanidins and flavane-3-ols was completely dur-
ing the drying process. Polyphenols are mainly derived
from phenylpropanoid metabolic pathway [22]. In our
study, coumarin was produced as a result of the reac-
tion between the beta-glucosidase (D7U288) and [-D-
glucosyl-2-coumarinate. Its amount was significantly
increased (twofold) during shade-drying. The amount of
peroxidase (F6GXY7) which catalyze the last step of the
phenylpropanoid pathway for the production of lignin,
was 1.71-fold increased in the drying process. These two
proteins are involved in the Phenylpropanoid biosynthe-
sis. Besides, Tyrosine and phenylalanine are the precur-
sors of phenolic compounds in fruit. In our study, we
found that the tyrosine metabolism and phenylalanine
metabolism were favored in the shade-drying of grapes.
In tyrosine metabolism, the presence of seven proteins
(D7SYB8, D7SUD7, D7TR]7, F6HUI4, F6H098, EOCQN?2,
D75W04) were significantly up-regulated. Among these
proteins, the amount of aspartate aminotransferase
(D7SUD7) which could turn 4-hydroxy-phenylpyruvate
into tyrosine was increased by 1.65-fold. In Phenylalanine
metabolism, aspartate aminotransferase (D7SUD7) could
convert phenylpyruvate into phenylalanine. Hence, the
key proteins aspartate aminotransferase significantly up-
regulated during grape drying, resulting in an enhance-
ment in the syntheses of tyrosine and phenylalanine. The
up-regulated proteins in the Phenylpropanoid biosynthe-
sis and the precursor substances of phenols are impor-
tant factors related to the browning of grape.

Normally, the PPO and phenolic compounds are sepa-
rated in different cell compartments. Studies have shown
that the integrity of cell membrane system is closely
related to energy [23-26]. The change of energy level
in cells mainly comes from energy metabolism. In the
energy metabolism pathway, oxidative phosphorylation
occurs on the inner membrane of mitochondria, which
is the third stage of respiratory metabolism and could
produce 95% energy in cells [27]. In this study, the oxi-
dative phosphorylation pathway of browned grapes was
changed, and consequently affects the energy metabolism
of grapes. In the oxidative phosphorylation metabolic
pathway, the synthesis of two ATP synthase, D7SM33 and
D7U030, was down-regulated by 1.66-fold and 1.77-fold,
respectively. In fact, there is a direct relationship between
ATP synthesis and membrane degradation during the
browning of fruits [28]. Energy is an essential element to
maintain the structure and biochemical functions of the
cell membrane system. Shortage of energy may lead to
a decrease of cell membrane lipid synthesis rate and the
aggravation of cell membrane lipid peroxidation, which
will cause the imbalance of cell membrane lipid metabo-
lism and subsequently leads to browning [29].
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In recent years, it has been found that the enzymatic
browning of fruit is closely related to the enhancement
of membrane lipid peroxidation and the destruction of
membrane structure caused by the imbalance of reac-
tive oxygen metabolism [30]. Excessive accumulation of
reactive oxygen species is the main cause of membrane
lipid peroxidation. The free radical theory suggests that
superoxide dismutase (SOD) scavenge superoxide anions
through disproportionation reactions to generate non-
toxic O, and H,0,, H,O, that can be reduced to H,O by
catalase (CAT) or ascorbate peroxidase (APX), thereby
reducing the accumulation of reactive oxygen species
(ROS) such as superoxide anion and H,O, and reducing
the destruction of cell membranes. Glutathione (GSH) is
the major enzyme that catalyzes the oxidation of reduced
glutathione in the glutathione redox cycle, which could
specifically catalyze the reaction of reduced glutathione
with ROS to produce oxidized glutathione (GSSG), thus
protecting the biofilm from ROS damage and maintain-
ing the normal function of cells during stress. In this
study, ROS was accumulated in the shade-dry process of
grape because the production and clearance system of
ROS was broken after the grapes suffered with dehydra-
tion stress. The syntheses of SOD, CAT and GSH pro-
tein in browning grape are significantly up-regulated.
This may result from the fact that grape reduces oxida-
tive stress by regulating antioxidant enzymes in the body,
which is a response of plants to oxidative stress [31, 32].
Phenolic compounds can scavenge excess ROS in the
fruit, but the resulting brown-colored oxidation products
are also one of the causes of fruit browning [33].

Drying is a dehydration stress for grapes. When plants
are subjected to stress, the first site of injury is the cell
membrane [34]. Fatty acids are the main components of
the cell membrane of organisms. When the metabolism
of ROS is dysregulated, the membrane lipid peroxida-
tion intensifies. As a result, unsaturated fatty acids in
the phospholipid bimolecular layer in the membrane are
oxidized and decomposed, resulting in the destruction
of the whole membrane [35, 36] and eventually brown-
ing of fruits [37, 38]. In this study, the fatty acid deg-
radation pathway was favored, where acyl-coenzyme
oxidase (3F6H4X3) is 2.05-fold up-regulated. It can cata-
lyze the first step of p-fatty acid oxidation, and it is the
rate-limiting enzyme for B-oxidation [39, 40]. In addi-
tion, 4 proteins (D7SP43, F6H098, EOCQN2, F6HRX1)
which are involved in the fatty acid catabolism were
up-regulated. D7SP43 synthesis was 2.91-fold upregu-
lated, F6H098 and EOCQN2 was 1.51-fold and 1.96-fold
up-regulated, respectively. Aldehyde dehydrogenase can
convert fatty acids into aldehyde and then into alcohol.
F6HRX1 (acetyl-CoA acetyltransferase) localized in
the peroxisome and is modulated 1.63-fold in fatty acid
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degradation. It can catalyze the conversion of acyl-coen-
zyme A and acetyl-coenzyme A to 3-oxy-coenzyme A
in fatty acid degradation pathway. In summary, the syn-
thesis of multiple key proteins in fatty acid degradation
pathway is up-regulated, which promotes the catabolism
of fatty acids in grapes. Thus, the membrane lipid metab-
olism and integrity of grape cells are affected, and thereby
causing the grapes browning.
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