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ARTICLE INFO ABSTRACT

Keywords: We assessed the effects of postharvest exogenous melatonin (50,100 and 150 umol L™ ") on the senescence and
Sweet cherry quality of sweet cherries during storage at 0 = 0.5°C. Melatonin treatment decreased decay incidence, re-
Melatonin spiration rate, and weight loss. It delayed the degradation of firmness, lightness, saturation, hue angle, titratable
Senescence

acidity, and total soluble solids content, thus maintaining better fruit quality. Melatonin treatment inhibited
increases in O," ~, HyO,, malondialdehyde content, and relative membrane permeability, while maintaining
higher endogenous melatonin levels and increasing superoxide dismutase and catalase activity. Additionally,
melatonin treatment enhanced the activity of antioxidant enzymes, increased the levels of ascorbic acid, and
reduced glutathione levels, which are related to the ascorbate-glutathione cycle, as well as increasing the
AsA:DHA and GSH:GSSG ratios. Delayed senescence in sweet cherries after exogenous melatonin treatment may

Antioxidant enzyme
Antioxidant compounds

be associated with high endogenous melatonin levels and increased antioxidant activity and content.

1. Introduction

Sweet cherries (Prunus avium L.) are a popular fruit among con-
sumers because of their desirable taste, attractive appearance, and high
nutritional value (Wang et al., 2016). Due to high respiration activity
and susceptibility to mechanical damage, the fruits deteriorate quickly
after harvesting even under strict cold chain management (Wang, Xie, &
Long, 2014). The most common deteriorations include surface pitting,
darkening of the skin, pedicel withering, flesh softening, loss of flavor,
and decay (Yang, Zhang, Wang, & Zhao, 2019). Various methods, such
as the use of electrolyzed water (Hayta & Aday, 2015), modified at-
mosphere packaging (Wang, Bai, & Long, 2015), calcium chloride so-
lution (Wang et al., 2014), methyl salicylate (Valverde et al., 2015),
acetylsalicylic acids (Giménez et al., 2014), and B-aminobutyric acid
(Wang et al., 2016), delay the senescence of sweet cherries, but more
effective techniques need to be identified to extend their storage period.

Melatonin (N-acetyl-5-methoxytryptamine, MT), a derivative of
tryptophan, is an important indoleamine hormone that is widely found
in various plant species, including apple, strawberry, tomato, cherry,
cucumber, and cassava. MT plays a role in several physiological pro-
cesses, such as regulating plant growth and development, delaying leaf
senescence, and promoting fruit ripening (Hernandez-Ruiz & Arnao,
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2018). In addition, MT also increases the tolerance of plants to abiotic
and biotic stresses by acting as an antioxidant that directly eliminates
reactive oxygen species (ROS), activating the antioxidant system, and
increasing the efficiency of other antioxidants (Debnath et al., 2019).
Exogenous MT reportedly also delays postharvest senescence in broc-
coli (Zhu, Hu, Luo, Wu, & Li, 2018), cucumbers (Xin, Si, & Kou, 2017)
and peaches (Gao et al., 2016) by reducing respiratory rates and in-
creasing antioxidant enzyme activity, e.g., the activity of superoxide
dismutase (SOD), catalase (CAT), and peroxidase (POD). Exogenous MT
upregulates the expression of genes related to antioxidant enzymes,
e.g., SOD, CAT, and glutathione reductase (GR). This process con-
tributes to a reduction in H,0, levels and malondialdehyde (MDA)
concentration and delays the postharvest physiological deterioration of
cassava storage roots (Ma, Zhang, Zhang, & Wang, 2016). In addition,
the process also delays senescence of detached apple leaves by pro-
moting the ascorbic acid-glutathione (AsA-GSH) cycle, increasing the
content of reduced substances (AsA and GSH), as well as reducing the
accumulation of ROS (Wang et al., 2012). The results of these studies
provide evidence regarding the involvement of MT in delaying the se-
nescence of postharvest fruits and vegetables. Unfortunately, informa-
tion regarding the effect of MT on the senescence and quality of post-
harvest sweet cherries is limited.
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Therefore, the present study aimed to evaluate the effects of exo-
genous MT on the senescence of postharvest sweet cherries and explore
the possible mechanisms involved. The findings may greatly assist in
the development of new postharvest treatments to extend the shelf life
of sweet cherries.

2. Materials and methods
2.1. Materials and treatments

Sweet cherries (P. avium ‘Sunburst’) were sampled at 80-90% ma-
turity by hand-plucking, together with their stalks, from a well-man-
aged demonstration orchard in Hengshui town, Jiang County, Shanxi
Province, China (lat. 35°20°19” N, long. 111°2149” W) and transported
to the Fruit and Vegetable Storage and Preservation Laboratory in a
refrigerated van at 5 °C within one hour of harvesting. Sweet cherries of
uniform size, uniform and bright coloration, without mechanical da-
mage, and without indications of pest or disease infestation were se-
lected and randomly divided into four groups with three replicates each
(10 kg of fruit per replicate).

Cherries of the four groups were immediately immersed in 0 (con-
trol), 50, 100, and 150 p.mol~L’1 MT solutions at 5°C for 5min.
Subsamples of cherries were cold-air (5 °C) dried, transferred to plastic
baskets (44 x 33 x 11 cm) with ~2.5kg of cherries per basket, then
packaged in 0.03 mm polyethylene fresh-keeping bags with a perfora-
tion ratio at 3%. The bags were loosely closed with rubber bands to
allow the cherries to respiration and remain moisturized, and then
stored at 0 = 0.5°C with a relative humidity of 90-95% for 63 d.

Forty-five fruits were removed from storage periodically to de-
termine their respiratory rate, firmness, titratable acidity (TA), total
soluble solids (TSS) content, and relative membrane permeability. The
fruits were pitted, and the fruit tissue was cut into 2 mm small pieces,
rapidly frozen with liquid nitrogen, and stored at —80 °C before de-
termining their endogenous levels of MT, O5" —, H,O5, MDA, enzymatic
activity, and antioxidants. One hundred fruits were used for de-
termining the decay incidence and weight loss rate. Treatments were
each replicated three times. Although the experiments were conducted
over two years, similar findings were observed in both years; thus, data
from only one year of experimentation are presented.

2.2. Determination of decay incidence and weight loss rate

One hundred fruits were selected to determine decay incidence and
weight loss rate. The weights of the same packages were recorded on 0
d and 63 d. Decay incidence and weight loss were determined as fol-
lows:

number of fruits showing decay symptoms
total number of fruits

Decay incidence (%) = X 100%

Weightloss (%) = (Weight before storage — weight after storage)

- X 100%
Weight before storage

2.3. Determination of fruit quality index

2.3.1. Determination of fruit skin color

Fifteen cherries were selected to determine fruit skin color at two
opposite positions around the equator of each fruit using a CR-400
Chroma Meter (Konica Minolta, Tokyo, Japan). The lightness (L*), sa-
turation (C*), and hue angle (h°) were determined as described by Yang
et al. (2019).

2.3.2. Determination of firmness

Fifteen cherries were selected, and their skins were removed from
two opposite positions around the equator to measure fruit firmness
using a TA-XT Express-v3.1 Texture Analyzer (Stable Micro System,
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UK). A probe was pushed 2 mm into the fruit at 5 mm-s !, and the peak
force was taken as the firmness index (in Newtons).

2.3.3. Determination of total soluble solids content

Fifteen cherries were selected to determine TSS. The fruit tissue was
homogenized in a mortar, and then homogenates were filtered through
gauze. Obtained juice was used to determine TSS content with a held-
held refractometer (Atago, Tokyo, Japan).

2.3.4. Determination of titratable acidity

The TA was determined as described by Yang, Wang, and Rao
(2016). Briefly, evenly mixed fruit tissue (2.0g) was ground in a
mortar, and the homogenate was flushed into a 50 mL centrifuge tube
with 25 mL distilled water. After shaking well, the tube was centrifuged
at 10,000xg for 20min. The resulting supernatant (20mL) was
transferred to a 50 mL Erlenmeyer flask and 0.1 mol'L.”' NaOH was
added dropwise until the solution reached a pH of 8.1. The TA, which is
an important predictor of an acid’s impact on flavor, was determined as
the % (mass fraction) of malic acid in the present study.

2.4. Determination of respiratory rate

The respiratory rate, expressed as mg COykg™! fresh weight
(FW)h ™!, was determined as described by Yang et al. (2013). Prior to
respiratory rate measurements using a TEL-7001 Infrared CO, Analyzer
(Telaire, Goleta, CA, USA), randomly selected cherries (n = 45) were
sealed in a 4 L glass jar for 1.5h.

2.5. MT identification by ultra-performance liquid chromatography-mass
spectrometry

Endogenous MT was measured as described by Liu, Zheng, Sheng,
Liu, and Zheng (2018), with slight modifications. The tissue of frozen
cherries (4.0 g) was ground into powder using liquid nitrogen, added to
6 mL of methanol, and transferred to a centrifuge tube. The cells were
lysed at 30 °C and 80 Hz for 30 min using an ultrasonic cell disrupter,
followed by centrifugation at 10,000 xg and 4 °C for 15 min. Subse-
quently, the supernatant was dried with N, and the resulting powder
was redissolved in 3 mL of 5% aqueous methanol. Then the supernatant
was extracted by a C18 SPE cartridge (100 mg mL~?, Agilent, USA) by
adding 5 mL of methanol as activating solvent, followed by equilibra-
tion with 5mL of ultra-pure water, loading of 3 mL of sample, and
elution with 5mL of 5% methanol solution; the flow rate was set to
1 mLmin~'. Finally, 2 mL 80% methanol solution was used for elution
and to adjust the volume to 2 mL.

Melatonin was identified using ultra-performance liquid chromato-
graphy (H-Class UPLC) coupled with Xevo TQ-XS triple quadrupole
mass spectrometry (MS) (Waters, Milford, MA, USA). Chromatography
was performed using an Acquity UPLC BEH C18 column (2.1 X 100 mm
i.d., 1.7 um particle size) at ambient temperature. The samples were
eluted with a mobile phase, which consisted of 0.1% formic acid in
water (eluent A) and 0.1% formic acid in acetonitrile (eluent B), and
delivered using the following gradient profile: 80% A for 0.5 min; 70%
A for 1.5 min; 20% A for 3 min; 5% A for 4-6 min; 80% A for 6.5 min;
and 80% A for 8 min, at a flow rate of 0.4mLmin~! and injection
volume of 1 pL. The electron spray ionization source used in this study
was operated in positive ion mode with the following working para-
meters: capillary voltage, 3.0 KV; cone voltage, 40 V; source tempera-
ture, 150 °C; desolvation temperature, 400 °C; desolvation gas flow rate,
800 L h™!; cone gas flow rate, 50 L h™1.

Detection of the ion pairs was performed by multiple reaction
monitoring (MRM) mode. The m/z transition pairs (precursor ion/
product ion) were 233.1/174.0 for MT. The quadrupoles were set at
unit resolution. The analytical data were processed by Masslynx
(Waters, USA).
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2.6. Determination of endogenous MT level

Samples of the filtrate (20 uL) were analyzed by high-performance
liquid chromatography (HPLC) using a system equipped with a
Spherisorb C-18 analytical column (5pm X 250.0 mm X 4.6 mm) and
UV detector at 222 nm. The mobile phase was 60% methyl alcohol (v/
v), had a flow rate of 1 mL min~*, and a column temperature was 25 °C.
The MT content was quantified using the external standard method.

2.7. Determination of the production rate of O2" ~ and the H,0 level

The O, ~ production rate, expressed as umol'min~'-¢~! FW, was
measured as described by Wang and Luo (1990). Fruit tissue (3.0 g) was
added to 5.0 mL of 500 mol'L.~ ! sodium phosphate buffer (PBS, pH 7.8,
containing 1% TritonX-100, 2mmolL ! EDTA, and 5% PVP). The re-
sulting homogenate was ground in an ice bath, and then centrifuged at
12,000 x g, at 4°C for 20 min. The supernatant (2 mL) was extracted,
evenly mixed with 2.0 mL of 50 molL~! PBS (pH 7.8) and 2.0 mL of
1molL.~" hydroxylamine hydrochloride solution, and incubated at
25°C for 20 min. The mixture was then evenly mixed with 2.0 mL of
7molL~! 4-aminobenzenesulfonic acid and 2.0mL of 7molL™ ! a-
naphthylamine solution. The mixture was then incubated at 30 °C for
30 min and immediately subjected to optical density measurement at
530 nm (OD530).

The H,0, level, expressed as umol-g~' FW, was determined as de-
scribed by Patterson, MacRae, and Ferguson (1984), with some mod-
ifications. Fruit tissue (2.0 g) was added to 3 mL of cold acetone (4 °C).
The homogenate was ground in an ice water bath, and then centrifuged
at 11,000 x g, at 4 °C for 15 min. Samples of the supernatant (1.5 mL)
were mixed with concentrated HCl (0.15mL), TiCl, (0.015mL), and
concentrated NH3 (0.15 mL). The mixture was further centrifuged. The
precipitate was then redissolved in 3mL of 2mol L™' H,SO, and the
absorbance of the solution was measured at 415 nm.

2.8. Determination of MDA level and relative membrane permeability

The MDA level, expressed as pmol g~ FW, was determined using a
thiobarbituric acid colorimetric assay as described by Dhindsa,
Dhindsa, and Thorpe (1981). Fruit tissue (3 g) was ground in 5.0 mL
100 gL~ ! trichloroacetic acid. The homogenate was then centrifuged at
10,000 x g, at 4 °C for 20 min. The supernatant (2.0 mL) was mixed with
3.0mL of thiobarbituric acid, incubated at 100°C for 20 min, snap
cooled, and centrifuged at 12,000 X g for 15 min. This supernatant was
measured at ODy459, ODs35, and ODggo.

C(umol L) = 6.45 x (ODss, — ODgg) 220X ODiso¥

Vexm
where, V. represents the total volume of the sample extract, Vg re-
presents the volume of the sample extract at the time of measurement,
and m represents the sample quality.

The relative membrane permeability was measured as described by
Yang et al. (2013). The peeled pulp was retrieved using a 1 cm stainless
steel hole puncher and cut into 2 mm discs using a blade. Thirty discs
were placed in a 50 mL small beaker, stirred slowly in 20 mL of distilled
water, and allowed 30 min to reach equilibrium before measuring the
electrical conductivity (C;) using a DDS-11AT Conductivity Meter
(Shanghai Leici Instrument Inc., Shanghai, China). The beaker was then
incubated at 100 °C for 15 min, cooled, made up to 20 mL with distilled
water, and the electrical conductivity (C,) of the solution was mea-
sured.

Relative membrane permeability (%) = % X 100%
2
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2.9. Determination of antioxidant enzymatic activity

To determine the enzymatic activity, ~2 g cherry tissue and 5 mL of
100 mmol'L~! PBS (pH 7.8, containing 5% w/v PVP, 1.0 mmolL ™!
EDTA, and 1% Triton X-100) were rapidly ground in an ice water bath,
and then centrifuged at 4 °C and 10,000 x g for 25 min.

SOD activity, expressed as Uh~'-g~! FW, was determined as de-
scribed by Yang et al. (2013). The 3mL 50 mmolL.~! PBS reaction
system (pH 7.8), which contained 130 mmolL.~! MET solution,
0.75mmol'L ™! nitroblue tetrazolium solution, 2molL ™! riboflavin,
0.1 mmol'L.”! EDTA-Na,, and 0.5mL enzyme extract, was exposed
under a 4000 Ix fluorescent lamp for 5 min before measuring SOD ac-
tivity. The amount of enzyme that resulted in a 50% inhibition of ni-
troblue tetrazolium reduction was defined as one unit of SOD activity.

CAT activity, expressed as Umin~*g~! FW, was determined as
described by Aebi (1984). The 3 mL 50 mmol-L~! PBS reaction system
(pH 7.0) contained 0.3 mL enzyme extract and 10 mmol'L ! H,0,. One
unit of CAT activity was defined as the quantity of enzyme required to
effect a 0.01 min~'-g ™! fruit pulp change in the ODy40.

2.10. Determination of antioxidant enzyme activity and antioxidant levels
in the AsA-GSH cycle

2.10.1. Determination of antioxidant enzyme activity in the AsA-GSH cycle

Cherry tissue (~3 g) was added to 6 mL 100 mmol-L~! PBS (pH 7.8,
containing 5% w/v PVP, 1.0 mmol'L™! EDTA, and 1% Triton X-100)
and ground in an ice water bath. The resulting homogenate was cen-
trifuged at 12,000 x g, at 4 °C for 20 min.

Ascorbate peroxidase (APX) activity, expressed as U'min~*g~! FW,
was determined as described by Nakano and Asada (1981). The 3mL
50 mmol-L~ ! HEPES-KOH reaction system (pH 7.6) contained 0.3 mL
enzyme extract, 0.5 mmolL™! AsA, 1mmolL™! H,0, and
0.1 mmol'L ™! EDTA. A unit of APX activity was defined as the quantity
of enzyme required to effect a 0.01 min~'-g~ " fruit pulp change in the
OD2gp.

Dehydroascorbate reductase (DHAR) activity, expressed as U-g~
FW-min !, was measured as described by Nakano and Asada (1981).
The 3mL 100 mmol'L~! HEPES-KOH reaction system (pH 7.0) con-
tained 0.3 mL enzyme extract, 2.5 mmol-L ™! glutathione (GSH), and
0.2 mmol-L ™! dehydroascorbic acid (DHA). A unit of DHAR activity
was defined as the quantity of enzyme required to effect a
0.01 min~ "¢~ fruit pulp change in the ODygs.

GR activity, expressed as U-g~! FW-min ', was measured as de-
scribed by Smith, Vierheller, and Thorne (1988). The 3mL
100 mmol'L ™! Tris-HCl reaction system (pH 7.6) contained 0.5 mL en-
zyme extract, 1mmolL™! EDTA, 0.1mmolLl~' NADPH, and
0.25 mmol-L~! oxidized glutathione (GSSG). A unit of GR activity was
defined as the quantity of enzyme required to effect a 0.01 min~*g~*
fruit pulp change in the OD340.

Monodehydroascorbate reductase (MDHAR) activity, expressed as
U-g~! FW-min~!, was measured as described by Nakano and Asada
(1981). The ODs40 of the 3mL 50 mmolL~! HEPES-KOH reaction
system (pH 7.6), which contained 0.3 mL enzyme extract, 0.1 mmol-L !
NADH, 0.25mmolL~! AsA, and 0.3 units of ascorbate oxidase, was
measured. One unit of MDHAR activity was defined as the enzyme
content required to effect a 0.01 min~Y-g~! fruit pulp change in the
OD340.

1

2.10.2. Determination of antioxidant levels

To determine the AsA and DHA levels, expressed as mg-g~' FW,
~2.0 g fruit tissue was ground in an ice water bath with 4 mL 50 gL~ *
TCA solution. After centrifugation at 12,000 X g, at 4 °C for 20 min, the
supernatant was collected for the AsA and DHA assays. The AsA and
DHA levels were determined as described by Kampfenkel, Van
Montagu, and Inzé (1995). The 4 mL reaction system, which contained
0.2mlL extract, 0.8 mL 0.2 mol'L.~! PBS (pH 7.4), 0.8 mL 42% H3PO,,
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1.0 mL 10% TCA, 0.4 mL 3% FeCls, and 0.8 mL 2% 2, 2’-bipyridine, was
evenly mixed and incubated in a 42°C water bath for 60 min before
measuring the ODs,s. The DHA level was determined by the reduction
of dehydrogenated ascorbic acid to reduced ascorbic acid using di-
thiothreitol and N-ethylmaleimide. DHA levels were calculated as the
differences between the initial and total AsA levels.

To determine the GSH and GSSG levels, expressed as umol-g ' FW,
~4 g fruit tissue was ground in an ice water bath with 4 mL of pre-
cooled 5% TCA solution that contained 5mmol’L~! EDTA-Na,). The
resulting homogenate was centrifuged at 12,000 X g and 4 °C for 20 min.
GSH and GSSG levels were measured as described by Castillo and
Greppin (1988). To determine the GSH level, the 3 mL reaction system,
which contained 1 mL supernatant, 1 mL 100 mmol'L™! H;PO, (pH
7.6), and 0.5 mL 4 mmol'L " ! dithionitrobenzoic acid, was incubated at
25 °C for 10 min before the measurement of OD41». To reduce GSSG into
GSH, to obtain the total GSH, 5 U GR enzyme was added to the reaction
system. GSSG levels were calculated as the difference between the in-
itial and total GSH levels.

2.11. Statistical analysis

The experiments were conducted using a completely randomized
design. The data were analyzed using one-way ANOVAs and Duncan’s
multiple range tests to compare multiple means. All statistical analyses
were performed using SAS statistical software (version 8; SAS Institute,
Cary, NC, USA). Differences were considered statistically significant at
P-values < 0.05. Data are presented as means * standard errors of the
means (SEMs).

3. Results and analysis
3.1. Effects of exogenous MT on the decay incidence and weight loss rate

The control groups showed significantly higher decay rates
(82.33%) and weight loss (following storage for 63 d, 3.97%) than the
MT-treated groups (P < 0.05) (Fig. 1A and B). The 100 umol~L_1 MT
treatment resulted in the lowest weight loss (2.06%) and decay rates
(25.67%), which were significantly lower than those of the 50 ymol-L ~*
and 150 umol'L. ™ L MT treatments (P < 0.05). There were no significant
differences between the 50 pmol-L. " ! and 150 yumol'L " ! MT treatments
(P < 0.05).

3.2. Effects of exogenous MT on fruit quality parameters

Fruit firmness, TSS content, TA, and chromaticity (L*, C*, and h®)
declined during low-temperature storage (Table 1). MT treatment not
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only significantly inhibited the decline in cherry firmness, TSS, and TA,
but it also maintained the L*, C*, and h° values after 63 d of storage
(P < 0.05). The 100 umolL_1 MT treatment yielded the most effective
results among all treatments. This treatment also maintained lower
decay and weight loss rates. Therefore, the 100 umol-L. ~* MT treatment
was selected to further investigate the underlying physiobiochemical
mechanisms.

3.3. Effects of exogenous MT on respiratory rate

The cherries showed a decline in the respiratory rate during the
initial 14 d of storage, a slow increase from 15 d, and then a sharp
increase in the later stages of storage (Fig. 2A). MT treatment inhibited
the elevation of the respiratory rate, which showed a significantly lower
respiratory rate (by 13.31% on average) compared with the control
group from day 14-63 (P < 0.05).

3.4. Effects of exogenous MT on endogenous MT content

MT was identified using UPLC-MS analysis. The MRM chromato-
grams data showed that the final extraction from sweet cherry fruits
(Supplementary Fig. 1A) had a similar retention time and m/z
233.1 > 174 to that of standard MT (Supplementary Fig. 1B), de-
monstrating that the final extraction from fruit contained endogenous
MT.

Endogenous MT content of cherry fruits detected by HPLC increased
and then decreased throughout storage (Fig. 2B). MT treatment sti-
mulated this increase and inhibited the decrease, producing sig-
nificantly higher results (by 28.37% on average) compared with the
control group from day 14-56 of storage (P < 0.05).

3.5. Effects of exogenous MT on O~ and H,0,

0O, and H,0, accumulation showed an overall increasing trend
throughout storage (Fig. 3A and B). MT treatment restrained the ele-
vation of O,"~ and H,0, levels, which showed significantly lower
0O," 7 and H,0, levels (by 13.94% and 21.99% on average) compared
with the control group from day 7-63 (P < 0.05).

3.6. Effects of exogenous MT on MDA level and relative membrane
permeability

Both the MDA level and the relative membrane permeability ap-
peared to exhibit an increasing trend throughout storage (Fig. 3C and
D). MT treatment significantly inhibited the elevation of the MDA levels
and relative membrane permeability, showing significantly lower MDA

B

Weight loss ratio (%)

63 days of storage at 0°C

Fig. 1. (A) Decay incidence and (B) weight loss rate of sweet cherries treated with 100 umol L~ ! melatonin during storage at 0 °C for 63 days. Vertical bars represent

SEM (n = 3).
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Table 1

Effects of exogenous melatonin on firmness, TSS, titratable acidity, L*, C*, and h° of sweet cherries during storage.
Treatment Storage time/days Firmness/N TSS/% Titratable acidity/% L* Cc* h°

0 7.44 = 0.07 a 14.66 = 0.33 a 1.06 = 0.07 a 45.30 = 0.87 a 3859 £ 1.21a 249 = 0.01 a

Control 63 4.40 = 0.05d 9.28 + 0.18¢ 0.48 + 0.03c 27.38 + 0.45c 21.32 * 0.23c 1.30 + 0.01d
SOp.mol-L*lMT 4.58 + 0.08c 9.96 = 0.12b 0.51 = 0.01b 30.93 + 0.28b 23.76 + 1.00b 1.41 = 0.01c
100um01-L71MT 543 = 0.05a 10.98 += 0.05 a 0.71 = 0.01 a 34.17 £ 0.58 a 28.70 = 0.19 a 1.78 £ 0.01 a
150um01~L_1MT 5.08 = 0.07b 10.42 = 0.20b 0.58 = 0.03b 31.91 + 0.27b 25.09 += 0.10b 1.46 + 0.01b

Note: Data are showed as the mean + S.E. Values followed by different lowercase letters within each column are significantly different at P < 0.05.
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Fig. 2. (A) Respiratory rate, and (B) endogenous melatonin content of sweet cherries treated with 100 pmol L~ ! melatonin during storage at 0 °C for 63 days. Vertical
bars represent SEM (n = 3).
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Fig. 3. Levels of (A) 0" —, (B) H,0,, (C) malondialdehyde, and (D) relative membrane permeability of sweet cherries treated with 100 umol L~ ! melatonin during
storage at 0 °C for 63 days. Vertical bars represent SEM (n = 3).
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Fig. 4. Activity of (A) SOD, (B) CAT, (C) APX, (D) DHAR, (E) GR, and MDHAR (F) of sweet cherries treated with 100 pmol L™ ! melatonin during storage at 0 °C for

63 days. Vertical bars represent SEM (n = 3).

levels and relative membrane permeability (by 13.93% and 13.18% on
average, respectively) compared with control group from day 7-63
(P < 0.05).

3.7. Effects of exogenous MT on antioxidant enzyme activity

The SOD activity increased and then decreased throughout the ex-
perimental storage duration (Fig. 4A). Compared with the control
group, MT treatment promoted the elevation and inhibited the decline
of SOD activity, which was significantly higher (by 12.89% on average)
compared with the control group from day 7-63 (P < 0.05).

CAT activity increased rapidly in the early stage of storage and
peaked on day 21 before decreasing (Fig. 4B). MT treatment stimulated
this increase and inhibited the decrease, which resulted in significantly
higher CAT activity levels (by 65.47% on average) compared with the
control group from day 14-63 (P < 0.05).

3.8. Effects of exogenous MT on antioxidant enzyme activity in the AsA-
GSH cycle

APX activity increased rapidly in the early stage of storage and

peaked on day 14 before decreasing (Fig. 4C). MT treatment promoted
the increase and inhibited the reduction of APX and thus APX levels
were significantly higher (by 9.37% on average) compared with the
control group from day 14-56 (P < 0.05).

In the early stage of storage, DHAR activity increased rapidly,
peaked on day 21, and then decreased (Fig. 4D). Treatment with MT
promoted this elevation and inhibited the decline, with significantly
higher values (by 35.46% on average) compared with the control group
from day 14-63 (P < 0.05).

GR activity showed a similar trend, peaking on day 28 (Fig. 4E). MT
treatment promoted GR activity and inhibited its decline. GR activity
levels were significantly higher (by 47.97% on average) in the MT-
treated group than in the control group from day 7-56 (P < 0.05).

MDHAR activity decreased slightly during the first 7 d of storage
before increasing (Fig. 4F). MT treatment suppressed a decline in
MDHAR activity and stimulated its increase, which was significantly
higher (by 10.87% on average) compared with the control group from
day 21-63 (P < 0.05).
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3.9. Effects of exogenous MT on antioxidant levels in the AsA-GSH cycle

A decreasing trend was observed in the AsA levels throughout sto-
rage (Fig. 5A). MT treatment inhibited this decrease, producing sig-
nificantly higher values (by 21.53% on average) compared with the
control group from day 14-63 (P < 0.05).

An increasing trend was observed in the DHA levels (Fig. 5B). MT
treatment inhibited this increase, producing significantly lower results
(by 12.98% on average) compared with the control group from day
14-63 (P < 0.05).

A decreasing trend was observed in the GSH levels throughout
storage, with a rapid decline in the early stage, followed by a slow
decline in the middle and later stages (Fig. 5C). MT treatment inhibited
this decline, with significantly higher values (by 5.96% on average)
compared with the control group from day 14-63 (P < 0.05).

An increasing trend was observed in the GSSG levels throughout
storage, with a rapid increase in the early stage, followed by a slow
increase (Fig. 5D). Treatment with MT inhibited this increase, produ-
cing significantly lower values (by 33.49% on average) compared with
the control group from day 7-63 (P < 0.05).

The AsA:DHA and GSH:GSSG ratios showed decreasing trends
throughout storage, with rapid declines in the early and (for AsA:DHA)
middle stages, followed by a less rapid decline (Fig. 5E and F). The
ratios of AsA:DHA and GSH:GSSG in the MT-treated cherries were re-
latively higher than those in the control group, and the differences were
significant from day 7-63 (P < 0.05).

4. Discussion

In the sweet cherry industry, senescence and quality deterioration,
which are mainly characterized by a loss of color, softening, and di-
minished flavor, have seriously restricted their industrialization (Yang
et al., 2019). In this study, we found that exogenous MT decreased the
decay and weight loss rates (Fig. 1A and B) and inhibited the re-
spiratory rate of sweet cherries (Fig. 2A). MT treatment also improved
firmness, as well as increasing the levels of TSS and TA, and the L*, C*,
and h° values of cherry skin (Table. 1). These findings demonstrate that
exogenous MT applications may lead to improved preservation via a
mechanism involving the inhibition of respiration. Consequently, by
reducing the degradation rate of nutrients (such as soluble sugars and



F. Wang, et al.

TA), postharvest senescence is ultimately delayed and fruit quality is
maintained. Similar findings have been reported for broccoli (Zhu et al.,
2018), cucumber (Xin et al., 2017), and peaches (Gao et al., 2016).

Under normal circumstances, the generation and elimination of
intracellular ROS reaches a state of dynamic equilibrium, and the in-
tracellular ROS content is maintained at low levels that do not cause
damage to the cells. However, as senescence progresses, the balance of
ROS is disrupted, and its accumulation may promote the production of
certain biomacromolecular substances as well as membrane lipid per-
oxidation. These responses lead to the destruction of cell membrane
structure and function, which induces physiological disorders in the cell
metabolism and further promotes senescence. In addition, excessive
ROS may lead to ROS stress. ROS stress could induce up-regulation of
plant melatonin biosynthesis genes (TDC, T5H, SNAT, COMT, and
ASMT) and ultimatly increase endogenous MT content (Arnao &
Hernandez-Ruiz, 2019). Increases in endogenous MT levels have been
shown to contribute to the elimination of ROS, alleviate the peroxida-
tion of membrane lipids, and help to maintain cell membrane integrity
in plants. MT and its downstream metabolites, i.e., N-acetyl-N-formyl-5-
methoxykynurenamine, N-acetyl-5-methoxykynuramine, and cyclic 3-
hydroxymelatonin, are excellent free-radical scavengers. These MT
cascades can scavenge up to 10 free radicals, with a 2—4 times greater
capacity for the detoxification of oxidized molecules than any single
classical free-radical scavenger (Paredes, Korkmaz, Manchester, Tan, &
Russel, 2009).

In the present study, the endogenous MT content increased at the
early storage stage (Fig. 2B), which is consistent with the exogenous MT
treatment of sweet cherry fruit on tree and may have been caused by
the physical infiltration of exogenous MT (Tijero, Mufoz, & Munné-
Bosch, 2019). Furthermore, this increase in endogenous MT content at
the early storage stage paralleled the accumulation of O~ and H,0,
(Fig. 3A and B). These results indicate that ROS stress may induce en-
dogenous MT content increase. Similar findings have been reported in
two sweet cherry cultivars, ‘Hongdeng’ and ‘Rainier’, during the gra-
dual lignification of endocarp and until it completely hardened (Zhao
et al., 2013). The increase in MT content in the two sweet cherry cul-
tivars may be related to the ROS-induced up-regulation of plant tryp-
tophan decaboxylase gene (PaTDC). These is consistent with the redox
network model (the MT-ROS-reactive nitrogen species triangle), ac-
cording to which ROS stress may upregulate MT synthase gene and
thereby promote melatonin synthesis (Arnao & Hernandez-Ruiz, 2019).
Besides, an increase in endogenous MT content (Fig. 2B) in MT-treated
cherries was observed to coincide with lower levels of O,  —, Hy0,
(Fig. 3A and B), MDA, and relative membrane permeability (Fig. 3C and
D). These results, therefore, corroborate previous reports on strawberry
(Liu et al., 2018) and cassava (Ma et al., 2016), and indicate that
exogenous MT might act as a powerful antioxidant that delays the se-
nescence of sweet cherries.

In contrast to our study, Tijero et al. (2019) found that exogenous
MT not only induces endogenous MT synthesis, but also increases cy-
tokinins content and through the crosstalk with cytokinins inhibits ri-
pening and senescence of sweet cherry fruit. Teribia, Tijero, and
Munné-Bosch (2016) manifested that a variety of hormones such as
abscisic acid, ethylene, gibberellins, and auxins are also involved in the
regulation of ripening and senescence of sweet cherry fruit. MT reg-
ulates the expression of many elements (receptors, transcription factors,
and enzymes) in the biosynthesis and catabolism of these hormones
(abscisic acid, cytokinins, auxin, ethylene, gibberellins, salicylic acid,
and jasmonic acid). However, these hormones cannot affect the MT
levels. Thus, MT may act as a plant master regulator of many integrated
responses, or as a plant hormone that regulates other plant hormones.
In addition, MT can trigger downstream signal chain elements and ac-
tivate responses against stressors by interacting with its receptor
CAND2/PMTR1. Other studies have reported that the crosstalk asso-
ciated with nitric oxide, hydrogen sulphide, and MT can delay ethylene-
induced fruit ripening and senescence (Mukherjee, 2019). These results

Food Chemistry 301 (2019) 125311

suggested that MT inhibited maturation and senescence of fruit by
crosstalk with other substances rather than by itself. Therefore, further
clarification of the crosstalk with MT, hormones, nitric oxide, and H,S
may contribute to better understanding of the mechanism of MT reg-
ulation of fruit maturation and senescence.

It has been reported that an increase in antioxidant enzymes activity
(SOD, POD, CAT, etc.) can alleviate membrane lipid peroxidation and
delay senescence in fruits and vegetables (Gao et al., 2016). In the
present study, we demonstrated that treatment with exogenous MT
enhanced the activity of antioxidant enzymes (SOD and CAT) in sweet
cherries (Fig. 4A and B). This is consistent with the redox network
model, which states that MT increases redox enzyme activities of SOD,
CAT, and APX (Arnao & Hernandez-Ruiz, 2019). Increased SOD and
CAT activity contributes to the elimination of O," — and H,0,, which
may account for the lower O," ~ and H,0, levels observed (Fig. 3A and
B). Meanwhile, a decrease in the O," ~ and H,O, content alleviates
lipid peroxidation, which may account for the lower MDA content and
relative membrane permeability (Fig. 3C and D). Similar findings have
been reported for other fruits and vegetables, such as peaches (Zheng,
Tian, Meng, & Li, 2007), pears (Zhai et al., 2018), strawberries (Liu
etal., 2018), and eggplants (Wu et al., 2017). These results indicate that
exogenous MT is able to delay senescence by maintaining the balance of
ROS through upregulating the expression of genes related to anti-
oxidant enzymes, enhancing their activity, and alleviating lipid perox-
idation. Such conclusions are supported by Ma et al. (2016) and Wang
et al. (2012).

The AsA-GSH cycle is an important component in the elimination of
ROS. APX, DHAR, GR, and MDHAR are extremely important enzymes in
the AsA-GSH redox pathway, which play crucial roles in promoting the
regeneration of GSH and AsA, ensuring the normal functioning of me-
tabolic pathways, and maintaining the balance of reduced substances in
plants. APX catalyzes the oxidation of AsA into MDHA or DHA and
eliminates excessive H,O, free radicals from cells through the reduction
of Hy0, into H50, i.e., to maintain the metabolic balance of free radi-
cals in the cells (Sun, Li, Wang, Wu, & Wang, 2011). The conversion of
GSSG into GSH in plants is catalyzed by GR. Higher levels of GR are,
therefore, conducive to the maintenance of the high ratio of GSH:GSSG,
which plays critical roles in the protection of organisms against oxi-
dative damage (Castro-Mercado, Martinez-Diaz, Roman-Tehandon, &
Gareia-Pined, 2009). In addition, high intracellular GSH levels also
retain thiol-containing proteins or enzymes in a reduced or active state,
which is important for the maintenance of normal functions as well as a
high reduction potential in cells. DHAR-catalyzed GSH can also main-
tain a high reduction potential in cells by reducing DHA into AsA.

In the present study, exogenous MT treatment maintained high
enzyme activity for APX, DHAR, GR, and MDHAR (Fig. 4C, D, E, and F),
as well as high levels of AsA and GSH (Fig. 5A and C). MT treatment
also maintained high AsA:DHA and GSH:GSSG ratios (Fig. 5E and F) by
keeping DHA and GSSG contents at relatively low levels (Fig. 5B and D).
These results indicated that exogenous MT treatment may ensure the
normal functioning of metabolic pathways in the AsA-GSH cycle,
maintain the balance of reduced substances, and reduce the accumu-
lation of ROS, thereby delaying senescence in sweet cherries. Similar
findings have been reported for peaches (Huan et al., 2018), pears (Zhai
et al., 2018), and longans (Li et al., 2018).

Exogenous MT can promote the maturation of certain fruits and
vegetables. For example, treatment with exogenous MT promoted the
ripening (i.e., veraison) of grapes by significantly inducing the bio-
chemical synthesis of ethylene and the expression of key genes in the
signal transduction pathways (Xu, Yue, Bian, Zhai, & Yao, 2017).
Treatment with 50 and 100 umol-L ™! MT also promoted the maturation
of tomatoes by activating the expression of ACS; and enhancing the
synthesis of ethylene in green mature tomatoes (Sun et al., 2014).
However, exogenous MT inhibited the ripening of sweet cherry fruits on
trees (Tijero et al., 2019). These results suggest that exogenous MT
plays different roles in promoting or postponing the maturation and
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senescence of fruits and vegetables, depending on their type, variety,
and degree of maturity. Therefore, the regulation of maturation and
senescence of food crops by exogenous MT is a complex process. Future
studies on the exogenous MT regulation of postharvest maturation and
senescence of sweet cherries at different degrees of maturity may fur-
ther clarify the mechanisms involved.

5. Conclusion

The 100 umol-L.~! MT treatment was the most effective in delaying
senescence in sweet cherries by reducing weight loss and decay in-
cidence, increasing fruit firmness, TSS, and titratable acidity; delaying
color development; inhibiting respiratory rates; as well as maintaining
endogenous MT levels. Furthermore, the 100 pmolL."! MT treatment
increased the enzyme activity of SOD, CAT, APX, DHAR, GR and
MDHAR, increased the antioxidant content of AsA and GSH, and in-
creased the AsA:DHA and GSH:GSSG ratios. MT treatment also in-
hibited the accumulation of O, ~ and H,0, and maintained the struc-
tural and functional integrity of cell membranes. The present study
demonstrated the effectiveness of MT treatment as a preservation
method for post-harvested sweet cherry fruit to delay senescence and
maintain fruit quality, and thus the use of MT may have broad appli-
cation prospects.
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