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Abstract: Guava fruit has a short postharvest shelf life at room temperature. Melatonin is widely
used for preservation of various postharvest fruit and vegetables. In this study, an optimal melatonin
treatment (600 µmol·L−1, 2 h) was identified, which effectively delayed fruit softening and reduced
the incidence of anthracnose on guava fruit. Melatonin effectively enhanced the antioxidant capacity
and reduced the oxidative damage to the fruit by reducing the contents of superoxide anions,
hydrogen peroxide and malondialdehyde; improving the overall antioxidant capacity and enhancing
the enzymatic antioxidants and non-enzymatic antioxidants. Melatonin significantly enhanced
the activities of catalase, superoxide dismutase, ascorbate peroxidase and glutathione reductase.
The contents of total flavonoids and ascorbic acid were maintained by melatonin. This treatment
also enhanced the defense-related enzymatic activities of chitinase and phenylpropanoid pathway
enzymes, including phenylalanine ammonia lyase and 4-coumaric acid-CoA-ligase. The activities of
lipase, lipoxygenase and phospholipase D related to lipid metabolism were repressed by melatonin.
These results showed that exogenous melatonin can maintain the quality of guava fruit and enhance
its resistance to disease by improving the antioxidant and defense systems of the fruit.

Keywords: ripening; reactive oxygen species; enzymatic activities; anthracnose; shelf-life

1. Introduction

Guava (Psidium guajava L.) is native to tropical America from Mexico to Peru, and
now a commercially important fruit and medicinal plant in many tropical and subtropical
countries [1]. Countries producing and consuming most guava include India, Mexico,
Pakistan, Brazil, Egypt, Thailand, Colombia [1], as well as China in recent years. The
significance of guava fruit may be owing to its high production, remarkable nutritional
properties and enchanting taste, since it contains five times as much ascorbic acid as citrus
fruit and also contains various essential bioactive compounds [2]. Guava has high levels
of dietary fiber, pectin, antioxidants, vitamins and mineral content compared with other
fruit [2,3]. However, guava fruit with thin peel and soft texture are highly susceptible
to chilling stress, mechanical injury and pathogens. Therefore, it has a short postharvest
life, which severely limits its consumption and distribution to domestic markets [4]. The
fruit soften rapidly, so they tend to bruise and over-ripen, which causes severe losses
during the postharvest period. To date, various postharvest handling techniques have been
utilized to regulate the ripening of fruit and reduce losses from postharvest physiological
disorders and diseases. Low temperature storage is a well-known and common method to
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extend the storage period of guava fruit. However, storage under 10 ◦C can cause serious
chilling injury (CI) to guava fruit, including the browning or discoloration of the peel
and pulp, abnormal ripening and an increase in the incidence of anthracnose caused by
Colletotrichum gloeosporioides [5]. Anthracnose is one of the principal postharvest diseases
of several tropical and subtropical fruit, including papayas, mangoes, bananas, apples,
passion fruit, guavas, grapes and citrus [6]. As the most common fungal disease of guava
fruit (Lim and Manicom), anthracnose causes severe postharvest losses of these fruit [1]. The
anthracnose disease commonly infects quiescently, initiating infection during flowering and
remaining latent until it is activated by ripening during fruit storage, transport and shelf
life [6,7]. Different technologies have been explored to reduce the incidence of anthracnose
in guava fruit. 1-methylcyclopropene (1-MCP), an effective inhibitor of ethylene, is widely
used to extend the shelf life of fruit. 1-MCP has a pronounced effect on fruit ripening
and significantly maintains high fruit firmness, maintains fruit quality and reduces the
incidence of decay [4]. Other commonly used techniques, such as edible coating treatments,
modified atmosphere, and controlled atmosphere storage, ascorbic acid treatment, gamma
irradiation, fungicides, calcium chloride and nitric oxide, can reduce the fruit peel browning
index, maintain the fruit quality and extend the shelf life of guava fruit [1,3,8–13].

Melatonin (N-acetyl-5-methoxytryptamine) is a multifunctional signaling molecule
that is ubiquitously distributed in various plant species [14]. Melatonin is involved in
various physiological activities in plants, including seed and root development [15], plant
growth and flowering [16], fruit development [17], fruit ripening [18], senescence [19] and
biotic and abiotic stress responses [20,21]. As a safe and nontoxic substance, melatonin
is widely studied in postharvest preservation for its role in improving the storage life
and quality of fruit and vegetables, as well as enhancing crop production and ensuring
food safety in an environmentally friendly manner. Various studies have proven that the
application of exogenous melatonin significantly delayed the postharvest ripening of some
fruit, such as apples [22], sweet cherries [23], bananas [19,24], pears [25], peaches [26] and
mangoes [27]. Exogenous treatment with melatonin can also enhance the resistance to
disease and reduce the incidence of decay of various fruit during postharvest storage,
including litchis [28], strawberries [29], kiwifruits [30] and peaches [26].

This study aims to explore the effect of melatonin on guava fruit ripening and quality
during the postharvest storage periods. The results showed that treatment with melatonin
significantly delayed fruit ripening and repressed the incidence of anthracnose during
the postharvest periods. In particular, treatment with melatonin effectively enhanced
the antioxidant capacity and reduced the oxidative damage to the fruit. These results
provide technical and theoretical guidance for the practical application of melatonin in the
postharvest stage of guava fruit during storage and marketing.

2. Materials and Methods
2.1. Plant Materials and Treatments

Guava fruit (Psidium guajava L. ‘Zhenzhu’) at the commercial stage (mature-green)
were harvested from a local commercial plantation of Baoshen Farm, Nansha district,
Guangzhou, South China, and immediately transported to the laboratory. Fruit without
blemishes that were uniformly sized were selected, cleaned and dipped in a 0.2% solution
of sodium hypochlorite solution for 10 min. After air-drying under the room temperature
(22 ± 2 ◦C) for 2 h (h), selected fruit were soaked in different concentrations of melatonin
(Shanghai Shenggong Biology Limited Company, Shanghai, China) for 2 h. The melatonin
was dissolved in ethanol and then diluted to 0 µmol·L−1, 100 µmol·L−1, 400 µmol·L−1, and
600 µmol·L−1 for treatment. After the fruit were removed from the solution and air-dried at
room temperature (22 ± 2 ◦C), they were placed into unsealed plastic bags (0.02 mm thick),
and stored at 25 ± 1 ◦C with 70~80% relative humidity. Three independent biological
replicates were performed for each treatment, where each replicate included 45 fruits. The
fruit were periodically evaluated by ripening indicators. Samples were taken at 0, 3, 6, 8,
11, 13 and 15 days after treatment.
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2.2. Fruit Firmness, Respiration Rate and Color Index

Fruit firmness was measured using an Instron Harness Tester 5542 (Instron, Norwood,
NJ, USA) as described by Zhu et al. [31]. The measurements were conducted on five points
of each fruit, and the results were expressed in Newtons.

The respiration rate was determined as described by Li et al. [32]. Briefly, the fruit
were placed in a 2.5 L plastic container after weighing and held for 2 h at 25 ◦C. Next,
1 mL of headspace gas sample was extracted and measured using a gas chromatograph
(G3900, Hitachi, Ltd., Tokyo, Japan). The respiration rate was expressed by the rates of CO2
production, which were expressed as milligram per kilogram per hour.

Fruit color was measured as described by Li et al. [19] with minor modifications. Five
points around the equatorial region on each fruit were selected for measurement using a
Chromameter-2 reflectance colorimeter (Minolta, Osaka, Japan) equipped with a CR-300
measuring head. The results were recorded as lightness (L*), hue angle (h◦), and chroma
(C*).

2.3. Fruit Disease Evaluation

The incidence of disease and severity on the fruit were observed periodically as
described by Pandey et al. [33] with minor modifications. The disease severity was recorded
daily by measuring the lesion area on each fruit as compared to the total fruit surface area
using a scale as follows: 0 = no lesion, 1 = 1–10%, 2 = 11–20%, 3 = 21–30%, 4 = 31–40%,
5 = 41–50%, 6 = 51–60%, 7 = 61–70%, 8 = 71–80%, 9 = 81–90%, and 10 = 91–100% of the area
of the fruit was diseased.

The incidence of disease was calculated as the ratio of the number of diseased fruit to
the total number of fruit [4].

2.4. Determination of Reactive Oxygen Species (ROS) and Malondialdehyde Contents

The contents of hydrogen peroxide (H2O2), superoxide radicals (O2−) and malondi-
aldehyde (MDA) were measured by UV-Vis spectrophotometry using kits (No. H2O2-2-Y,
SA-2-G, and MDA-2-Y; Suzhou Keming Biological Company, Suzhou, China), according to
the manufacturer’s instructions. The absorbance was measured at 530 nm and calculated
for the O2− content with a unit expressed as nmol·g−1. The absorbance at 415 nm was
recorded for the content of H2O2 with a unit expressed as µmol·mL−1. The content of
MDA was determined by measuring the absorbance at 532 nm, and the unit was expressed
as nmol·g−1.

2.5. Enzyme Activities and Metabolites Content Measurement
2.5.1. The Antioxidative Enzyme Activities and Antioxidant Content Detection

The activities of catalase (CAT), superoxide dismutase (SOD), glutathione reductase
(GR), ascorbate peroxidase (APX) and the total antioxidant capacity (T-AOC) were de-
termined by UV-Vis spectrophotometry using different biochemical kits (No. SOD-2-W,
CAT-2-W, GR-2-W, APX-2-W, ASA-1-W, and FRAP-2-G; Suzhou Keming Biological Com-
pany), according to the manufacturer’s instructions. The absorbance from the activity of
SOD was 450 nm, which was expressed as U·g−1, and that of CAT was 240 nm, which was
expressed as nmol/min−1/g−1. The absorbance value at 340 nm was recorded, and the
unit was expressed as nmol·min−1·g−1 for GR activity. For APX activity, the absorbance
was recorded at 290 nm, and the unit was expressed as µmol·min−1·g−1. The absorbance
was recorded at 593 nm for T-AOC and the unit expressed as µmol Trolox−1·g−1.

2.5.2. The Determination of Flavonoids and Ascorbic Acid Contents

The contents of total flavonoids and reduced ascorbic acid (ASA) were determined
using a total flavonoid content kit and an ASA content kit (No. LHT-2-G, No. ASA-1-
W; Suzhou Keming Biological Company) according to the manufacturer’s instructions.
The absorbance was measured at 510 nm and the unit expressed in mg·g−1 for the total
flavonoid content. The content of ASA was measured at 420 nm and expressed as µg·g−1.
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2.5.3. Determination of the Activities of Enzymes Related to Phenylpropanoid Metabolism

The activities of three key enzymes involved in phenylpropanoid metabolism were de-
termined, including 4-coumaric acid: coenzyme A ligase (4CL), cinnamic acid-4-hydroxylase
activity (C4H) and phenylalanine ammonia lyase (PAL). The activities of 4CL and C4H
were determined using an enzyme activity kit (No. G1003W and G1001W; Suzhou Geruisi
Biological Company, Suzhou, China). For 4CL, the rate of production of 4-coumaric acid
CoA at 333 nm was measured to determine the activity of 4CL in nmol·min−1·g−1. The
absorbance was read at 340 nm for C4H and expressed as nmol·min−1·g−1.

The activity of PAL was measured at 290 nm and expressed as U·g−1 using a kit
according to the manufacturer’s instructions (No. PAL-2-Y; Suzhou Keming Biological
Company).

2.5.4. Determination of Enzyme Activities Related to the Lipid Metabolism of Fruit
Membranes

The activities of lipase (LPS), lipoxygenase (LOX) and phospholipase D (PLD) were
determined using kits according to the manufacturer’s instructions (No. G0902F, G0906F,
and G0925F; Suzhou Geruisi Biotechnology Co. Ltd.). The activity of LPS was measured at
405 nm and expressed as µmol·min−1·g−1. The activity of LOX was assayed at 234 nm and
expressed as U·g−1. For PLD, the absorption was measured at 500 nm and expressed as
nmol·min−1·g−1.

2.5.5. Determination of Enzyme Activities Related to Fruit Resistance

The activity of chitinase (CHI) activity was determined using a CHI content micro-
assay kit (No. GO546W; Suzhou Geruisi Biological Company). The absorption at 585 nm
was measured and expressed as mg·h−1·g−1.

The β-1,3-glucanase (β-1,3-GA) activity was assayed using a β-1,3-GA activity kit (No.
GA-1-Y; Suzhou Keming Biological Company). The absorption at 550 nm was measured
and the unit expressed as mg·h−1·g−1.

2.6. Statistical Analysis

The data were analyzed using SPSS 17.0 (SPSS Inc., Chicago, IL, USA) and Microsoft
Excel 2019 (Redmond, WA, USA) to calculate the means and standard deviation (SD). The
figures were plotted using SigmaPlot 12.0 (Systat, Chicago, IL, USA). Each experiment was
conducted using three biological repetitions. Significant differences between treatment
groups were determined using Duncan’s multiple range test and least significant difference
(LSD) (p < 0.05). All the results are expressed as the means ± SD (standard deviation)
(Supplemental Table S1).

3. Results
3.1. The Effects of Melatonin on Fruit Ripening

Fruit firmness is one of the most important indicators for fruit ripening. As shown
in Figure 1A, the fruit firmness decreased gradually with fruit storage under controlled
conditions. All the melatonin treatments delayed the decrease in fruit firmness and main-
tained higher fruit firmness compared with the control (CK) group, particularly for the
600 µmol·L−1 treatment, which had significantly higher firmness than the other treatments
at the end of storage (Figure 1A). The color of the peel was primarily evaluated by L*,
C*, and h◦ values, which indicate the brightness, color saturation and the hue angle of
the peel, respectively. As shown in Figure 1B, the L* value gradually increased with fruit
ripening for the control group. No significant difference was observed between the mela-
tonin treatment groups and the control group for the L* value (Figure 1B). The C* value of
fruit increased with fruit ripening, and no significant difference was observed between the
different groups (Figure 1C). The h◦ value gradually decreased with fruit ripening. The
melatonin treatments delayed the decrease in h◦ value, which resulted in fruit with a higher
h◦ value than the control during later storage (Figure 1D).
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Figure 1. Effect of melatonin treatments on fruit physiology including the hardness, fruit color
changes, soluble solid content, titratable acid, respiration rate and browning index. (A), the effect
of melatonin treatment on the hardness of guava fruit; (B–D), the effect of melatonin treatment on
the chromaticity L*, C*, h◦ of guava fruit; (E), the effect of melatonin treatment on soluble solid
content; (F), the effect of melatonin treatment on the titratable acid content; (G), the effect of melatonin
treatment on the respiration rate of guava fruit; (H), the effect of melatonin treatment on the browning
index of guava fruit. Each data point represents the mean± S.D. (n = 3). Different letters indicated the
significant differences at the 5% level. Least significant differences (LSDs) were calculated to compare
significant effects at the 5% level. Different letters indicate significant differences between groups
(p < 0.05). CK: control group; 100: 100 µmol·L−1 melatonin treatment group; 400: 400 µmol·L−1

melatonin treatment group; 600: 600 µmol·L−1 melatonin treatment group.
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The soluble solid content of the fruit increased with ripening and reached a peak at
six days and then decreased gradually in the control group. No significant difference was
observed between the 100 µmol·L−1 melatonin treatment group and the control group.
However, the 400 µmol·L−1 and 600 µmol·L−1 melatonin treatments delayed the soluble
solid content peak by approximately five days and maintained a higher content during
later storage (Figure 1E). The titratable acid content decreased with fruit ripening, and the
melatonin treatments reduced the decrease more than the control group (Figure 1F). Fruit
respiration increased with ripening and peaked on day six before gradually decreasing
(Figure 1F). The 600 µmol·L−1 melatonin treatment repressed the respiration rate at day
three but enhanced it during the later storage. The 400 µmol·L−1 melatonin treatment also
enhanced the respiration rate during the later storage with no difference during the first
six days. No significant significance was observed between the 100 µmol·L−1 melatonin
treatment and the control group during the entire storage period (Figure 1G). Fruit showed
browning symptoms from day three of storage, and the browning index increased with
fruit storage under the control conditions. The melatonin treatments reduced the browning
index, particularly for the 600 µmol·L−1 melatonin treatment, except for the 100 µmol·L−1

melatonin treatment (Figure 1H).

3.2. Effects of Different Concentrations of Melatonin on the Development of Fruit Disease

Anthracnose is the most common disease for guava during the postharvest period. As
shown in Figure 2, serious disease symptoms on the control fruit were observed on day 11
after harvest. Melatonin treatments significantly reduced and delayed the development
of disease. This was particularly true for the 600 µmol·L−1 melatonin treatment in which
disease was only observed after 15 days of storage (Figure 2A). As shown in Figure 2B, the
disease index increased rapidly with fruit ripening. Melatonin treatments inhibited the
development of disease index, which was significantly lower than that of the control fruit
during the later storage, particularly for the 600 µmol·L−1 melatonin treatment (Figure 2B).
Similar results were observed for the disease incidence (Figure 2C), and treatment with
600 µmol·L−1 melatonin resulted in the lowest disease incidence rate of all of the groups.

Additionally, the Principal Component Analysis (PCA) also identified that both con-
centrations and storage times of melatonin treatments have significant effects on the overall
variation of physiological/biochemical features in guava fruit (Figure S1).

3.3. Effects of Melatonin on the Metabolism of Reactive Oxygen Species

Reactive oxygen species (ROS) are important in fruit ripening and stress responses.
Hydrogen peroxide (H2O2) and O2− are important ROS in plants when they are subjected
to adverse conditions. As shown in Figure 3, the content of H2O2 gradually increased with
fruit ripening and decreased at the end of storage in the control group. Treatment with
melatonin reduced the content of H2O2 during the later storage resulting in significantly
lower levels than those in the control group (Figure 3A). The content of O2− gradually
decreased as the fruit ripened and increased slightly at the end of storage in the control
group. The melatonin treatment reduced the content of O2− during the entire storage
period (Figure 3B). Various antioxidants and antioxidant enzymes in guava fruit constitute
the total antioxidant capacity (T-AOC). The T-AOC capacity decreased gradually with fruit
storage, and treatment with melatonin maintained a high capacity of T-AOC during the
first eight days of storage. However, there was no significant difference compared with
the control group during the later storage period (Figure 3C). MDA is the final product of
cell lipid peroxidation. As shown in Figure 3D, the content of MDA increased gradually in
the control group as the fruit ripened (Figure 3C). Treatment with melatonin significantly
reduced the content of MDA during the whole storage period, which was significantly
lower than that of the control group, indicating a reduced degree of the level of peroxidation
of guava fruit.
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Figure 2. Effects of different concentrations of melatonin on fruit disease incidence. (A) Photos of
guava fruit under different melatonin treatments; (B) fruit disease index; (C) fruit disease incidence.
Guava fruit were stored at room temperature (25 ± 1 °C) after treatment. Each data point represents
the mean ± S.D. (n = 3). Different letters indicated the significant differences at the 5% level. CK:
control group; 100: 100 µmol·L−1 melatonin treatment group; 400: 400 µmol·L−1 melatonin treatment
group; 600: 600 µmol·L−1 melatonin treatment group.
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Figure 3. Effects of melatonin on the metabolism of reactive oxygen species in guava fruit. (A) the
effect of melatonin treatment on H2O2 content; (B) the effect of melatonin treatment on O2− content.
(C) the effect of melatonin treatment on T-AOC capacity; (D) the effect of melatonin treatment on the
MDA content; (E–H) the effect of melatonin treatment on the activities of SOD (E), CAT (F), GR (G)
and APX (H). Each data point represents the mean ± S.D. (n = 3). Least significant differences (LSDs)
were calculated to compare significant effects at the 5% level. CK: control group; 600: 600 µmol·L−1

melatonin treatment group.

Different active oxygen scavengers function to maintain the balance of ROS metabolism
and protect the membrane structure. SOD is an important antioxidant enzyme that is
widespread in various organisms and catalyzes the dismutation of O2− to hydrogen and
molecular oxygen. CAT is a reactive oxygen scavenging enzyme that can degrade H2O2
into O2 and H2O to reduce the damage to plant tissues. GR is a flavoprotein oxidoreductase
that is ubiquitous in eukaryotes and prokaryotes, and it is one of the important antioxidant
enzymes for the active oxygen metabolism in plants. APX has some ability to remove active
oxygen, which can effectively remove the H2O2 content in plants and effectively enhance
the resistance of plants to external stresses.

As shown in Figure 3E, the activity of SOD decreased with fruit storage, and treatment
with melatonin induced its activity, which was significantly higher than that of the control
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fruit. The activity of CAT increased first and reached a peak at day eight before gradually
decreasing. Treatment with melatonin delayed the increase, resulting in much higher
levels of activity compared with the control group (Figure 3F). Treatment with melatonin
delayed the increase in the activity of GR during earlier storage and decreased during later
storage, thus, maintaining higher GR activity during this period (Figure 3G). Melatonin also
enhanced the activity of APX, which was higher compared with the control fruit during
storage (Figure 3H).

3.4. Effects of Melatonin Treatment on the Content of Defense-Related Compounds

Flavonoids are important secondary metabolites in plants. They have strong antiox-
idant activity and affect the color and flavor of the fruit. Flavonoids are a class of active
substances that act as antioxidants and scavenge free radicals. As shown in Figure 4, the
content of total flavonoids decreased with fruit storage, and treatment with melatonin re-
duced the decrease and maintained higher flavonoid contents than the control fruit during
the later period of storage (Figure 4A).
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The content of ASA increased with fruit ripening, and treatment with melatonin
induced the accumulation of ASA during the later period of storage (Figure 4B).

3.5. Effects of Melatonin Treatment on the Activities of Enzymes in the Phenylpropanoid Pathway

C4H is a key enzyme in the phenylpropanoid metabolic pathway, which can effectively
regulate the synthesis of corresponding flavonoids and other metabolites. As shown in
Figure 5A, the C4H activity generally decreased with fruit ripening and increased from days
six to eleven. However, it decreased slightly during the later storage period (Figure 5A).
Treatment with melatonin enhanced the activity of C4H on day three but reduced its
activity during later storage (Figure 4A). Phenylalanine ammonia lyase (PAL) is one of
the rate-limiting enzymes that plays critical roles in plant resistance. The activity of PAL
increased gradually as the fruit ripened, and treatment with melatonin induced its activity.
Significantly higher levels of PAL were observed in fruit treated with melatonin than the
control during the later storage (Figure 5 B). 4CL is one of the key enzymes in lignin
synthesis and catalyzes cinnamic acid to produce corresponding cinnamic acid-CoA esters,
which are primarily found in higher plants, yeasts and fungi. The activity of 4CL had a trend
of fluctuating–decreasing–increasing–decreasing–increasing. Treatment with melatonin
induced its activity at some level (Figure 5C).
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3.6. Effects of Melatonin on the Activities of Lipid Metabolic Enzymes

By catalyzing the oxidation reaction of unsaturated fatty acids, LOX can lead to
membrane lipid peroxidation and play an important role in the maturation, senescence
and adversity of stress in organisms. The activity of LOX increased gradually as the fruit
ripened and reached its peak at day eight before decreasing. Treatment with melatonin
reduced the activity of LOX, which was significantly lower than that of the control fruit
during the first 11 days of storage (Figure 6A). LPS, also known as glyceride hydrolase, is
widely present in a variety of organisms and can catalyzes the hydrolysis of triglycerides
to produce fatty acids and glycerol. As shown in Figure 6B, the activity of LPS increased
and reached a peak at day six, decreased rapidly and then increased slightly during the
later period of storage. Treatment with melatonin severely repressed the activity of LPS
during this period of storage (Figure 6B). The activity of PLD increased as the fruit ripened,
and treatment with melatonin induced its activity during the first six days but severely
inhibited its activity during later storage (Figure 6C).
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3.7. Effects of Melatonin Treatment on the Activities of Enzymes Related to Resistance

CHI is a defense-related enzyme that is found widely in animals and plants. As shown
in Figure 7A, the activity of CHI increased with fruit ripening and reached its peak on
day 11 and then decreased during later storage (Figure 7A). Treatment with melatonin
induced the activity of CHI, which had higher activity compared with the control group.
The activity of β-1,3-GA increased gradually as the fruit ripened. Melatonin repressed the
activity of β-1,3-GA during storage (Figure 7B).
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4. Discussion

Melatonin is an important signaling molecule that functions as a master regulator in
various developmental stages of plants and their adaptation to the environment [34,35].
Increasing numbers of studies have proven that the application of exogenous melatonin can
effectively prolong storage and shelf life and maintain fruit quality [23–27]. A few studies
also showed that the exogenous application of melatonin could accelerate the ripening of
fruit, such as tomatoes. Treatment with melatonin substantially enhanced the accumula-
tion of the content of lycopene and the production of ethylene in tomatoes, resulting in
accelerated fruit ripening and an improvement in the quality of appearance of the tomato
fruit [18]. Exogenous melatonin treatment on young grapes also significantly promoted
the growth and increased the endogenous melatonin content of the fruit, significantly
increasing the content of total anthocyanins, fruit total soluble solids and promoting the
ripening of grapes [36]. This study demonstrates that treatment with melatonin could effec-
tively delay the softening of guava fruit, which is consistent with most of the studies so far.
Additionally, treatment with melatonin significantly reduces the incidence of anthracnose
in guava fruit. Other studies also showed that the exogenous application of melatonin
can significantly enhance the disease resistance and reduces the occurrence of decay of
different fruit during storage by improving the antioxidant and defense systems of the fruit,
such as peaches [26], strawberries [29], kiwifruits [30] and plums [37]. Therefore, as a safe
and nontoxic substance, melatonin has a practical potential for application in postharvest
guava fruit. Actually, the effects of melatonin are dose-dependent [35]. It was reported
that 100 µM melatonin treatment could promote the ripening of grape fruit, while 0.1 and
1.0 µM melatonin showed no significant effect [38]. Melatonin application before flower-
ing could delay the flowering of apple trees in a dose-dependent manner. The increased
melatonin levels at a suitable range also resulted in more flowering, but unsuitably high
concentrations would repress flowering [16]. The present work also showed that the effect
of melatonin on fruit ripening is dose-dependent. Hence, the optimized concentration
should be identified during application.

Fruit ripening often concomitantly proceeds with the accumulation of ROS, which
function as the accelerator of the ripening process by adversely oxidizing membrane lipids,
structural proteins and nucleic acids [39]. Fruit have evolved efficient non-enzymatic
and enzymatic antioxidative systems to scavenge ROS and protect against oxidative dam-
age [40]. The antioxidant enzymes, including CAT, APX, polyphenol oxidase (PPO), per-
oxidase (POD), dehydroascorbate reductase, SOD, GR and GPX, are important for ROS
homeostasis in fruit [14]. The non-enzymatic antioxidants include ascorbic acid (AsA),
flavonoids, anthocyanins, phenolics, carotenoids, dehydroascorbic acid and glutathione
(GSH) [14,41]. Melatonin works as an excellent antioxidant molecule in plants. The applica-
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tion of exogenous melatonin can effectively reduce the accumulation of ROS in different
fruits by inducing antioxidant systems, including the enzymatic antioxidants and non-
enzymatic antioxidants, and then delay the process of fruit ripening [22,42,43]. For example,
treatment with melatonin significantly enhanced the antioxidant capacity by increasing the
total phenolic content, the scavenging ability of 1,1-diphenyl-2-picrylhydrazyl (DPPH) and
2,2′-Azinobis(3-ethylbenzothiazoline-6-sulfonic acid Ammonium Salt) (ABTS) and the ac-
tivities of PAL and CHS, reducing the contents of MDA and H2O2 and decreasing ascorbic
acid in fresh-cut pear fruit, resulting in reduced browning and microbial growth [44]. In
strawberry fruit, treatment with exogenous melatonin significantly reduced the contents of
H2O2 and MDA but enhanced the accumulation of total phenolics and flavonoids, resulting
in an improved antioxidant capacity and a delay in fruit ripening [45]. In peach fruit,
treatment with melatonin effectively increased the activities of CAT, SOD, APX and POD
and reduced the content of MDA, O2− and hydrogen peroxide, maintained the integrity
of membranes and resulted in delayed postharvest senescence [26]. The application of
melatonin also significantly increased the activities of CAT, SOD and POD in apple fruits,
improving the antioxidant capacity of the fruit and maintaining its quality [22]. Non-
enzymatic antioxidants, such as phenolics, GSH, AsA, flavonoids and anthocyanins, were
also effectively induced by melatonin treatment [14,35,37]. The exogenous application of
melatonin increased the polyphenol content and antioxidant activities in grapes [46]. This
treatment also maintained the nutritional quality and reduced the decay of postharvest
strawberry fruit by enhancing the contents of total phenolics, the accumulation of antho-
cyanins and γ-aminobutyric acid transaminase (GABA) shunt activity [29]. The exogenous
application of melatonin increased the amount of phenolic compounds by upregulating
the expression of related genes, which led to a delay in fruit senescence and deterioration
in the quality of jujube fruit [47]. In this study, melatonin also effectively enhanced enzy-
matic antioxidants, such as the activities of SOD, GR, CAT and APX, and the content of
non-enzymatic antioxidants, such as the total flavonoids, TP and ASA, and improving the
T-AOC of the fruit, resulting in a reduction in the content of H2O2, O2− and MDA. All
these results proved that melatonin serves as an effective ROS scavenger to protect fruit
from oxidative damage and maintain their quality.

Postharvest decays caused by diseases are a major cause of losses during the posthar-
vest period. Most postharvest diseases could be controlled effectively by chemical fungicide
treatments, but their use is strictly restricted owing to the increased enhancement of food
safety awareness. Melatonin, a safe and nontoxic substance to humans and plants, func-
tions as an environmentally friendly treatment that may be an alternative to fungicide
applications and has shown its potential in postharvest preservation. A large number of
studies have proven that melatonin can effectively reduce the postharvest disease incidence
of various fruit, including bananas, apples, litchis, grapes, peaches, strawberries, plums
and tomatoes [14,28]. The application of exogenous melatonin induced resistance to Perono-
phythora litchii in litchis by enhancing the activities of enzyme antioxidants, including PAL,
C4H and 4CL, and increasing the accumulation of non-enzyme antioxidants, including
phenolics and flavonoids [28]. Melatonin combined with Meyerozyma guilliermondii Y-1
effectively enhanced defense-related enzyme activities, including SOD, CAT, POD, PAL,
and PPO, as well as increasing the content of non-enzyme antioxidants, such as the con-
tents of TP and lignin, and the total antioxidant capacity (T-AOC), resulting in reduced
disease incidence in apple fruit [48]. This study also showed that treatment with melatonin
effectively reduces the incidence of anthracnose on fruit, which may result from an enhance-
ment of the enzymatic antioxidants and non-enzymatic antioxidants, and the enhanced
phenylpropanoid pathways, as well as an enhancement of the defense-related enzyme
activities, including CHI. Some studies have shown that melatonin exhibited antimicrobial
activities against different fruit pathogens in vitro and in vivo. In tomatoes, melatonin
treatment effectively suppressed the growth of Phytophthora infestans in vitro and reduced
the late blight symptoms of tomatoes in vivo [49]. Exogenous treatment with melatonin
also induced the accumulation of arecoline and modulated the contents of ROS and levels
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of hormones, including ABA, JA, ethylene, and SA, as well as glycolytic activity in areca
(Arecha catechu) fruit, resulting in improved plant disease resistance against C. kahawae and
delayed postharvest physiological deterioration [50]. Melatonin can effectively induce the
phenylpropanoid pathway and enhance the intermediate pathway for the synthesis of
disease resistance-related phenolics in various fruit species. For example, in cherry tomato
fruit, the application of melatonin effectively enhanced the accumulation of total phenolics,
flavonoids and lignin by increasing the enzyme activities of the phenylpropanoid pathway,
including 4CL, PAL and POD [21]. In tomatoes, melatonin treatment effectively reduced
the development of the development of the virulent pathogen Botrytis cinerea by increasing
the amounts of the endogenous resistance hormones SA, methyl jasmonate (MeJA) and
melatonin, inducing an ROS burst, and enhancing the activities of the resistance enzymes
of CHI and GLU and the phenylpropanoid pathway [21,51]. Melatonin treatment can also
reduce the amount of pathogen infection by inducing the synthesis of cell walls, lipids
and waxes in banana peels [19]. However, a few reports showed that melatonin could
enhance disease. For example, melatonin treatment decreases the resistance of citrus fruit
to postharvest green mold by reducing the level of defense-related ROS [52]. Strikingly,
the effect of melatonin on fruit quality and postharvest disease could be owing to the
signal-crossing talk in fruit and vegetables. There is widespread signal-crossing talk after
melatonin treatment. Melatonin affects the signal molecules, such as ethylene, IAA, ABA,
SA, GA, and NO among others, as well as endogenous melatonin in plants, to regulate
fruit ripening and stress responses [14]. The application of exogenous melatonin can also
induce the accumulation of endogenous melatonin during the fruit ripening process and
affect fruit quality and shelf life of such fruit as grapes [53], pears [25], sweet cherries [23]
and bananas [24]. Thus, the effects of melatonin treatment can be dose-dependent or
species-dependent.

Fruit respiration is important for fruit physiology during ripening process. Melatonin
treatment effectively reduced the elevation of the respiratory rate in bananas [19], pears [25],
mango fruits [27], as well as altered the secondary metabolism pathways, resulting in the
delayed ripening process. Preharvest spray with melatonin depressed fruit respiration
after harvest while melatonin induced respiratory activity following cold storage [54]. It
indicated that the sweet cherry response to melatonin treatment involved a cold-dependent
activation of the respiration and up-regulation of TCA cycle-related genes [54]. It seems
that cold storage may cause stress to sweet cherry fruit and give rise to ROS. Melatonin
may enhance the respiration and improve the energy supply to maintain fruit quality [28].
Importantly, melatonin induced phenolic compound accumulation and related genes
expression, which help to improve fruit quality and cold tolerance [54]. In the present work,
it was established that melatonin repressed fruit respiration rates during the early storage
period, but increased respiration during later storage, which corresponded to the enhanced
total flavonoids and ascorbic acid accumulation. The increased respiration may contribute
to the accumulation of secondary metabolites, helping the disease response. Melatonin
treatment also maintained fruit firmness and reduced the change in fruit color, retarding
fruit ripening and senescence.

5. Conclusions

As shown in Figure 8, in this study we showed that treatment with melatonin effec-
tively enhanced the antioxidant capacity, the content of total flavonoids and ascorbic acid
and the activity of phenylpropanoid pathway enzymes, such as PAL and 4CL, and reduced
the oxidative damage of guava fruit. Melatonin treatment also enhanced the activities of
defense-related enzymes, including CHI, and repressed the activities of LPS, LOX and
PLD related to lipid metabolism. All these results showed that treatment with exogenous
melatonin can maintain fruit quality and enhance disease resistance by improving the
antioxidant and defense systems.
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