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ABSTRACT: Browning is a critical problem, which often limits the shelf life and marketability in fresh-cut lotus tuber. Proteome
level changes in response to the browning metabolism were investigated using two-dimensional electrophoresis (2-DE) and
MALDI-TOF-TOF. A total of 34 functional protein spots were identified by comparing 2-DE protein patterns of fresh-cut lotus
tuber before and after browning. These 34 identified proteins could be classified into 7 functional groups based on the NCBI
database, that is, material and energy metabolism (35%), stress response (20%), respiration metabolism (12%), cell structure
(12%), signal transduction (6%), gene expression regulation (6%), and unclassified proteins (9%). The group with the greatest
difference in protein expression was related to material metabolism and regulation, reactive oxygen species metabolism, and
respiratory control. The distinct proteins included universal stress protein (USP), superoxide dismutase (SOD), peroxidase
(POD), ferritin, and ATPase.
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■ INTRODUCTION
Lotus tuber (Nelumbo nucifern) is a multipurpose aquatic
economic crop in China, which has been recognized as a
medicinal-food plant.1 As its tissue is crisp and tender with high
water content, the lotus tuber is easy to slit and suitable for
fresh-cut use. Currently there is a great demand and market for
fresh-cut products in the People's Republic of China. The lotus
tuber has a smooth white rind and white flesh that easily brown
during storage and processing. The color change from pure
white to brown negatively influences the products’ sensory
characteristics. There exists a subvital status in which the
respiratory and behavioral physiology of fresh lotus tuber stops
immediately after harvest.2 Fresh-cut lotus tubers start
browning due to mechanical damage, and browning leads to
the changing of product color and flavor, resulting in the loss of
nutrients and reduction in commercial value.3 This has been
the main limitation in the export and domestic sale of lotus
tuber fresh-cut products.
The pathways prevalent in browning of fresh-cut products

are of two types, that is, enzymatic and nonenzymatic.
Enzymatic browning results from oxidation of polyphenols to
quinines catalyzed by browning enzymes, such as polyphenol
oxidase (PPO), peroxidase (POD), o-diphenol oxidase,
catechol oxidase, and subsequent further reaction and polymer-
ization of the quinines. The occurrence of enzymatic browning
can limit the shelf life of fresh-cut vegetables. Nonenzymatic
browning is a chemical process that produces a brown color in
foods without the activity of enzymes, and the main form of
nonenzymatic browning is Maillard reaction. The Maillard
reaction is a chemical reaction between carbonyl and free
amino groups, that is, reducing sugars and amino acids, which
produces melanoidin pigments in a wide variety of foods. There
are three hypotheses considered to be responsible for the
mechanism of enzymatic browning, namely, phenol−phenolic

enzyme regional distribution,4 free radical damage,5 and
protective enzyme system.6 Therefore, these browning
enzymes, such as PPO and POD, are the important factors
and necessary conditions for browning.7 Because all enzymes
are proteins, research on protein changes is particularly
essential. Vegetables could be susceptible to browning as a
result of changing gene expression and metabolism.8 In
browning mechanism research, it is an important factor to
determine protein expression before and after browning.
Protein expression is a reflection of the actual state of the
vegetable cell and structure and is the key link of gene
expression and ultimate metabolism.
Protein is one kind of executor of physiological functions in

an organism and is a direct reflection of life phenomenon.
Studies on protein structure and function may clarify
mechanisms in physiological or pathological conditions
directly.9 Different proteins have their own specific activity
patterns and do not read directly from gene information. Types
and numbers of proteins in different cells vary and change not
only continuously but also systematically.10 Even in the same
cell, protein components are constantly changing at different
times or under different conditions. On the other hand, protein
information from a gene is incomplete and information such as
its activity, formation of protein structure, modification,
transport position, and interaction cannot be found.11

Plant proteomics, although still at an early stage of
development, is an important part of proteomics.12 Plant
physiological proteomics has important significance in under-
standing the injury mechanism of abiotic stress, the adaptation
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mechanism to abiotic environment, the interaction mechanism,
and the regulation of plant hormones.13 After experiencing
adverse environmental signals, the plant regulates expressions
of intracellular resistance-related proteins by signal transduction
and then adjusts its physiological state to adapt to the
environment. Reactive oxygen species (ROS) generation is
often the first detectable response to stress in plants; for
example, browning could lead to ROS production, causing
detrimental effects to cellular functions.14 Plant cells regulate
ROS levels through scavenging mechanisms with antioxidant
defense proteins, such as catalyzers superoxide dismutase
(SOD) and POD. These proteins realize several functions as
key players in the modulation of ROS levels and ROS-mediated
stress signaling in grape and other plants.15 Recent results from
studies demonstrated that some induced proteins, a peroxir-
edoxin enzyme (Prx1) and ascorbate peroxidases (APX) from
grape, might be correlated with increased tolerance to ROS.16

Research on proteins or genes associated with stress
resistance has an important role in understanding resistance
mechanisms and raising resistance performance. Being a form
of mechanical damage, fresh-cut treatment also adversely affects
the lotus tuber. Progress, mainly on the characteristics of
browning enzymes, how to control their activities, and inhibitor
utilization, has been made in previous studies on lotus tuber
browning.17,18 However, research on changes of protein types,
quantity, and structures during browning are lacking. In this
study, we have investigated the identification and functional
analysis of differently expressed proteins in lotus tuber before
and after browning to elucidate the molecular mechanism of
the biological process, especially browning, at proteomic level.
This study provides a theoretical basis for better browning
control of fresh-cut lotus tuber in practice.

■ MATERIALS AND METHODS
Plant Materials. Lotus tubers cv. 3735 were purchased from

markets in Nanjing, Jiangsu Province, China. Sturdy tubers of
moderate maturity, with fine appearance and without injury, were
dipped in running water and gently scrubbed with a soft cloth. After
cleaning, the selected lotus tubers were peeled and cut into slices of
0.3−0.5 cm thickness and free from nodes. The tuber slices were
divided into two groups. One group was immediately frozen in liquid
nitrogen and stored at −20 °C for future use, whereas the other group
was packaged in loosely sealed high-density polypropylene (HDPE;
thickness = 15 μm; size = 25 cm × 38 cm) plastic bags and then stored
at 20 °C until completely brown. Samples were also frozen in liquid
nitrogen and stored at −20 °C for future use.
Sample Preparation. Extraction of total proteins from the lotus

tuber samples was performed according to two different methods
namely, phenol extraction (Phe)19 and trichloroacetic acid/acetone
precipitation (TCA/acetone)20 with minor modifications. Frozen
tuber samples (2.0 g) were ground to a fine homogeneous powder in
liquid nitrogen and extracted with 5 mL of extraction solution (60 mM
Tris, 1.05 M sucrose, 10 mM EGTA, 1% Triton X-100, 1 mM DTT).
Protein was precipitated from the extraction buffer with chilled
acetone and collected by centrifugation for 30 min at 5000g after
standing for 2 h. The supernatant was collected for the next extraction
by different solutions.
The supernatant was collected with the same volume of ice-cold, pH

8.0, Tris-saturated phenol by using the Phe method. The mixture was
centrifuged for 30 min at 5000g after standing for 2 h. The upper
phenolic phase was precipitated overnight with 5 volumes of chilled
acetone at −20 °C. Precipitated proteins were centrifuged for 30 min
at 5000g again and then rinsed twice with ice-cold methanol, followed
by rinsing with chilled acetone twice. The pellets were air-dried at
room temperature and stored at −20 °C for future use.

The supernatant was collected with 5 volumes of ice-cold TCA/
acetone (10% TCA, 20 mM DTT) according to the TCA method.
The mixture was centrifuged for 30 min at 5000g after standing for 2 h.
The precipitated proteins were rinsed and treated as for the above Phe
method after the supernatant has been discarded.

Dried protein powders were finally solubilized in 350 μL of
rehydration buffer containing 7 M urea, 1% DTT, 2 M thiourea, 4%
CHAPS, and 0.5% IPG buffer, pH 4−7. The samples were centrifuged
at 5000g for 10 min. The supernatants were collected for the
determination of protein content and application to two-dimensional
electrophoresis (2-DE). Total protein concentration was determined
according to the method of Bradford.21 The absorbance was measured
at 595 nm and protein concentration calculated using bovine serum
albumin (BSA) as a standard.

2-DE. About 800, 1000, or 1500 μg of total protein was
resuspended in rehydration buffer to a final volume of 350 μL. The
mixture was pipetted in a 17 cm ceramic strip holder in which an
immobilized linear pH gradient (IPG) strip, pH 4−7, 17 cm, was
placed gel side down. The strips were overlaid with mineral oil. Strips
were rehydrated overnight at 20 °C. Focusing was performed for a
total of 60 kVh at 20 °C. The voltage was set at 100, 200, 500, and
1000 V for 1 h; at 4000 and 8000 V for 2 h; and at 8000 V until final
volt-hours (60 kVh) was reached with a current limit of 50 mA/strip in
an Ettan IPGphor. After isoelectric focusing (IEF), the strips were
equilibrated by gentle stirring for 15 min in an equilibration buffer of
1.5 M Tris-HCl, pH 8.8, 6 M urea, 20% glycerol, and 4% SDS with
added 2% DTT. A second equilibration step was carried out for 15
min in equilibration buffer containing 2.5% iodoacetamide (IAA). For
the second dimension, the strips were positioned on top of a 12%
polyacrylamide SDS gel and sealed with 0.5% agarose. Electrophoresis
was performed at 15 °C using the Protean II XL Cell system at 0.5 W/
gel for 1−2 h, followed by 6 h at 15 W. Gels were stained with 0.12%
Coomassie brilliant blue (CBB) G-250 overnight and destained with
distilled water.22 At least three biological replicates were performed for
each treatment.

Gel Scanning and Image Acquisition. All of the gel images were
digitized with a densitometer Power Look 2100XL at 300 dpi
resolution and analyzed with PDQuest software (version 8.0). All gels
were scanned immediately after CBB-250 destaining to minimize any
possibility of fading. The percentage volumes were used to designate
the significant differentially expressed spots (at least 2-fold increase/
decrease and statistically significant as calculated by one-way ANOVA,
P < 0.05). Triplicate gels were used for each sample, and the SD was
calculated. Only those with reproducible and significant changes were
considered to be differentially expressed proteins.

Protein In-Gel Digestion. Spots showing changes statistically
significant (at P < 0.05) and above a 2-fold threshold were
automatically excised and digested with modified porcine trypsin
with minor variations.23 Gel plugs were destained by incubation (twice
for 20 min) with 50 mM ammonium bicarbonate in 50% ACN, then
subjected to dehydration with pure ACN, and finally dried in the oven
at 37 °C. Trypsin solution of 5−10 μL, at a final concentration of 12.5
ng/μL in 50 mM ammonium bicarbonate, was added to the dry gel
pieces, and the digestion proceeded at 37 °C overnight. Peptides were
extracted from gel plugs by adding 60 μL of 0.1% TFA (30 min of
incubation), and all extracts were pooled.

MS Analysis and Protein Identification. Samples were analyzed
in a 4700 Proteomics Analyzer MALDI-TOF-TOF mass spectrometer
(Applied Biosystems, USA), in the m/z range 700−3500, with an
accelerating voltage of 20 kV, in reflectron mode and with a delayed
extraction set to 120 ns. Spectra were internally calibrated with
peptides from trypsin autolysis. The three most abundant ions were
then subjected to MS/MS analysis, providing information that could
be used to determine the peptide sequence. A combined search (MS
plus MS/MS) was performed using GPS Explorer software v 3.5
(Applied Biosystems) over NCBI databases using the MASCOT
search. Amino acid sequence data acquired from tandem mass
spectrometry were compared to previously sequenced proteins in the
National Center for Biotechnology Information − Basic Local
Alignment SearchTool (BLAST) database.24
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■ RESULTS AND DISCUSSION

Establishment of Total Protein Extraction Method.
Protein extraction is a key step in 2-DE;25 the extraction
method affects the electrophoretic quality, and its quality
directly affects its resolution and reproducibility. TCA/acetone
and phenol extractions are common methods for protein
extraction.12,26 The former is simple and quick nd is effective to
precipitate protein with acetone; it can remove some interfering
substances to purify protein.27 By this extraction procedure,
many sugars and other substances are precipitated with protein,
which can seriously affect the quality of electrophoresis.
Whereas phenol extraction is complex and time-consuming,
its selective dissolution of different phases can effectively

remove organic impurities in the sample, resulting in a good
separation of protein.28

In this study, protein yields were 261 ± 11 μg/g FW
(phenol) and 142 ± 7 μg/g FW (TCA/acetone) with the same
sample volume. This means the loss of protein from TCA/
acetone extraction was higher. All other conditions being equal,
the average number of protein spots of phenol extraction was
more than 400 with a clear gel surface; only about 120 protein
spots were found for TCA/acetone extraction, with some spots
appearing. This may be because the lotus tuber tissues are rich
in secondary metabolites, such as polysaccharides, phenols, and
quinines. They can all increase protein gravity and change the
protein isoelectric point by binding with or being wrapped
around proteins.29 Moreover, their weak dissolvability in

Figure 1. Representative spot maps of fresh-cut lotus tuber. Map a represents tubers before browning and map b tubers after browning. 2-DE was
performed using phenol extraction method, 1500 μg of protein, linear 17 cm IPG strips (pH 4−7) and 12% SDS-PAGE gels for second-dimension
electrophoresis. Gels were stained with CCB G250.

Figure 2. Differential proteins identified from lotus tuber before browning. Identification of 40 protein spots from lotus tuber before browning was
performed by 2-DE and MALDI-TOF-TOF analysis. The numbers with arrows indicate the differentially expressed and identified protein spots.
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ampholyte,30 resulting in most of the protein aggregates being
in the macromolecule tip at the gel surface or forming a large
number of stripes, then strongly interferes with protein
extraction and 2-DE analysis. The phenol extraction can well
remove these interfering substances and obtain a pure protein
sample and, hence, is more suitable for 2-DE proteome analysis
in fresh-cut lotus tuber during browning. Effective protein spot
numbers were 101, 251, and 371 on the maps with 800, 1000,
and 1500 μg protein loading amounts, respectively. With 1500
μg protein loading amount, some low-abundance protein spots
were clearly observed. Most protein spots were almost round in
shape, with a clear boundary and no spread, without tailing, and
well distributed. Therefore, suitable 2-DE conditions for lotus
tuber were selected as phenol extraction, 1500 μg sample
volume, pH 4−7, 17 cm IPG, and 12% gel concentration.
Protein Identification of Lotus Tuber before and after

Browning. A series of physiological and biochemical changes
(e.g., changes in respiration rate, lipid peroxidation, secondary
metabolites, callus formation, and nutrient losses) take place
when fresh-cut vegetables get brown,31 and the proteome
information is related to the biological process. In this work,
protein extracts were obtained from lotus tubers before and
after browning. After 2-DE separation and protein staining, the
proteome profiles were visible (Figure 1) and showed clear
differences. Total protein spots of the two samples were 337 ±
3 (before browning) and 328 ± 4 (after browning) respectively,
containing 40 differentially expressed protein spots significant
differentially expressed at >2-fold (Figure 2). Of the 40 spots
expressed, 5 were observed in lotus tubers only before
browning and 5 only after browning. In addition, 22 spots
were obviously higher in the tubers before browning, whereas 8
spots were clearly abundant after browning. The protein spots,
which showed a >2-fold difference in expression values, present
in all extract replicates were considered. The expressed 40 spots
were characterized primarily by MALDI-TOF-TOF. Of the 40
spots, only L35 and L37 could not be identified; the remaining
38 spots (95% of the processed proteins) were confidently
identified. The 38 protein spots were annotated by BLAST
searches against the NCBInr database, including 34 functional
proteins (Table 1) and four storage proteins (L30, L34, L36,
and L38).
For most of the identified proteins, experimental Mr and pI

were in reasonable agreement with the theoretical values of the
matched proteins (Table 1). However, some identified proteins
had noticeable differences between the observed and theoretical
values of Mr and pI. For RNA recognition motif (RRM, L3),
the theoretical pI (9.51) is beyond the pH range of the strips
we used. In addition, for hypothetical proteins VOLCA-
DRAFT_90329 (L21) and Bms1 (L31), not onlywere the
theoretical pI values (9.33 and 8.53, respectively) beyond the
pH range of the strips we used, but also their theoretical Mr
values are markedly higher than the experimental values. The
phenomenon about protein profiles has been reported in
Arabidopsis tubers32 and citrus flesh33 and could be due to
various reasons, such as post-translational modification, variable
splicing, protein degradation, human modification during the
process of protein extraction, and electrophoresis.
The 34 identified proteins were classified into seven

functional classes, and the functional categories are shown in
Figure 3. According to protein homologies, the literature, and
the distributions, the identified proteins contained (1) material
and energy metabolism (35%) including lipid, phenol,
nucleotide, amino acid, and ROS metabolism; (2) stress

response (20%); (3) respiratory regulation (12%); (4) cell
structure (12%); (5) gene expression (6%); (6) cell signaling
(6%); and (7) unclassified (9%).

ROS Metabolism. High levels of ROS might disrupt the
normal cell functions and were considered a signal induced by
an active cell against stress conditions and a means of pathogen
defense. ROS damage to plants produced directly or indirectly
lipid peroxidation. The cells are normally protected against
ROS by the operation of intricate antioxidative systems
comprising enzymatic (SOD, CAT, POD, and enzymes of
the Halliwell−Asada pathway) and nonenzymatic (ascorbate,
glutathione, and phenolic compounds) systems. Thioredoxin-
dependent peroxidase (TPx, L9), copper−zinc superoxide
dismutase (Cu/Zn-SOD, L26), and ferritin were found in
this study. SOD is the first defense line in the ROS scavenging
system and serves as an antioxidant.34 SOD catalyzes the
dismutation of superoxide into oxygen and hydrogen
peroxide35 and inhibits DNA structure injury. Cu/Zn-SOD,
commonly known as SOD1, is an enzyme that has been proved
to scavenge ROS directly and is mainly used to remove O2

•−.36

After browning occurred in lotus tubers, Cu/Zn-SOD
expression decreased, indicating ROS scavenging activity
weakened during browning. The enzymatic processes basically
involve dismutation of O2

•− by SOD that generates another
partially reduced oxygen species, H2O2.

37 Normally, POD and
CAT take care of the cellular H2O2.

38 POD catalyzes the
oxidation of phenol and amine compounds, on the one hand,
and scavenges H2O2, toxic phenol, and amines, on the other.39

So there are two POD mechanisms: one has a protective effect
when plants face adversity or aging, and the other causes
damage at the end of adversity and aging.38 POD was
specifically expressed in TPx in lotus tuber. As a member of
the peroxides (POD), TPx can clear the toxic product H2O2
produced by ROS.40,41 The down-regulation of TPx after
browning indicates its role may be a stress response for
browning damage in cells, and it was inhibited when cell
structures were damaged. After cutting of lotus tubers, ROS
balance was damaged. ROS content increased, and browning
ensued. The expression of ROS clearance enzymes, such as TPx
and Cu/Zn-SOD, decreased, suggesting the free radical
scavenging ability of lotus tuber gradually weakened along
with the occurrence of browning.
Some metals, such as iron and copper, can catalyze ROS

generation, causing gene mutations and DNA damage.37 It is
considered to be an essential metal catalysis for ROS generation
and reaction. Metal storage and transport proteins, such as

Figure 3. Functional groups of differentially expressed proteins
identified from fresh-cut lotus tuber before and after browning
included 34 protein spots. This classification is based on a BLAST
search and their homologies and the literature.
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ferritin and transferrin, may provide additional redox active
metal.42 Iron reacts with ROS through the Fenton reaction and
plays a protective role in cell damage.43−45 As the main sources
of iron in ROS metabolism, ferritin (L19 and L27) expressions
decreased after browning, indicating the cell damage induced by
ROS increased further during the release of iron in ferritin.
When lotus tubers completely turned brown, cell metabolism
disorder occurred, and ferritin expression decreased. In other
words, cells produced stress-responsive proteins to resist
damage due to harmful substances. When tissue proteins
could not express normally or if expression was decreased, the
cell structure was destroyed.
Other Substrate Metabolism. Proteins related to

nucleotide metabolism were of two kinds: adenosine kinase
(AK, L7), which is associated with the balance of the extra- and
intracellular ATP levels;46,47 and nucleoside diphosphate kinase
(NDK, L39), which catalyzes the exchange of phosphate groups
between GTP and ATP.48 Both of them were down-expressed
after browning. Their down-regulations indicated that sub-
stance metabolism was out of control after browning and the
abilities of energy synthesis and utilization declined, accom-
panied by disorder of ATP energy metabolism. There were
three kinds proteins relating to amino acid metabolism:
cysteine synthase (L18) used for regulation of cysteine49 and
glutamate-ammonia ligase (L29) used for regulation of
glutamine50 expression reduced by 3.47 and 2.57, respectively,
after browning. Expressions of some proteins (e.g., Cys), which
had antibrowning ability decreased, resulted in promotion of
the browning reaction. Involved in serine metabolism,51 3-
phosphoglycerate dehydrogenase (L33) was expressed only
after browning, an indication that browning may affect the
production of serine. Related to lipid metabolism, esterase
(L22) had a down-regulation of 2.43-fold after browning, a hint
that esterase may be related to plant stress tolerance.
Cytochrome P450 (CYP450, L12) related to secondary
metabolism expressed only after browning, indicating that
browning was beneficial for secondary metabolite production.
Naringenin 3-dioxygenase (L20) was expressed only before
browning, revealing that phenol metabolic balance was broken
and activities of relevant enzymes decreased until they
disappeared.
Plant Stress Response. There were seven stress-responsive

proteins. Universal stress protein (USP) encompasses an
ancient and conserved group of proteins the expression of
which is enhanced when the cell is exposed to stress agents.52

USP includes heat shock proteins (HSPs), low-temperature-
induced proteins, pathogenesis-related protein (PR), and other
stress-responsive proteins.53 HSPs are a class of functionally
related proteins the expressions of which are increased when
cells are exposed to elevated temperatures or other stresses.54

HSPs are acidic proteins (pI = 5.0−6.5)55 including HSP110,
HSP90, HSP70, HSP60, and sHSP (15−30 kDa) on the basis
of their approximate molecular weights in kilodaltons.56 HSPs
play a protective and tolerant role by the proper fold, shift,
maintenance, and degradation of protein through chaperones,
antioxidant, signal transduction, cell stress protection, and so
on. The higher expression level of HSPs is the self-protective
reaction of the host, which can clear abnormal or denatured
proteins induced by stress in cells, activate the expressions of
other cell genes, inhibit apoptosis caused by ATP breakage, and
enhance the bearing ability to many stressors.57 Expression of
HSP is the most prominent reaction at the molecular level, and
the main product is sHSP.58 Enhancement of sHSP expression

can raise the plant’s capacity to resist stress. There were two
sHSPs, 17.5 kDa sHSP (L24) and 17.7 kDa sHSP (L28), in this
study. Expression of L24 decreased after browning, indicating
that HSP was highly expressed to maintain cell homeostasis
when cutting occurred. Increase of L28 expression was also
observed when there was extensive damage. HSP60 (L6) is
considered to be a typically mitochondrial chaperone59 and
plays a role in assisting polypeptides to reach a native
conformation, and it interacts with chaperonid10 (Cpn10,
L13).60 Just as the other kinds of stress protein, PR protects the
plant from pathogen infection.53 The expressions of HSP60
(L6) and chaperonid10 (Cpn10, L13) decreased by >50% after
browning. Their down-regulations suggest the immune system
in lotus tuber was weak. USP (L1, L5) was expressed only
before browning, meaning that the plant protection activity was
limited when browning was intensive. The expression of PR
(L2) decreased by 72.4%, and this also indicated that browning
reduces the tissue’s resistance to disease. All of the above results
suggest that the expression of stress proteins was complex and
most of them portrayed a tendency to decrease, an indication
that after browning of fresh-cut lotus tubers, environmental
stress factors causing browning weakened.

Respiration Metabolism. There were four kinds of
proteins related to respiration metabolism. H+-ATP synthase
(H+-ATPase, L8) is an important functional protein that creates
energy for the cell to use during the synthesis of ATP.61,62 Its
change has a direct or indirect relationship with plant
resistance. After browning occurred, its down-regulation
showed a weakening of the electron transport and energy
transfer, and energy efficiency decreased. 6-Phosphoglucono-
lactonase (L10) is an enzyme in the pentose phosphate
pathway;63 it also down-expressed after browning, meaning the
pentose phosphorylation pathway weakened. Pyruvate decar-
boxylase (PDC, L23) is a homotetrameric enzyme that
catalyzes the decarboxylation of pyruvic acid to acetaldehyde
and carbon dioxide in the cytoplasm.64 PDC’s down-regulation
after browning meant that acetaldehyde accumulated and cell
damage increased. Enolase (L32), known as phosphopyruvate
hydratase, is a metalloenzyme responsible for the catalysis of
the conversion of 2-phosphoglycerate (2-PG) to phosphoe-
nolpyruvate (PEP), the ninth and penultimate step of
glycolysis.65,66 Its up-regulation after browning indicated
glycolysis increased the role played by browning on respiration
was not consistent. These results suggest that the pathway and
direction of respiration changed a lot after browning due to cell
damage and catabolism.

Cell Structure. There are four proteins related to the
composition of cell structure. Actin (L11) is a ubiquitous
protein involved in the formation of filaments that are a major
component of the cytoskeleton.67 It plays an irreplaceable role
as a link between proteins controlling cell regulations and their
new function.68 Its up-regulation indicated that the incremental
expression favors the maintenance of cell integrity during
browning. However, actin depolymerizing factor (ADF11, L14)
is important for regulating actin dynamics and plays the reverse
role with actin by actin depolymerization.69 ADF11 down-
regulation and actin up-regulation after browning showed
different effects in browning on cell structure. Bms1 (L31) is an
essential, evolutionarily conserved nucleolar protein.70 Down-
regulation of Bms1 (L31) indicated ribosome synthesis was
blocked. Tetratricopeptide repeat domain (L40) is involved in a
variety of functions including protein−protein interactions, but
common features in the interaction partners have not been
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defined.71 The down-regulation of triangle tetrapeptide repeat
domain also suggests that browning had damaged the cell
structure.
Gene Expression Regulation and Signal Transduction.

RNA recognition motif (RRM, L3) and eukaryotic translation
initiation factor 5A (eIF5A, L25) were related to gene
expression regulation. RRM (L3), also known as RBD (RNA
binding domain) or RNP (ribonucleoprotein domain), is a
highly abundant domain in eukaryotes found in proteins
involved in post-transcriptional gene expression processes
including mRNA and rRNA processing, RNA export, and
RNA stability.72,73 Browning showed some influence on RRM’s
expression. It is expressed only before browning, indicating that
fresh-cut injury led to RRM expression, although deepening of
browning and cell damage inhibit its expression. On the basis of
protein synthesis, eIF5A (L25) produces response and
resistance to environmental stress by promoting the transfer
of some specific mRNA and expression of related specific
genes.74,75 Decreased expression of eIF5A showed that
proteins' (such as POD, SOD, and Cys) synthesis abilities
weaken rapidly, which causes decrease of abilities to control
browning.
14-3-3 protein (L4) and DDRP (L5) were related to signal

transduction. A striking feature of the 14-3-3 proteins is their
ability to bind a multitude of functionally diverse signaling
proteins, including kinases, phosphatases, and transmembrane
receptors.76 14-3-3 protein is an important regulatory factor in
plants. It can directly regulate signal transduction through the
combined capacity of target phosphorylation proteins.77 It also
plays important roles in low-temperature stress and mechanical
injury.78 Up-regulation of 14-3-3 protein after browning proved
that signal transduction was enhanced. DDRP is the main
undertaker of mRNA synthesis.79 Its expression only after
browning showed that browning did favor DDRP expression in
fresh-cut lotus tuber.
Unclassified Proteins. Among the three unknown

proteins, L16 and L21 subjected to mass spectrometry were
identified as hypothetical proteins, whereas L17 was accessed
with an unknown function. It was therefore difficult to
characterize their responses to browning in fresh-cut lotus
tuber. Their down-regulations after browning showed they
might play roles directly and/or indirectly in response to
browning. Among the three unclassified proteins, L16 and L17
were accessed from the NCBI database and identified through
BLAST matching, but their functions were still unclear. L12
was not BLAST matched.
In conclusion, our results showed that the most important

proteins differentially expressed and related to browning in
fresh-cut lotus tuber were SOD, POD, ferritin, USP, ATPase,
and actin, with their functions mainly concentrated on
substances and energy metabolism, stress response, cell
respiration, and maintenance of cell structure. The conclusions
with respect to browning metabolism at proteome level were as
follows: (1) Browning can induce the expression of USP against
stress response decrease. (2) Down-regulations of Cu/Zn-SOD
and TPx diminished the scavenging capacity of ROS to
increased ROS contents. (3) The increase of ROS aggravated
glycolysis, weakened the pentose pathway, and then changed
the pathways and directions of cell metabolism regulations. (4)
Browning can regulate the expressions of adenylate kinase and
nucleotide kinase, enzymes related to protein synthesis such as
cysteine synthase and glutamate-ammonia ligase to strengthen
substance metabolism. Down-regulation of ATPase led to

reduction of energy efficiency. (5) Browning can induce the
expression of actin, Bms1, and tetratricopeptide repeat domain
to make it difficult for the cell to maintain its normal structure,
which leads to severe cell damage. The study has put forward
interpretable data and provided new perspectives for browning
metabolism in fresh-cut lotus tuber. However, further
investigations should be performed to assess the specific roles
and functional correlation of these proteins.
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