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The effects of exogenous ATP on the postharvest quality, browning and softening of mung bean (Vigna radiata)
sprouts were evaluated. ATP treatment significantly alleviated the quality loss and browning events during the
storage of 3 days. It also reduced the oxidant damage by inducing high activities of peroxidase (9.3-13.9%) and
superoxide dismutase (8.8-10.3%) which scavenged the reactive oxygen species (ROS) effectively.
Transcriptional results indicated that ATP treatment decreased VrPL1, VrPME and VrPG1 gene expression levels
more than 2 folds at some time points. Furthermore, the atomic force microscope (AFM) images revealed that the

pectin degradation was notably slowed by ATP treatment and the width and height of pectin backbone were
better maintained (47.1% and 45.6% higher than control without ATP treatment). The cooperative effects of
ROS scavenging and decreased expressions of pectin-related genes might contribute to the deferred pectin de-
terioration and firmness loss by ATP treatment.

1. Introduction

Postharvest fruits and vegetables are subject to various physiolo-
gical and biochemical changes and eventually lead to quality dete-
rioration including browning, softening and nutrition loss. The dis-
colouration mainly comes from the oxidation of polyphenols by
polyphenol oxidase (PPO) which is widespread in plants. Accumulation
of reactive oxygen species (ROS) such as hydrogen peroxide (H,O-)
during ripening will further stimulates the browning disorders (Lin
et al., 2014). Besides impairing the appearance of fruits and vegetables,
browning may also negatively affect other postharvest properties in-
cluding flavour, texture and taste (Jiang, Duan, Joyce, Zhang, & Li,
2004; Zhang & Yang, 2017). Softening, as another major property of
quality disorders in fruits and vegetables, primarily results from the cell
wall modifications (Razzaq, Singh, Khan, Khan, & Ullah, 2016). Pre-
vious studies showed that pectin constituted up to 60% of wall mass in
many fruits which exhibited the important role of the polyuronides
during ripening (Cybulska, Zdunek, & Koziot, 2015). Furthermore, Xin,
Chen, Lai, and Yang (2017) investigated the nanostructures of different
pectins in cherry by atomic force microscope (AFM), indicating the
correlation between sodium carbonate-soluble pectin (SSP) and firm-
ness. In order to save the loss of postharvest properties of fruits and
vegetables, diverse strategies have been explored recently.

Abundant studies indicate that energy homeostasis plays an im-
portant role in the processes of ripening and senescence of plants (Yao,
Zhu, Yi, Qu, & Jiang, 2015). The browning and softening of postharvest
fruits and vegetables may occur due to the energy deficit and decreased
energy generation efficiency (Chen, Lin et al., 2015; Wang et al., 2013).
Exogenous adenosine triphosphate (ATP) treatment has been confirmed
to improve the intracellular ATP and energy charge (EC) levels effec-
tively and further maintain the level of unsaturated fatty acid and in-
tegrity of membrane by inhibiting the ROS accumulation (Wang et al.,
2013). Besides as an energy supplier, ATP also acts as a signal molecule
to mediate different cellular processes. The extracellular ATP may ac-
tivate a specific recognition mechanism to elevate the contents of cy-
tosolic free calcium ion (Ca2?™"). This causes generation of intracellular
second messengers including nitric oxide (NO), Ca®>* and ROS which
activate a variety of biological responses including induction of gene
expressions (Tanaka, Gilroy, Jones, & Stacey, 2010). Furthermore, it
has been verified that Ca®>* and NO effectively maintain the firmness of
postharvest crops by preventing the morphology changes of pectin or
reducing the activities of pectin degradation enzymes (Liu, Chen et al.,
2017; Zaharah & Singh, 2011). Therefore, exogenous ATP may melio-
rate postharvest qualities and softening of fruits and vegetables by
energy supply and signal regulation.

Mung bean sprouts (Vigna radiata) are commonly consumed as
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cooked food or fresh vegetable salad. However, bean sprouts are highly
perishable due to their inherent properties and easily represent
browning and softening during the storage. The commercial values of
mung bean sprouts are lost after storage of 3 days at room temperature
(Goyal, Siddiqui, Upadhyay, & Soni, 2014). Exogenous ATP is generally
recognised as safe and can be used for long-term oral supplementation
as functional health products (Wilson et al., 2013). Also, its precursor
adenosine monophosphate (AMP) is permitted as food additive by
European Union. However, to our best knowledge, little information is
available on the role of exogenous ATP in quality regulation of post-
harvest mung bean sprouts.

The objectives of present work were to test the effects of ATP supply
on the storage, quality properties, pectin-related gene expression and
cell wall nanostructure to verify this novel postharvest technology in
preservation area of sprouts.

2. Materials and methods
2.1. Sprouts materials and postharvest treatment

Mung bean sprouts were purchased from a local supermarket in
Singapore and immediately transported to the laboratory. Sprouts
which were uniform in size without physical injuries and infections
were selected. The sprouts were then washed by tap water and air-dried
at room temperature. Based on the results of a preliminary experiment,
the sprouts were immersed in 1 mM ATP solution and deionised (DI)
water (control treatment) for 5 min. After treatments, the sprouts were
stored in trays packed with polyethylene bags in dark at room tem-
perature and sampled for 3 days (Goyal et al., 2014). The hypocotyls of
different treated sprouts were collected and cut into small pieces,
frozen, ground and stored in liquid nitrogen immediately for further
biochemical analysis. Parameters of storage properties (weight loss,
respiration, relative conductivity and firmness) were measured during
the daily sampling at the same time each day.

2.2. Measurement of postharvest storage properties

The weight loss was calculated by comparing the measured weights
at day 1, 2 and 3 with the original weight (day 0). Tissue water contents
were also measured by oven-dry method for dry basis conversion (Liu,
Liu, Yao, & Ma, 2016). Two grams of sprout samples from two groups at
each sampling day were dried in an oven at 110 °C to constant weights
and the measurements were replicated for three times. The results were
recorded as percent of dry weight (DW) and applied for the following
dry basis calculation.

Respiration rate of mung bean sprouts was measured according to
the method of Wu, Zhang, and Adhikari (2012) with some modifica-
tions. Ten sprouts were weighed and then sealed in 80 mL glass con-
tainers for 1h at room temperature. The respiration gas samples of
living sprouts in the sealed containers were sampled and injected di-
rectly into a headspace gas analyser (GS3 Micro, Systech Instruments,
Thame, UK) by a needle connected with the analyser and the carbon
dioxide (CO,) contents were recorded. The respiration rate was ex-
pressed as mL COyh~“kg™'.

The relative conductivity was measured according to the method of
Liu, Hao, Liu, and Li (2011) with slightly modification. Living in-
tegrated mung bean sprouts (about 2 g) without milling in each group
were dipped into DI water for 12h with shaking. The electrolyte
leakage (C;) was determined as conductivity of living sprouts by a
conductivity meter (ES-14, Horiba, Kyoto, Japan). The above solutions
including integrated sprouts were then boiled for 20 min and the
electrolyte leakage (Cp) was measured as total electrolyte leakage
(conductivity of dead sprouts). The relative conductivity was calculated
using the formula: (C;/C5) X 100%.

A Texture Analyser (TA-XT2i, Stable Micro System, Surrey, UK) was
used to determine the firmness of the middle hypocotyl (Liu, Wu et al.,
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2017). The sprouts were subject to the compression test and the max-
imum compression distance was set as 1 mm. The pre-test speed, test
speed and post speed were set at 1, 1, and 1 mm/s, respectively. The
force-versus-distance curves were obtained and the maximum peak
force during compression was recorded. At least 10 replicates from each
group were tested.

2.3. Analysis of browning process

Method of Chinnici, Natali, and Riponi (2014) was applied to de-
termine the degree of browning (DOB) of mung bean sprouts with some
modifications. Briefly, 3 g samples were homogenised with 6 mL DI
water and centrifuged at 12,000 X g for 20 min. Two millilitres of su-
pernatant were added to 3mL ethanol and then centrifuged at
12,000 X g for 20 min. The extracted brown pigment was then measured
at 440 nm which was the wavelength for maximum absorption.

The total phenolic contents were measured by the method described
by Chen, Lin et al. (2015). One gram sample was homogenised in 5mL
methanol containing 1% (v/v) hydrochloric acid at 4 °C. The homo-
genates were then extracted in dark environment for 20 min followed
by centrifugation at 12,000 x g for 10 min. The absorbance of super-
natant was recorded at 280 nm. The total phenolic contents were de-
termined by using standard gallic acid and expressed as mg-g~' DW.

The enzymes in sprouts were extracted by the method of Chen et al.
(2014). One gram sample was homogenised in 5mL ice-cold 50 mM
phosphate buffer, (pH 7.5). The homogenates were centrifuged at
12,000 x g for 20 min and the supernatants were collected as extract
solutions. PPO activity was determined by monitoring the increased
absorbance of quinone derivative produced by the oxidation of pyr-
ocatechol by PPO at 420 nm following the method of Chen, Lin et al.
(2015). Briefly, 100 uL enzyme extract was mixed with 3 mL reaction
solution contained 10 mM pyrocatechol and 50 mM phosphate buffer
(pH 7.5). The increased absorbance at 420 nm was recorded for 5 min
and the activity was expressed as unit (U)min~*¢~! DW.

2.4. Postharvest quality analysis

Total soluble solids (TSS) and titratable acid (TA) were determined
according to the method of Laorko, Li, Tongchitpakdee, Chantachum,
and Youravong (2010) with some modifications. Homogenised juice of
2 g sprouts was filtered and then a few drops of filtrate were tested by a
digital refractometer (RX-5000a, ATAGO, Tokyo, Japan). The °Brix
values of each sample were recorded. For TA measurement, 1 g sprouts
were homogenised in 3 mL DI water and the extracts were filtered and
diluted for 10 times. Sodium hydroxide solution (2 mM) was titrated
against the diluted extracts (10 mL). Several drops of 1% (m/v) phe-
nolphthalein dissolved in ethanol were added as indicator. The fol-
lowing equation was used to calculate the TA content with reference to
malic acid:

a X Vxcx0.067 x 1000
m

TA content =

where a is dilution ratio, V is titre volume of NaOH (mL), c is con-
centration of NaOH (mMmL~'), 0.067 is the conversion factor
(gmM 1) and m is the dry weight of sprout sample (g).
Measurements of soluble sugar and protopectin contents were per-
formed by the method of Li, Hu, and Xu (2015). Phenol-sulfuric acid
method was applied to determine the soluble sugar and the sugar levels
were calculated by a glucose standard curve (30-300pugL™?,
R? > 0.99; regression equation: y = 0.0071x + 0.0064, where y is ab-
sorbance value and x is the glucose concentration). Briefly, 1 g sprouts
were homogenised in 5mL DI water and the mixture was boiled for
30 min for soluble sugar extraction. The cooled extracts were then fil-
tered and diluted with DI water to 10 mL. Two millilitres appropriately
diluted soluble sugar extract, 1 mL 9% (m/v) phenol solution and 5 mL
concentrated sulfuric acid were mixed, kept for 30min at room
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temperature and tested at 485 nm.

Furthermore, carbazole colorimetry method was used to measure
the contents of protopectin in mung bean sprouts and the standard
curve was calibrated by galacturonic acid (20-100 pgmL™?,
R? > 0.99; regression equation: y = 0.005x — 0.013, where y is ab-
sorbance value and x is the galacturonic acid concentration). One gram
sprouts were milled and boiled in 20 mL 80% ethanol solution for
30 min to remove sugar components. The residual was collected after
centrifugation at 12,000 X g for 10 min and the procedure was repeated
for three times. Soluble pectin component in collected residual was
removed by 20 mL DI water at 50 °C for 30 min. After centrifugation,
10 mL concentrated sulfuric acid was added and the mixture was boiled
for 1 h to extract the protopectin. The cooled supernatant was collected
by centrifugation. Two millilitres of diluted protopectin extracts were
mixed with 5mL concentrated sulfuric acid and 0.2 mL 0.15% (m/v)
carbazole solution. The mixtures were kept at darkness for 30 min and
the absorption was tested at 530 nm.

Soluble protein contents were measured according to Chen et al.
(2014) and bovine serum albumin (BSA) was used as standard
(20-100 pgmL~!, R? > 0.99; regression equation: y = 0.0048x +
0.0131, where y is absorbance value and x is the BSA concentration).
Protein extracts were prepared as the method of enzyme (PPO) ex-
traction presented in Section 2.3. Ascorbic acid (AsA) contents were
determined by monitoring the red chelates integrated from reduced
ferrous ion and bathophenanthroline (Hu et al., 2015). Standard curve
of AsA was manufactured to calibrate the results (10-60 pg-mL’l,
R? > 0.99; regression equation: y = 0.0365x + 0.0721, where y is
absorbance value and x is the AsA concentration).

2.5. Antioxidant system assays

Previous method was applied to test the contents of H,O, (Huang,
Jian, Jiang, Duan, & Qu, 2016). Enzyme solutions were extracted by the
method described in Section 2.3. Peroxidase (POD) was assayed in a
reaction mixture containing 25 mM guaiacol, 30 mM H,0- and aliquot
enzyme solution in 50 mM phosphate buffer (pH 7.5). One unit of POD
activity was expressed as 1 OD change per min per g DW (Yao et al,,
2014). A superoxide dismutase (SOD) assay kit (Cayman Chemical, MI,
USA) was used to test the SOD activities. The amount of enzyme re-
quired to demonstrate 50% dismutation of the superoxide anion (O, ™)
was defined as one unit of SOD activity.

2.6. Expression analysis of pectin-related genes by quantitative RT-PCR

Pectin-related genes in mung bean were selected by the method of
Fabi et al. (2014). Suitable pectin-related genes in papaya and Arabi-
dopsis thaliana were selected and compared with the whole genome of
mung bean sprouts in GenBank. Best matched pectin-related genes in
mung bean were chosen for further studies. The gene information was
obtained from the website of National Center of Biotechnology In-
formation (NCBI) and the probable biological properties of the deduced
polypeptides were calculated by ExPasy proteomics Server (http://
web.expasy.org/protparam/).

Expression patterns of pectin-related genes of mung bean were de-
termined by quantitative RT-PCR. Total RNA was isolated from the
frozen hypocotyl samples by using a Total RNA Mini-Preps Kit (Bio
Basic, Ontario, Canada). RNase-free DNase (Sangon Biotech, Shanghai,
China) was added to degrade DNA in RNA extracts. The concentration
of RNA was measured by a spectrophotometer (BioDrop, Biochrom,
Cambridge, UK) and the integrity was verified by 1% (w/v) agarose gel
electrophoresis. ¢cDNA was synthesised by M-MulLV reverse tran-
scriptase, Oligo dT primer (Sangon Biotech, Shanghai, China) and
around 1pg RNA according to the instruction. The mung bean actin
gene (GenBank accession: XM_014661327; sense primer: 5-CGTGTTT
CCTTCTGTTGTTGG-3’; antisense primer: 5-CCTCTTTCCCTTAGCCTT
GTC-3") was used as internal control (Li, Shi, & Leng, 2015). Primer
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pairs of target genes were designed by Primer 5 software and the spe-
cificities were confirmed by Primer Blast in NCBI (Table S1). The re-
action condition and system were conducted by a previous report
(Chen, Yang et al., 2015). The relative expression levels were calculated
as 27 4ACT [ACr = CT, Target'CT, actiny AACT = ACT, treatment'ACT, control
oa]. Heatmap was manufactured by HemlI 1.0, and the data was nor-
malised by log2 transformation.

2.7. Nanostructural characterisation of SSP

Preparation of SSP fractions was conducted by a previous method
(Liu et al., 2017). Briefly, 1 g sprouts were milled and boiled in 20 mL
ethanol (80% v/v) for 20 min. The cooled samples were filtered through
a nylon filter cloth (300 meshes) by vacuum pump and the extraction
was repeated for 3 times. Residual collected from the surface of nylon
filter cloth was incubated in 20mL 90% (v/v) dimethyl sulphoxide
(DMSO) solution at 4 °C overnight. The residue was then dipped into
20 mL mixture of chloroform and ethanol (2:1, v/v) for 10 min and
washed with acetone for 3 times. The residual cell wall materials were
then incubated in 20 mL DI water at 25 °C for 4 h and the residual was
collected by centrifugation. The process was repeated twice more be-
fore addition of 20mL 50 mM cyclohexane diamine tetracetic acid
(CDTA) at 25 °C for 4 h. After the process was repeated for 3 times, the
residue was further extracted by 20 mL 50 mM sodium carbonate con-
taining 2mM CDTA. The extraction process was also repeated for 3
times and the supernatants were collected and combined together as
SSP. The SSP solution was dialysed (molecular cut-off 3000 Da) against
DI water thrice for 24 h.

The concentrations of purified SSP solutions were tested by carba-
zole colorimetry method and quantified by galacturonic acid standard
curve. Two millilitres of SSP solutions were mixed with 5mL con-
centrated sulfuric acid and 0.2 mL 0.15% (m/v) carbazole solution and
the mixtures were tested at 530 nm after keeping at darkness for
30 min. The SSP solutions were further diluted to around 5 pgmL~"! as
working solution. Ten microlitres of SSP working solutions were pi-
petted on mica sheets and dried by an aurilave. A TT-AFM (AFM
workshop, Signal Hill, CA, USA) equipped with a Sensaprobe TM190-A-
15 tip (Applied Nanostructures, Mountain View, CA, USA) with re-
sonance of 190kHz and force constant of 45N/m was used to in-
vestigate the nanostructural characteristics of pectin in mung bean
sprouts (Chong, Lai, & Yang, 2015). The image was made by AFM under
tapping mode, scan rate of 0.3Hz and scan lines of 512. The AFM
images were analysed by the software Gwyddion (Yu, Li, Ng, Yang, &
Wang, 2018). Qualitative data was obtained through sectional analysis
of pectin backbone chains (thick chains) from AFM images, such as
width and height. Side chains (thin chains) were confirmed by the
method of Round, Rigby, MacDougall, and Morris (2010). The overlap
of a thick chain and a thin chain which exhibited height increase less
than 1.5 times was screened as a side chain point of backbone. At least
20 measurements from 10 images were carried out for data analysis.

2.8. Statistical analysis

Data were statistically analysed by analysis of variance (ANOVA),
and means were compared using the least significant difference (LSD)
method to assess the effects of ATP treatment on mung bean sprouts.
Additionally, differences with P < 0.05 were considered significant.

3. Results
3.1. Storage properties of mung bean sprouts

During the postharvest storage, weight loss, respiration rate and
relative conductivity in mung bean sprouts exhibited rising tendencies

(Fig. la-c). Weight loss constantly rose from 0% to 27.3% and re-
spiration rate approximately enhanced by three times at the end of
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Fig. 1. Effect of ATP treatment on the (a) weight loss, (b)
5 respiration rate, (c) relative conductivity and (d) firmness of
mung bean sprouts.
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storage. In addition, the relative conductivity increased considerably
from 7.8% to 47.4% during the three-day storage. Compared with the
control group, ATP treatment significantly delayed the raise of storage
properties. Weight loss, respiration rate and relative conductivity were
decreased by 26.3-27.4%, 13.1-22.5% and 48.0-59.8% respectively
(P < .05). On the other hand, firmness of mung bean sprouts con-
tinuously decreased from 16.7 to 3.9N (Fig. 1d). After the ATP treat-
ment, the firmness was improved by 31.5-62.3%.

3.2. Hydrogen peroxide contents and antioxidant enzymes

The H,0, content in mung bean sprouts increased continuously
after harvest and the ATP treatment considerably alleviated the H,O5
accumulation by 29.2% at day 3 (Fig. 2a). Activities of antioxidant
enzymes POD and SOD were both induced in the process of senescence
(Fig. 2b and c). Exogenous ATP improved the POD activity by 9.3% and
13.9% at day 1 and day 2, respectively. Also, the SOD activities were
increased by 8.8% and 10.3% at day 1 and day 3 after ATP treatment.

3.3. Browning process in mung bean sprouts

Effect of exogenous ATP on the browning events in mung bean
sprouts was monitored (Fig. 3a and b). More severe browning and aging
features were observed in control group than ATP treatment group.
Further results revealed that ATP treatment significantly (P < .05) de-
creased the DOB from 1.0 to 0.62 OD at the end of the storage (Fig. 3c).
Total phenolics showed a reduced trend, while the exogenous ATP
could maintain the contents of total phenolics at relative high levels
which was more than two times than the control group at the third day
(Fig. 3d). PPO activities decreased along with storage time (Fig. 3e).
Furthermore, the PPO activities were significantly (P < .05) decreased
ranging from 11.1% to 34.3%.

3.4. Effect of ATP treatment on the postharvest qualities

Fig. 4 shows the effects of ATP treatment on the TSS, contents of
soluble sugar, protopectin, TA, soluble protein and AsA of mung bean
sprouts. Results demonstrated that all the quality-related characteristics
in mung bean sprouts were reduced during the storage. For TSS, control
group showed significantly (P < .05) higher contents at the first and
third days compared with ATP treatment group (Fig. 4a). Contents of
soluble sugar exhibited a similar changing tendency with TSS (Fig. 4b).
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Fig. 2. Effect of ATP treatment on the content of (a) hydrogen peroxide (H»05), activities
of (b) peroxidase (POD) and (c) superoxide dismutase (SOD).
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Fig. 3. Effect of ATP treatment on the browning in (a)
control and (b) treated groups (3days), (c) degree of
browning (DOB), (d) total phenolics and (e) polyphenol
oxidase (PPO) activity of mung bean sprouts.
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In addition, sprouts of control group contained a higher concentration
of soluble sugar after storage for 3 days. For contents of protopectin, TA
and soluble protein, exogenous ATP could notably (P < .05) maintain
higher levels by 16.4%, 25.8% and 74.1% respectively at the third day
of storage (Fig. 4c-e). In addition, AsA was slightly rose after ATP
treatment (Fig. 4f).

3.5. Expression pattern of pectin-related gene

A total of six pectin-related genes including genes of two pectate
lyases (PLs), one pectinesterase (PME) and three Polygalacturonases
(PGs) were identified by the BLASTP on NCBI. Characteristics of these
genes and the deduced enzymes are summarised in Table S2. According
to the detailed information, the length of the six pectin-related proteins
varied from 399 to 584 residues and the various isoelectric point (pI)
values (ranging from 5.13 to 9.28) and molecular weight (MW) values
(ranging from 42.2 to 64.0 kDa) were also recorded. Furthermore, most
of these proteins (except PL1) were stable with an instability index <
40.

Heatmap demonstrated the effects of exogenous ATP on the ex-
pression patterns of pectin-related genes in mung bean sprouts
(Fig. 5A). The relative expression levels of these genes (except VrPGI)
changed more than 2 times during the postharvest storage (Fig. 5B).
Moreover, 3 genes (VrPL2, VrPG1 and VrPG2) were up regulated and 2
genes (VrPL1 and VrPG3) were down regulated. For VrPME, its ex-
pression level decreased at 24 h and then recovered until to 72h. In
addition, the expression levels of most pectin-related genes in ATP

13

treatment group were significantly (P < .05) lower than those in con-
trol group. For VrPL1, VrPME and VrPG1, exogenous ATP decreased the
expression level more than 2 times compared with the control group at
some time points.

3.6. Nanostructure of SSP molecules

The nanostructures of SSP in different groups were shown in
Fig. 6A. The branched chain (Br) structure could be found in all the
three groups. Also, thick chains (Tk) and thin chains (Tn) were pre-
sented in each group. Loose structures (Ls) were observed in both
control and ATP treatment group at day 3 (Fig. 6Ad and f). In addition,
short straight fraction (Ss) of SSP was also found in the two groups.

The width and height of the SSP thick chains were also investigated,
as shown in Fig. 6B. The control group before treatment showed the
highest width and height which were 259.94 and 8.82 nm, respectively.
The two parameters decreased to 120.21 and 4.25 nm after storage of
3 days. However, ATP treatment could maintain the width and height at
relative high levels which were 176.86 and 6.19 nm, respectively after
3 days.

4. Discussion

Quality deterioration caused by senescence considerably affects the
postharvest storage of various crop products such as fruits and vege-
tables. Exogenous ATP has become a new strategy and drawn extensive
attentions in postharvest field recently for its functions of energy
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Fig. 4. Effect of ATP treatment on the (a) total soluble solid
(TSS), contents of (b) soluble sugar, (c) protopectin, (d) ti-
tratable acid, (e) soluble protein and (f) ascorbic acid.
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homeostasis and signal transmission (Tanaka et al., 2010; Wang et al.,
2013). In this study, we checked the effect of ATP treatment on the
postharvest storage quality and browning of mung bean sprouts and
preliminarily examined the underlying mechanism of softening event
from transcriptional and nanostructural levels. Results showed that ATP
treatment effectively maintained the weight and firmness and de-
creased the rates of respiration and relative conductivity (Fig. 1). Re-
spiration is a key component in ATP synthesis pathway which is asso-
ciated with energy status in cells. Exogenous ATP could alleviate the
respiration by improving the energy status (Chen, Lin et al., 2015).
Furthermore, relative conductivity reflects the integrity of cell mem-
brane which can be damaged by severe stresses such as senescence. Our
relative conductivity results were similar with the previous studies that
ATP treatment could prevent the destruction of membrane and further
delay the senescence event (Yao et al., 2014).

Oxidative damage has been proved as the major cause of membrane
permeability changes (Mondal, Malhotra, Jain, & Singh, 2009). Thus,
the antioxidant system in mung bean sprouts were tested (Fig. 2). HyO»
level was evaluated along with the process of aging. Anti-oxidation
enzyme system was activated to scavenge the accumulated ROS.
Moreover, exogenous ATP significantly (P < .05) decreased the H,O,
content by rising higher activities of POD and SOD compared with
control group. The mechanism might be due to the signal transduction
of ATP which could activate the Ca*, NO and ROS signal pathways in
plants (Tanaka et al., 2010). The downstream defense response such as
antioxidant system could be further induced by the second messenger
trio (Ca%*, NO and ROS). Nanoparticle-based approaches could further
reveal the process (Yu & Yang, 2017).

Colour appearance is one of the most important factor to evaluate
the quality and commercial value of fruits and vegetables. The
browning process of mung bean sprouts during storage showed that the
decreased content of total phenolics catalysed by PPO might contribute

1

2 3

Storage time (d)

14

to the evaluated DOB (Fig. 3c-e). Furthermore, higher contents of total
phenolics were observed in ATP treatment group (Fig. 3d). Phenolic
compounds are one of the most important plant chemicals and widely
used as antioxidants by human (Do et al., 2014). The elevated contents
might result from the lower activities of PPO after ATP treatment. As a
result, the DOB was remarkably decreased by exogenous ATP at the end
of the storage. These results were consistent with the conclusion of Yi
et al. (2008).

TSS, contents of TA, ascorbic acid, soluble sugar and protein were
usually tested for evaluating the storage quality of postharvest fruits
and vegetables (Chen, Lin et al., 2015). As shown in Fig. 4, the results
demonstrated that these nutrition and flavour characteristics all ex-
hibited decreasing tendencies which were similar with previous reports
(Goyal et al., 2014). The nutrient elements were consumed for sur-
viving purpose in postharvest crops. On the other hand, exogenous ATP
could effectively slow the decrease of TA, soluble protein and AsA
contents by different degrees and subsequently maintain better quality
of mung bean sprouts (Fig. 4d-f). In addition, TSS in ATP-treated
sprouts was lower than that in control group (Fig. 4a). Since soluble
sugar constituted the majority content of TSS (Magwaza & Opara,
2015), the similar results of soluble sugar were recorded in Fig. 4b. The
decreased TSS and soluble sugar in ATP treatment group could be
partially explained by the fact that ATP treatment delayed the de-
gradation of plant polysaccharides such as protopectin which was an
important component in cell wall (Lin, Luo, & Chen, 2016). It has been
proved that pectin played a key role to maintain the firmness of fruits
and vegetables (Zhang, Chen, Zhang, Lai, & Yang, 2017). Thus, the
softening events prevented by ATP treatment (Fig. 1d) might be due to
the maintenance of stable structure and content of pectin.

The transcriptional information of pectin-related genes was checked
to clarify the mechanism of pectin degradation during the storage.
Results showed that most of these genes were up or down regulated



L. Chen et al.

A Control (h)

Food Chemistry 251 (2018) 9-17

ATP Treatment (h)

24

48 96

24 48 96

VrPLI
VrPL2
VrPME
VrPGl
VrPG2
VrPG3

b c
|5~ ©=3 Control VrPL1 201 VrPL2 201 ViPME
e 2 o 2]
- 3 ATP Treatment ] 5
Z ) 3 - 5
= = 154 = 151 *
S 1.04 2 2
=4 = 104 2 1.04
7~ 3 7z
:j 0.5+ ::: :
B 2 < = % *
E % 5 54 5 0.5
D . D )
2 : 2 2 Ol | |@
0.0 ’—‘.lj [l= e ol r T . 0.0 T : : -
0h 24 h 48 h 96 h 0h 24 h 48 h 96 h 0h 24 h 48 h 96 h
d - e f -
2.01 . IIPGI 2.5 1.5 I/I[)G.g
w
] ] ]
L7 3 204 5
= 197 = 5 =
2 2 ¥ 2 1.0
2 2 1.5 2
13 , ) 5
= 1.04 * i = =
3 5 1.04 5 %
v ) v 0.54
Z 054 Z Z [1
= = 0.5 =
3 L v
o ~ = ﬂ ﬂ
0.0 T T T T 0.0 T T T T 0.0 T T T T
0h 24 h 48 h 96 h 0h 24 h 48 h 96 h 0h 24 h 48 h 96 h

Fig. 5. Heatmap of pectin-related genes in mung bean. Levels of down expression (green) or up expression (red) are shown on a log, scale for each gene (n = 3) (A); Relative expression of
pectin-related genes in mung bean sprouts (B). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

over than 2 folds which meant these genes were involved in the process
of pectin degradation (Fig. 5). Also, Fabi et al. (2014) had confirmed
the central role of PGs during pulp softening by expression profiles of
cpPGs. VrPG1, VrPG2 and VrPG3 were highly similar with cpPG1, cpPG2
and cpPG3 respectively, indicating their important roles during the
softening of mung bean sprouts. Comparing with the expression levels
of pectin-related genes in control group, ATP treatment could sig-
nificantly (P < .05) decrease the expression of these genes. Guo et al.
(2014) reported that the NO delayed the softening by regulating the cell
wall softening-related enzymes such as PL, PME and PG. Thus, the ATP
treatment might regulate the pectin-related genes and prevent the
pectin degradation by activating the second messengers such as NO.
The nanostructures of SSP indicated that massive thick chains (Tk)
interconnected with each other by branch structures (Br) to maintain
the firmness of mung bean sprouts. However, the well-set structure was

15

dissolved and the thick chains degradation occurred (Fig. 5A) after
storage of 3 days. Data analysis further confirmed the significant re-
duction in width and height of SSP backbone (Fig. 5B). However, ATP
treatment effectively delayed the pectin degradation with higher levels
of width and height. Furthermore, abundant loose structures and short
straight chains (Ss) could be found in control and ATP-treated groups at
day 3 indicated the on-going process of pectin deterioration. Cell wall
metabolism has still not fully explored because of the complex struc-
tures. Previous studies have demonstrated that accumulation of ROS
could lead to the cleavage of polysaccharides bonds which result in the
degradation of cell wall component (Dheilly et al., 2016). Also, pectin-
related enzymes including PL, PME and PG highly contributed to the
pectin deterioration (Fraeye et al., 2009). Based on our results, exo-
genous ATP might slow the pectin degradation by scavenging the ROS
accumulation and reducing the expression level of pectin-related genes.
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Fig. 6. Atomic force microscopy (AFM) images of

sodium carbonate-soluble pectin (SSP) chains in

mung bean sprouts (A) and changes in width and

height of thick chains (B). Note: a: control group

before treatment; b: three-dimensional image of

the control group before treatment; ¢, d: control

} 55 group at day 3; e, f: ATP treatment group at day 3.
0 Br: branched chain; Tk: thick chain; Tn: thin
chain; Ls: loose structure; Ss: short straight chain.
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5. Conclusion

Browning and softening events are the main problems during the sto-
rage of mung bean sprouts. This research demonstrated that application of
exogenous ATP could notably maintain the quality and delay the browning
and softening of mung bean sprouts. The inhibition of browning might
result from the decreased PPO activities after ATP treatment. Moreover, the
amelioration of oxidant damage by inducing the antioxidant enzymes was

16

ATP Treatment (3 d)

also observed. Complicated softening event was investigated from tran-
scriptional and nanostructural levels. Exogenous ATP decreased the ex-
pression level of pectin-related genes and the AFM results provided a
supporting understanding of the degradative process. The results indicated
that ATP treatment is a potential preservation processing of postharvest
fruits and vegetables. However, the underlying mechanism of energy reg-
ulation such as carbohydrate metabolism during the storage should be
studied in the future.
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