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Abstract: Postharvest decay of goji berries, mainly caused by Alternaria alternata, results in significant
economic losses. To investigate the effects of melatonin (MLT) on resistance to Alternaria rot in goji
berries, the fruits were immersed in the MLT solutions with varying concentrations (0, 25, 50, and
75 umol L™1) and then inoculated with A. alternata. The results showed that the fruits treated with
50 umol L~ MLT exhibited the lowest disease incidence and least lesion diameter. Meanwhile,
endogenous MLT in the fruits treated with 50 umol L~ MLT showed higher levels than in the
control fruits during storage at 4 & 0.5 °C. Further, the enzymatic activities and expressions of genes
encoding peroxidase, phenylalanine ammonia-lyase, cinnamate 4-hydroxylase, 4-coumarate-CoA
ligase, chalcone synthase, chalcone isomerase, and cinnamyl alcohol dehydrogenase were induced
in the treated fruit during storage. UPLC-ESI-MS/MS revealed that secondary metabolites in the
fruits on day 0, in order of highest to lowest levels, were rutin, p-coumaric acid, chlorogenic acid,
ferulic acid, caffeic acid, naringenin, quercetin, kaempferol, and protocatechuic acid. MLT-treated
fruits exhibited higher levels of secondary metabolites than the control. In conclusion, MLT treatment
contributed to controlling the postharvest decay of goji fruit during storage by boosting endogenous
MLT levels, thus activating the antioxidant system and secondary metabolism.

Keywords: Lycium barbarum L.; melatonin; phenylpropanoid pathway; antioxidant enzyme;
secondary products

1. Introduction

Goji (Lycium barbarum L.) fruit is a traditional good source of homology of medicine
and food in China [1]. Goji berry has recently been categorized as the latest “superfood”
or “berry of youth”, owing to its high nutritional value and a variety of pharmacological
functions, which generally also depend on genotype [2—4]. It contains vitamins, minerals,
microelements, polyphenols, polysaccharides, and carotenoids and exhibits biological
functions including immunomodulatory, anti-defying, anti-oxidative, anti-inflammatory,
anti-cancer, and resist fatigue [5-7], making it globally popular. Fresh goji fruit is difficult
to store, transport, and market during the mature period (early June to late September)
because of the high surrounding temperature and the tender and juicy texture of the fruit,
making it prone to mildew and decay [8,9]. Although fresh fruit is healthier and more
nutritious, goji is usually circulated in dried or processed forms. Drying or processing of
the fruit often leads to losing nutrients and bioactive compounds [5,10]. Therefore, the
goji berry industry requires a new, eco-friendly method to preserve freshness and extend
postharvest life.
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Traditionally, goji fruit preservation depends on applying physical and chemical
approaches, such as low-temperature handling and chemical fungicides [5,9]. In recent
years, some safe and environment-friendly methods for the postharvest handling of goji
berries, including lectin dipping [2], salicylic acid treatment [7,8], H,S fumigation [9],
cysteine treatment [3], plasma-activated water immersion [10], chitosan coating [11], and
acidic electrolyzed water treatment and vacuum precooling [12], have also been used,
documented, and reported to inhibit rot, preserve the quality of the fruit, and increase its
shelf life. Nevertheless, exploring novel preservation strategies for fresh goji fruit is still an
urgent requirement.

Melatonin, also known as N-acetyl-5-methoxytryptamine (MLT), is a molecule found
in living organisms that has a variety of effects [13]. In plants, MLT participates in various
physiological processes related to growth and development, such as seed germination,
rooting induction, flowering, photosynthesis, ripening, and senescence. MLT also behaves
as an antioxidant-scavenged reactive oxygen species (ROS) or reactive nitrogen species
(RNS) [14-16]. Furthermore, it tolerates many biotic and abiotic stresses, including pathogens,
heat, cold, drought, salinity, alkalinity, heavy metals, and UV radiation [13,17-19]. Recently,
exogenous MLT application has been shown to promote endogenous MLT levels, thus
modulating different physiological changes in fruit [15,20]. MLT treatments can delay
postharvest senescence and maintain the fruit quality of sweet cherries and peaches by
enhancing antioxidant activity [21,22]. Fruits stored at low temperatures often suffer seri-
ous chilling injury. However, low-temperature storage enhances cold tolerances on plum
fruit [23] and litchi fruit [24] by modulating secondary metabolism and energy supply
metabolism. More recently, Arnao and Hernandez-Ruiz [15] reported that MLT acts against
pathogenic fungal or bacterial attacks in plants, playing a crucial role in mediating the
disease response comprising ethylene, abscisic acid, salicylic acid, jasmonic acid, ROS
metabolism, and secondary metabolism. Previous research has shown that the applica-
tion of MLT can regulate jasmonic acid signaling and the phenylpropanoid pathway to
inhibit the postharvest rot of blueberry fruit and induce signaling molecules via secondary
metabolism to inhibit the growth of gray mold on cherry tomato fruit [17,25].

Phenylpropane-derived secondary metabolites, including total phenols, flavonoids,
and lignin, play critical roles in plant development, stress resistance, and defense response.
These compounds are abundant in young plant tissues, protecting young fruit. With
ripening and senescence, the levels of these metabolites gradually decrease, and defensive
resistance against stresses and pathogens becomes weaker [25,26]. Secondary metabolites
are primarily synthesized and regulated by phenylalanine ammonia-lyase (PAL), cinnamate
4-hydroxylase (C4H), 4-coumarate-CoA ligase (4CL), chalcone synthase (CHS), chalcone
isomerase (CHI), and cinnamyl alcohol dehydrogenase (CAD) of the phenylpropanoid
pathway, and peroxidase (POD) [7]. Further, the secondary metabolism can be induced by
the exogenous elicitors (such as salicylic acid, methyl jasmonate, and MLT) and biotic and
abiotic stresses, and accumulating these metabolites enhances plant defense [17,26,27]. Our
previous works have revealed the effectiveness of MLT treatment on retaining the posthar-
vest goji fruit quality [28]. However, there have been no reports on the influence of MLT
on postharvest goji berry decay and the mechanisms underlying it. Therefore, this study
aims to determine the impact of MLT on goji berry decay induced by Alternaria alternata
during storage and explore the MLT-mediated modulation of secondary metabolism and
metabolic profiling to identify the potential underlying defense mechanisms.

2. Materials and Methods
2.1. Plant Materials

Goji berries (Lycium barbarum L. cv. Ningqi No. 5) were harvested by hand with
pedicels from a local farm located in Yinchuan, China at the Ningxia Academy of Agri-
culture and Forestry Sciences in June 2018. Within 1 h postharvest, the fruits were trans-
ported to the laboratory in plastic boxes containing 100 each. The chosen fruits were
consistent in color and size, with no noticeable imperfections. They were divided into
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four groups and immersed in MTL solutions with varying MLT concentrations of 25, 50, and
75 umol L~! and distilled water (control) for 5 min. A total of 300 mL of solution was used
to treat 30 fruits, with 300 fruits per treatment. The dipped fruits were then air dried at
25 £ 0.5 °C within 60 min. The air-dried fruits were collected in plastic boxes (100 fruits per
box; 15 x 10.5 x 6.5 cm®) and stored at 4 + 0.5 °C (relative humidity: 85 4 5%) for 30 d. The
stored fruits were cut into pieces, and the seeds were removed for preparing the samples
on days 6, 12, 18, 24, and 30 after storage. The prepared fruit samples were immediately
frozen rapidly in liquid nitrogen and stored at —80 °C for subsequent biochemical and
gene analysis.

2.2. Injury Inoculation and Investigation of Disease Expansion

A. alternata was isolated from L. bararum L. fruit with typical symptoms of Alternaria
rot. Then, spore suspension preparation and inoculation tests were executed [8]. The spore
suspension of the fungi was diluted to a total spore concentration of 1 x 10° spores mL 1.
On day 0, the stored untreated and treated fruits were wiped with 75% ethanol for surface
disinfection (10 fruits per replicate per treatment). A uniform hole (2 mm deep, 1 mm wide)
was made on the equator of each fruit using a sterile needle, followed by injection of the
spore suspension (2 pL) into each wound. After air-drying for 60 min, the inoculated fruits
were stored at 28 °C (relative humidity: 80-90%) for 3 d. Then, the disease incidence and
lesion diameter were evaluated every day.

2.3. Analysis of Endogenous MLT Levels

Endogenous MLT content was determined using an MLT-based ELISA kit following
the instructions of the kit (Renjie Biotechnology Co., Ltd., Shanghai, China). The MLT
content was expressed as picograms per gram of fresh weight (pg/g FW).

2.4. Assay of Activities of Defense-related Enzymes

POD activity was measured using the methods previously described by Li et al. [17].
The reaction system consists of 0.1 mL of crude enzyme extract and 2.9 mL of phosphate
buffer containing 30 mmol L~! H,O, and 25 mmol L! guaiacol. The mixture was then
observed for 3 min, during which the oxidation of guaiacol to tetraguaiacol was detected
at 470 nm using a spectrophotometer. One unit (U) was defined as a change in Ay
per minute.

PAL, 4CL, C4H, and CAD were extractions using methods previously described by
Zhang et al. [7]. The PAL reaction system comprised enzymatic extracts (100 uL) and
Tris-HC1 (3 mL; pH 8.9) containing 7 mmol L1 L-phenylalanine. One U of PAL was
defined as an increase in Aygg of 0.01 per hour. The reaction solution of C4H consisted of
enzymatic extracts (100 pL) and 50 mmol L1 phosphate buffer (1.9 mL; pH 7.5) containing
0.5 mmol L~! NADPH and 2 mmol L~! trans-cinnamic acid. One U of C4H was equal to
the change in Ajg of 0.1 per hour. Crude enzyme solution of 4CL (100 puL) was mixed with
a 3 mL reaction solution containing 0.2 mmol L~! 4-coumaric acid, 2.5 mmol L~! MgCl,,
50 pmol L1 ATP, and 20 pmol L~! coenzyme A. The system was kept at 37 °C for 0.5 h.
One U of 4CL was calculated as an increase in Ass3 of 0.01 per hour. For CAD activity,
100 pL enzymatic extract solution was added to 0.4 mL of 0.1 mol L~! phosphate buffer
(pH 6.3) containing 5 mmol L~! of trans-cinnamic acid and 10 mmol L~! NADP+. One U
of CAD activity was a change in Azyg of 0.01 per hour. To determine the CHS activity,
an enzyme-linked immune assay was performed using the commercially available CHS
assay kit (JiangLai, Shanghai, China). To measure the CHI activity, a CHI assay system kit
(Comin, Suzhou, China) was used. All assay procedures were executed as described by
manufacturers’ protocols. CHI and CHS activities were defined as U mg~! protein and
nmol L1, respectively.

All the results on enzymatic activity were expressed as U mg~! protein. The concen-
trations of protein were determined using the same method as described previously by
Bradford [29].
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2.5. Expression Analysis of Genes Related to the Phenylpropanoid Pathway

Fruit tissue of goji berries was used for total RNA extraction using a plant total RNA
extraction kit (Tiangen, Beijing, China). The total RNA underwent reverse transcription,
wherein cDNA was generated using TransScript® One-Step gDNA Removal and cDNA
Synthesis SuperMix (Transgen, Beijing, China). The synthesized cDNA served as a template
for quantitative real-time PCR (qRT-PCR) using SYBR Green Master gPCR Mix (Thermo,
Waltham, MA, USA) with Actin and EF1x employed as internal references. The qPCR was
performed on a LightCycler 48011 RT-PCR system (Roche, Basel, Switzerland) [7]. To start
the PCR protocol, there was a pre-denaturation step of 5 min at 95 °C. Then, amplification
was carried out for 40 cycles at the following temperatures: 95 °C for 15 s, 65 °C for 30 s,
and 72 °C for 30 s. The primers used for the process are listed in Table 1. To determine the
relative expression of genes related to the phenylpropanoid pathway, the 2-22CT method
was used [30].

Table 1. Primers used in the qRT-PCR analysis.

Gene Name Forward Primer (5’ to 3') Reverse Primer (5’ to 3') Product (bp)
PAL CGCCACGAGATAGGTTGATGACAT GGCTTCTTACTGCTCGGAACTTCA 169
C4H GCAAGTGACCGAGCCAGACA AGCCACCAAGCATTAACCAAGATC 177
4CL TGAGAGTCGGAGCAGCGATATTGA TTCCTAATGGAGCACCACCAGACA 195
CHS CACTGATAGCGAGCACAAGACTGA AGGCACCTCAACAACCACTATGTC 180
CHI CTGCCACTGCAAAGATTTCATCCA CCCTGCTTCCACCTAAGTACCATT 114
CAD ACCAGAACAGGCAGCACCACTA CTCCCATGTGTCCAACTCCTCCT 128

Actin CTCAGCACCTTCCAGCAGAT TAACACTGCAACCGCATTTC 162
EFla GAAGGGTGTCCCTCAGATCA CCGTCCATGTCGTCTCTTTT 180

2.6. Analysis of Secondary Metabolites

Samples from the untreated and treated (50 pmol L~! MLT) goji fruit were extracted
and detected [7]. A total of 200 mg freeze-dried samples were ground into powder and then
extracted twice with aqueous methanol. The extracts were dried and re-dissolved in aque-
ous methanol containing L-2-chlorophenylalanine (12 ng mL~!) before being centrifuged at
4 °C and 12,000 x g. The ultraperformance liquid chromatography—electrospray ionization—
tandem mass spectrometry (UPLC-ESI-MS/MS) detected the secondary metabolites. The
UPLC system used was ExionLC AD and the MS system used was QTrap 6500*. Both
systems were developed by SCIEX, Framingham, MA, USA, and ESI sources. The analy-
sis used an Analyst 1.7.1 workstation (SCIEX, Framingham, USA). Using a C18 column
with 1.8 pm particle size, 2.1 mm by 100 mm (Waters Acquity UPLC HSS T3, Milford, CT,
USA), and a 5 puL injection volume, phenolics and flavonoids were separated. The mobile
phases used in the experiment consisted of two components: water with 0.1% formic acid
(A) and acetonitrile (B). The gradient program involved a series of proportions, which
were as follows: 98:2 (v/v, A:B) for 1 min; 80:20 for 2.5 min; 65:35 for 8.5 min; 45:55 for
10.5 min; 2:98 for 10.8 min; 2:98 for 12 min; 98:2 for 12.01 min; and 98:2 for 14 min. To
analyze the metabolites, the MS was operated in a multi-reaction detection mode (MRM)
under both positive and negative ion modes, and its parameters, including the declustering
potential (DP) and collision energy (CE), were optimized. During the MS analysis, the
following optimized conditions were applied: collision gas (35), ion spray voltage (+)
5500 V/(—) 4500 V, ion spray temperature (600 °C), and ion source gas (gasl: 45, gas2:
50). To ensure the repeatability of the results, quality control samples were injected every
10 samples throughout the analytical run. These samples provided additional data for
assessing the accuracy and consistency of the analysis.
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2.7. Statistical Analysis

The experiments were repeated at least three times to ensure accuracy. The results
were presented as the average value and standard deviation (SD). Statistical analysis was
performed using SPASS 19.0 software, with ANOVA and Duncan’s multi-range test utilized
to determine significant differences (p < 0.05) between the means.

3. Results

First, we screened the most effective MLT treatment by exposing the fruits to solutions
with varying MLT concentrations (25, 50, and 75 pumol L~!) and assessing disease severity.
Then, the fruits treated with optimum MLT concentration were assessed for enzyme activity
and gene expression and subjected to metabolic profiling.

3.1. Disease Incidence, Lesion Development, and Endogenous MLT Levels

Disease incidence and lesion diameter rapidly increased during storage in all untreated
and treated fruits. All MLT-treated fruits exhibited marked inhibition of A. alternata-induced
disease development, with the most prominent disease suppression observed in fruits
treated with 50 and 75 umol L~! MLT. Compared with the untreated group, from day
1 to day 3, fruits treated with 50 and 75 pmol L~1 MLT solutions exhibited 42.86% and
39.29% lower disease incidence, while fruits treated with 25, 50, and 75 pmol L~ MLT
solutions exhibited 26.16%, 42.32%, and 10.32% decrease in lesion expansion (Figure 1A,B).
Figure 1C illustrates that the control group exhibited visible disease spots on the second
day following inoculation. By the third day, the symptoms had worsened significantly. In
contrast, the 50 umol L~! MLT treatment demonstrated signs of black mold on the third
day. Notably, exposure to 50 umol L~ MLT was the most effective of the three treatments
selected for this study. Therefore, all the following experiments were conducted on fruits
treated with 50 pmol L~! of MLT.
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Figure 1. Disease incidence (A), lesion diameter (B), and visual appearance (C) in the untreated
(control) and melatonin-treated (25, 50, and 75 umol L—1) goji berries during storage at 28 °C; data are
expressed as mean & SD. The lowercase letters are used at each sample point to indicate a significant
difference (p < 0.05) between control and melatonin-treated fruits.



Foods 2023, 12, 4326

6 of 13

The control fruits showed a decrease in MLT content for the first 6 days, as seen in
Figure 2. After that, the content increased rapidly and peaked on day 18, followed by
another decrease. On the other hand, the treated group displayed an increase in MLT
content, reaching its highest value on day 12, and then gradually decreasing. During
storage, the treated berries consistently had higher MLT content than the control group,
with the former showing 5.21-fold higher MLT content on day 12.
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Figure 2. Endogenous melatonin content in the untreated (control) and 50 umol L~! melatonin-
treated (the most effective treatment) goji berries during storage at 4 & 0.5 °C. Data are presented as
mean + SD. “*” at each sample point indicates a statistically significant difference (p < 0.05) between
control fruits and melatonin-treated fruits.

3.2. Activities of Defense-Related Enzymes

As shown in Figure 3AE,G, POD, CHS, and CAD activities constantly increased in
the treated and untreated groups during the entire storage period. The treated berries
exhibited markedly higher POD, CHS, and CAD activities (101.75%, 24.06%, and 34.05%,
respectively) than the control group on day 18. Further, the treated group exhibited a
gradual increase in PAL activity, unlike the control fruits, which showed a declining trend.
PAL activity was dramatically higher in the treated berries (1.84 fold) than in the untreated
berries on day 24 (Figure 3B). C4H activity gradually increased in the two groups until day
12 and subsequently rapidly decreased. However, the treated group significantly decreased
the rate of decline in C4H activity during storage (Figure 3C). 4CL activity rapidly reduced
in the untreated and treated fruits until day 12, then increased and reached a peak value on
day 18, followed by a sharp decrease in the untreated fruit until day 30. The curves of CHI
activity for all groups showed two peaks during storage. The treated fruits exhibited higher
4CL (1.22 fold, Figure 3D) and CHI (1.04 fold, Figure 3F) activities than the untreated fruit
on day 30, respectively.
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Figure 3. The activities of POD (A), PAL (B), C4H (C), 4CL (D), CHS (E), CHI (F), and CAD (G)
in the untreated (control) and 50 umol L~! melatonin-treated goji berries during storage. Data are
presented as mean + SD. “*” at each sample point indicates a statistically significant difference

(p < 0.05) between control fruits and melatonin-treated fruits.

3.3. Expressions of Genes Encoding Defense-Related Enzymes

The gene expressions of PAL and CHS in the control group exhibited a constant
decreasing trend during storage. However, from day 12 to 30, MLT-treated fruits exhibited
significantly higher PAL and CHS expressions (both > 4 fold) compared to the control on
day 18, respectively (Figure 4A,D). As depicted in Figure 4B, the C4H transcript levels in the
untreated group decreased until day 6, reached a maximum on day 12, and rapidly declined
from day 12 to 24, followed by a rise afterward. The treated fruits exhibited significant
C4H upregulation during storage. The relative expressions of 4CL and CAD in the control
fruit fluctuated with two peaks on days 6 and 18. The treated fruits exhibited prominent
4CL and CAD upregulation, with 1.95- and 1.28-fold higher expressions on days 12 and
18, respectively, than the control (Figure 4C,F). Finally, in the untreated group, the CHI
expression reduced until the first 12 days, increased from day 12 to day 24, and then rapidly
declined. However, the treated fruits exhibited significant CHI upregulation compared to
the untreated group, with more than 2-fold higher CHI expression on day 18 (Figure 4E).
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Figure 4. The expressions of PAL (A), C4H (B), 4CL (C), CHS (D), CHI (E), and CAD (F) in the
untreated (control) and 50 umol L~! melatonin-treated goji berries during storage. Data are presented
as mean + SD. “*” at each sample point indicates a significant difference (p < 0.05) between control
and melatonin-treated fruits.

3.4. Metabolic Profiling of Secondary Metabolite Pathway

Ten secondary metabolites in the untreated and treated fruits were investigated using
UPLC-ESI-MS/MS during storage. As depicted in Figure 5A,B,D,FE], the contents of caffeic
acid, chlorogenic acid, p-coumaric acid, protocatechuic acid, and rutin showed rapidly
declining trends in all groups throughout the storage period, except the slight rise of
rutin content in the treated group after day 18. MLT treatment significantly mitigated the
decrease in the levels of the metabolites mentioned above. The treated group exhibited 97.00,
138.92, 59.71, 150.00, and 16.51% higher levels of caffeic acid, chlorogenic acid, p-coumaric
acid, protocatechuic acid, and rutin than the untreated group on day 30, respectively.
Furthermore, the levels of ferulic acid and sinapic acid for both treated and untreated groups
decreased during the first 6 days and then increased from day 6 to day 18 (Figure 5C,E).
After day 18, ferulic acid levels showed a single peak trend while the levels of sinapic
acid gradually rose. Relative to the control group, the treated group maintained higher
ferulic acid levels during the entire storage period, with more than 2-fold higher levels on
day 30. However, the sinapic acid contents were not significantly different between the
treated and untreated groups. As shown in Figure 5G,H,]J, the contents of the naringenin,
quercetin, and kaempferol in both treated and untreated groups, exhibited a single peak
on day 18. Moreover, MLT treatment promoted the accumulation of naringenin, quercetin,
and kaempferol, as evidenced by 69.38%, 103.92%, and 88.12% higher levels of naringenin,
quercetin, and kaempferol, respectively, in the treated group than the control group on
day 18.
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After the harvest, goji fruits are prone to A. alternata infection, which leads to black

Figure 5. The contents of caffeic acid (A), chlorogenic acid (B), ferulic acid (C), p-coumaric acid (D),
presented as mean &+ SD. “*” at each sample point indicates a significant difference (p < 0.05) between
mold rot [31] that not only harms human health but also causes economic losses. MLT
application confers biotic stress resistance against pathogenic fungal infection, inhibits
lesion expansion, represses pathogen development, and attenuates postharvest decay [32].

sinapic acid (E), protocatechuic acid (F),
in the untreated (control) and 50 umol L
control fruits and melatonin-treated fruits.

4. Discussion
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The current study showed that exogenous MLT treatment reduced disease incidence and
lesion expansion in goji fruit during postharvest storage. As a potential antifungal agent, ex-
ogenous MLT has been shown to play positive roles in combating pathogens and restricting
the postharvest decay in grapes [33], blueberry fruit [25], papaya [34], cherry tomato [35],
and apple fruit [36]. Exogenous MLT application to postharvest fruit enhances the content
of endogenous MLT, which, in turn, regulates many physiological changes in the fruit,
including quality changes, senescence deterioration, and stress tolerance [20]. According to
Yan et al. [35], exogenous MLT treatment helped retain the quality of cherry tomatoes at
room temperature by increasing endogenous MLT. These findings corroborated the results
of the current study showing that exogenous MLT treatment promoted the synthesis of
endogenous MLT. Meanwhile, the increase in endogenous MLT level may be involved
in the modulation of postharvest decay of goji fruit. However, the relationship between
increased endogenous melatonin content and disease resistance needs further research.

The phenylpropanoid pathway is a vital part of secondary metabolism, functioning as
a defense response by meditating the accumulation of metabolites that can resist pathogen
invasion and infection [37]. The enzyme PAL plays a crucial role in limiting the rate of
the pathway, followed by sequential catalyzation with C4H and 4CL to produce coumaric
acid and p-coumaroyl-CoA that act as crucial precursors for numerous phenylpropanoid
products like flavonoids and lignin [25]. CHS and CHI catalyze the first two steps in
the synthesis branch of flavonoids. CAD is the key enzyme in lignin synthesis bypass to
produce monolignols [7]. In addition to acting as an antioxidant enzyme to scavenge ROS,
POD also plays a vital role in the process of polymerizing monolignols to form lignin [7,33].
MLT acts as a bioregulator during biotic and abiotic stresses, activating and/or modulating
metabolic pathways, related hormones, and key elements that act against stressors [15].
In the current study, the activities of POD, PAL, C4H, 4CL, CHS, CHI, and CAD, and
the expressions of PAL, C4H, 4CL, CHS, CHI, and CAD in goji fruit were enhanced after
exogenous MLT treatment during storage. Our results coincided with the findings of
Qu et al. [25], who reported that MLT induced the activities and related genes of defense-
related enzymes (POD, PAL, C4H, 4CL, and CAD), thus strengthening disease tolerance in
postharvest blueberry fruit. In postharvest plum fruit [37] and papaya [34], MLT-induced
increase in POD, PAL, C4H, and 4CL activities was found to be associated with reduced
anthracnose and retention of fruit quality. As reviewed by Li et al. [33] and Arnao and
Hernandez-Ruiz [15], MLT treatment induces phenylpropanoid metabolism in the fruits
by elevating the activities and expressions of phenylpropanoid pathway-related enzymes
(e.g., PAL and POD), which in turn improves resistance against pathogens.

Secondary metabolites are compounds that help plants cope with various biotic and
abiotic stresses and interact with positive and negative ecological factors. These metabolites
are grouped into four classes based on their biosynthesis origin: terpenoids, polyketides,
phenylpropanoids, and alkaloids [27,38]. Phenylpropanoids synthesized via the phenyl-
propanoid pathway, such as flavonoids, phenolics, lignin, lignans, and anthocyanins,
comprise a crucial class of plant secondary metabolites containing more than 8000 aromatic
compounds, which are primarily involved in plant development, ROS scavenging, pro-
tection against pathogen and herbivore, abiotic stress resistance, and so on [27,39]. In the
present work, ten secondary metabolites in goji fruits were investigated. Based on their
abundance on day 0, these metabolites, arranged from high to low abundance, were rutin
(23,358 ng g~ 1), p-coumaric acid (3222 ng g~ '), chlorogenic acid, ferulic acid, caffeic acid,
sinapic acid, naringenin, quercetin, kaempferol, and protocatechuic acid. These findings
were similar to the profiling and contents of wolfberry secondary products reported by
Zhang et al. [7]. Further, our study showed that exogenous MLT treatment retained higher
levels of caffeic acid, chlorogenic acid, ferulic acid, p-coumaric acid, protocatechuic acid,
naringenin, quercetin, rutin, and kaempferol during storage compared to the control fruits.
However, the treated and untreated fruits did not exhibit any significant differences in
the sinapic acid levels. Secondary metabolites can be induced by various stresses and
the application of exogenous elicitors [7,26]. MLT, as a master plant regulator, stimulates
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secondary metabolism by inducing the generation of anthocyanin, flavonoids, carotenoids,
and other secondary compounds to regulate plant growth and provide resistance to biotic
and abiotic stresses [15]. Analogous conclusions can be drawn from a previous study
that reported that the application of exogenous MLT effectively controlled the postharvest
decay of blueberry fruit by promoting the accumulation of disease resistance-inducing
compounds, such as polyphenols, flavonoids, anthocyanins, and lignans [25]. Similarly, the
MLT-treated litchi fruit [16], grapes [33], plums [37], cherry tomato [17], and papaya [34]
exhibited higher levels of total phenols, flavonoids, anthocyanins, and lignin, which might
improve the resistance to pathogenic fungi and restrict pathogen infection in fruit during
cold storage. A recent study demonstrated that MLT treatment boosted the total phenolics
and anthocyanin content and enhanced the antioxidant potential of blueberry fruit, which
led to delayed postharvest decay [40]. Therefore, MLT can elicit high levels of polyphenols,
flavonoids, and lignin and thus prevent the fruit from pathogen invasion and infection [18].
Notably, in our previous study, the levels of -O,~ and H>O, in 50 umol L~! MLTI-treated
goji fruit were higher during the first 6 days of storage and then lower than those in the
untreated goji fruit. In contrast, the treated fruits always retain higher total phenols and
flavonoids compared to the control fruits [28]. Some studies have shown that exogenous
MLT induces ROS burst as the first cellular signal, followed by inducing MLT biosynthesis
to boost endogenous MLT content at the beginning of biotic and abiotic stresses. Further-
more, endogenous MLT, as a positive effector against stresses, alters the expression of many
genes and the modulating factors that alleviate or reverse the negative effects of pathogenic
fungi on the physiological processes of plants [14,17,18]. Together, these results showed
that MLT treatment restricted disease development in goji fruit postharvest and that MLT
action was associated with ROS regulation and secondary metabolite generation.

Based on our previous and present study, we propose a possible mechanism mode of
MLT on controlling the postharvest rot in goji fruit (Figure 6). The application of exogenous
MLT in postharvest goji fruit induced an oxidation burst (O, and H,O,), stimulated an
increase in endogenous level of MLT, and thus accomplished the activation of disease
response-related systems, that is, the antioxidant system (increase in enzymatic activities of
and expressions of genes encoding PAL, C4H, 4CL, CHS, CHI, and CAD; increase in the
levels of nine secondary metabolites including caffeic acid, chlorogenic acid, ferulic acid,
p-coumaric acid, protocatechuic acid, naringenin, quercetin, rutin, and kaempferol), which
was responsible for imparting pathogen resistance.

Exogenous B ~
Melatonin 4 h

: ~— ROS burst —/ Endogenous
1 03, H,0, Melatonin level )
1 /

AN l

| / Activating \
; response
POD / l
(

total phenols, total
flavonoids

CHS, CHI, CAD

PAL, C4H, 4CL,
Secondary metabolites
/7

1

Figure 6. Mechanism of action of melatonin underlying postharvest decay of goji fruit during storage.
The arrows and lines with bars indicate positive and negative regulatory actions. POD, peroxidase;
PAL, phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate-CoA ligase;
CHS, chalcone synthase; CHI, chalcone isomerase; CAD, cinnamyl alcohol dehydrogenase.
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5. Conclusions

In conclusion, treating goji fruit with MLT at different concentrations has been shown
to effectively reduce disease severity caused by A. alternata during storage. Addition-
ally, 50 pmol L~! of MLT treatment has been found to significantly increase endogenous
melatonin levels in goji berries compared to the control group. Moreover, the activities of
disease resistance-related enzymes containing POD, PAL, C4H, 4CL, CHS, CHI, and CAD
were observed to increase to varying degrees, and the gene expressions related to defense
reactions including PAL, C4H, 4CL, CHS, CHI, and CAD were activated by MLT treatment.
In addition, MLT treatment increased levels of secondary metabolites such as caffeic acid,
chlorogenic acid, ferulic acid, p-coumaric acid, protocatechuic acid, naringenin, quercetin,
rutin, and kaempferol. However, further exploration is required to provide direct evidence
of the relationship between endogenous melatonin content and fruit defense response.

Author Contributions: Conceptualization, J.W., H.Z. and WM.; methodology, H.Z., ] H. and E.Y,;
formal analysis, E.Y., L.Z. and Y.Z.; investigation, L.Z., Y.Z., D.M. and ].L.; resources, ] W., H.Z. and
W.M,; data curation, ].W. and H.Z.; writing—original draft preparation, ].W. and H.Z.; writing—
review and editing, ] W. and H.Z,; visualization, H.Z. and L.Z.; supervision, ].W., HZ. and W.M.;
funding acquisition, ].W., H.Z. and W.M. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Key Program of Natural Scientific Foundation of Ningxia
(Grant No. 2020AAC02030 and 2022AAC02047), the Natural Scientific Foundation of Ningxia
(Grant No. 2022A AC03229), and the School-level Key Program of North Minzu University (Grant
No. 2021KJCXO08).

Data Availability Statement: All the data presented in this study are available within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

Ma, R.-H.; Zhang, X.X.; Ni, Z.J.; Thakur, K.; Wang, W.; Yan, YM.; Cao, Y.L.; Zhang, ].G.; Rengasamy, K.R.R.; Wei, Z.J. Lycium
barbarum (Goji) as functional food: A review of its nutrition, phytochemical structure, biological features, and food industry
prospects. Crit. Rev. Food Sci. Nutr. 2022, 63, 10621-10635. [CrossRef] [PubMed]

Jatoi, M.A; Juri¢, S.; Vidrih, R.; Vincekovié¢, M.; Vukovi¢, M.; Jemri¢, T. The effects of postharvest application of lecithin to improve
storage potential and quality of fresh goji (Lycium barbarum L.) berries. Food Chem. 2017, 230, 241-249. [CrossRef]

Wang, J.; Wei, L.; Yan, L.; Zheng, H.; Liu, C.; Zheng, L. Effects of postharvest cysteine treatment on sensory quality and contents
of bioactive compounds in goji fruit. Food Chem. 2022, 366, 130546. [CrossRef] [PubMed]

Murariu, O.C.; Brezeanu, C,; Jitareanu, C.D.; Robu, T,; Irimia, L.M.; Trofin, A.E.; Popa, L.D,; Stoleru, V.; Murariu, E,; Brezeanu, PM.
Functional quality of improved tomato genotypes grown in open field and in plastic tunnel under organic farming. Agriculture
2021, 11, 609. [CrossRef]

Zhou, Y.; Lai, Y;; Chen, Z.; Qu, H.; Ma, S.; Wang, Y.; Jiang, Y.M. Evolution of physiological characteristics and nutritional quality
in fresh goji berry (Lycium barbarumy) stored under different temperatures. J. Food Process Preserv. 2020, 44, €14835. [CrossRef]
Xiang, W.; Wang, H.W.,; Tian, Y.; Sun, D.W. Effects of salicylic acid combined with gas atmospheric control on postharvest quality and
storage stability of wolfberries: Quality attributes and interaction evaluation. ]. Food Process Preserv. 2021, 44, e13764. [CrossRef]
Zhang, H; Liu, F; Wang, J.; Yang, Q.; Wang, P.; Zhao, H.; Wang, J.; Wang, C.; Xu, X.H. Salicylic acid inhibits the postharvest decay
of goji berry (Lycium barbarum L. ) by modulating the antioxidant system and phenylpropanoid metabolites. Postharvest Biol.
Technol. 2021, 178, 111558.

Zhang, H.; Ma, Z.; Wang, J.; Wang, P; Lu, D.; Deng, S.; Lei, H.L.; Gao, Y.F; Tao, Y.Y. Treatment with exogenous salicylic acid
maintains quality, increases bioactive compounds, and enhances the antioxidant capacity of fresh goji (Lycium barbarum L.) fruit
during storage. LWT Food Sci. Technol. 2021, 140, 110837. [CrossRef]

Wang, W.; Ni, Z.].; Song, C.B.; Ma, W.P,; Cao, 5.Q.; Wei, Z.]. Hydrogen sulfide treatment improves quality attributes via regulating
the antioxidant system in goji berry (Lycium barbarum L.). Food Chem. 2022, 405, 134858. [CrossRef]

Cong, K.P; Li, T.T.;; Wu, C.E.; Zeng, K.F,; Zhang, ].H.; Fan, G.J.; Pan, Y,; Wang, ].H.; Suo, A.D. Effects of plasma-activated water on
overall quality of fresh goji berries during storage. Sci. Hortic. 2022, 293, 110650. [CrossRef]

Ban, Z.; Wei, W.; Yang, X.; Feng, ].; Guan, J.; Li, L. Combination of heat treatment and chitosan coating to improve postharvest
quality of wolfberry (Lycium barbarumy). Int. ]. Food Sci. Technol. 2015, 50, 1019-1025. [CrossRef]

He, X.; Wu, C.; Ly, L.; Yan, X,; Yu, H.; Kang, N. Influence of acidic electrolyzed water combined with vacuum precooling treatment
on quality and antioxidant performance of fresh Lycium barbarum L. |. Food Process Preserv. 2022, 46, €17149. [CrossRef]


https://doi.org/10.1080/10408398.2022.2078788
https://www.ncbi.nlm.nih.gov/pubmed/35593666
https://doi.org/10.1016/j.foodchem.2017.03.039
https://doi.org/10.1016/j.foodchem.2021.130546
https://www.ncbi.nlm.nih.gov/pubmed/34273857
https://doi.org/10.3390/agriculture11070609
https://doi.org/10.1111/jfpp.14835
https://doi.org/10.1111/jfpe.13764
https://doi.org/10.1016/j.lwt.2020.110837
https://doi.org/10.1016/j.foodchem.2022.134858
https://doi.org/10.1016/j.scienta.2021.110650
https://doi.org/10.1111/ijfs.12734
https://doi.org/10.1111/jfpp.17149

Foods 2023, 12, 4326 13 0f 13

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Jayarajan, S.; Sharma, R.R. Melatonin: A blooming biomolecule for postharvest management of perishable fruits and vegetables.
Trends Food Sci. Technol. 2021, 116, 318-328. [CrossRef]

Arnao, M.B.; Hernandez-Ruiz, ]. Functions of melatonin in plants: A review. J. Pineal Res. 2015, 59, 133-150. [CrossRef] [PubMed]
Arnao, M.B.; Hernandez-Ruiz, J. Melatonin: A new plant hormone and/or a plant master regulator? Trends Plant Sci. 2019, 24,
38-48. [CrossRef] [PubMed]

Zhang, Z.; Wang, T.; Liu, G.; Hu, M.; Yun, Z.; Duan, X.; Cai, K.; Jiang, G.X. Inhibition of downy blight and enhancement of
resistance in litchi fruit by postharvest application of melatonin. Food Chem. 2021, 347, 129009. [CrossRef]

Li, S;; Xu, Y,; Bi, Y.; Zhang, B.; Shen, S.; Jiang, T.; Zheng, X.L. Melatonin treatment inhibits gray mold and induces disease
resistance in cherry tomato fruit during postharvest. Postharvest Biol. Technol. 2019, 157, 110962. [CrossRef]

Wang, S.Y.; Shi, X.C.; Wang, R.; Wang, H.L.; Liu, F.; Laborda, P. Melatonin in fruit production and postharvest preservation: A
review. Food Chem. 2020, 320, 126642. [CrossRef]

Ze, Y.; Gao, H,; Li, T,; Yang, B.; Jiang, Y. Insights into the roles of melatonin in maintaining quality and extending shelf life of
postharvest fruits. Trends Food Sci. Technol. 2021, 109, 569-578. [CrossRef]

Madebo, M.P,; Zheng, Y.; Jin, P. Melatonin-mediated postharvest quality and antioxidant properties of fresh fruits: A comprehen-
sive meta-analysis. Compr. Rev. Food Sci. Food Saf. 2022, 21, 3205-3226. [CrossRef]

Gao, H,; Zhang, ZK,; Chai, HK.; Cheng, N.; Yang, Y.; Wang, D.N.; Yang, T.; Cao, W. Melatonin treatment delays postharvest
senescence and regulates reactive oxygen species metabolism in peach fruit. Postharvest Biol. Technol. 2016, 118, 103-110. [CrossRef]
Wang, E; Zhang, X.; Yang, Q.; Zhao, Q. Exogenous melatonin delays postharvest fruit senescence and maintains the quality of
sweet cherries. Food Chem. 2019, 301, 125311. [CrossRef] [PubMed]

Xu, R;; Wang, L.; Li, K.; Cao, J.; Zhao, Z. Integrative transcriptomic and metabolomic alterations unravel the effect of melatonin
on mitigating postharvest chilling injury upon plum (cv.Friar) fruit. Postharvest Biol. Technol. 2022, 186, 111819. [CrossRef]

Liu, G,; Zhang, Y,; Yun, Z.; Hu, M,; Liu, J.; Jiang, Y.; Zhang, Z.K. Melatonin enhances cold tolerance by regulating energy and
proline metabolism in litchi fruit. Foods 2020, 9, 454. [CrossRef]

Qu, G,; Wu, W,; Ba, L; Ma, C;; Ji, N.; Cao, S. Melatonin enhances the postharvest disease resistance of blueberries fruit by
modulating the jasmonic acid signaling pathway and phenylpropanoid metabolites. Front. Chem. 2022, 10, 957581. [CrossRef]
Bennett, R.N.; Wallsgrove, R.M. Secondary metabolites in plant defence mechanisms. New Phytol. 1994, 127, 617-633. [CrossRef]
Dong, N.Q.; Lin, H.X. Contribution of phenylpropanoid metabolism to plant development and plant-environment interactions.
J. Integr. Plant Biol. 2021, 63, 180-209. [CrossRef]

Deng, S.; Wang, P.; Zhang, H.; Lei, H.; Cui, M.; Ma, W.; Wang, ]. Effects of melatonin treatment on postharvest physiology and
storage quality of Goji berry. Food Ferment. Ind. 2022, 48, 198-204, (In Chinese with English Abstract).

Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2-8ACT method.
Methods 2001, 25, 402—408. [CrossRef]

Zhao, L.; Wang, ].; Zhang, H.; Wang, P.; Wang, C.; Zhou, Y.; Li, H.; Yu, S.; Wu, R. Inhibitory effect of carvacrol against Alternaria
alternata causing goji fruit rot by disrupting the integrity and composition of cell wall. Front. Microbiol. 2023, 14, 1139749.
[CrossRef] [PubMed]

Zhao, D.; Wang, H.; Chen, S.; Yu, D.; Reiter, R.J. Phytomelatonin: An emerging regulator of plant biotic stress resistance. Trends
Plant Sci. 2021, 26, 70-82. [CrossRef] [PubMed]

Li, Z.; Zhang, S.; Xue, J.; Mu, B.; Song, H.; Liu, Y. Exogenous melatonin treatment induces disease resistance against Botrytis
cinerea on post-harvest grapes by activating defence responses. Foods 2022, 11, 2231. [CrossRef] [PubMed]

Fan, S,; Li, Q.; Feng, S.; Lei, Q.; Abbas, F; Yao, Y.; Chen, W.; Li, X,; Zhu, X. Melatonin maintains fruit quality and reduces anthracnose in
postharvest papaya via enhancement of antioxidants and inhibition of pathogen development. Antioxidants 2022, 11, 804. [CrossRef]
Yan, R;; Li, S.; Cheng, Y.; Kebbeh, M.; Huan, C.; Zheng, X. Melatonin treatment maintains the quality of cherry tomato by regulating
endogenous melatonin and ascorbate-glutathione cycle during room temperature. J. Food Biocher. 2022, 46, €14285. [CrossRef]

Sun, C.; Huang, Y.; Lian, S.; Saleem, M.; Li, B.; Wang, C. Improving the biocontrol efficacy of Meyerozyma guilliermondii Y-1 with
melatonin against postharvest gray mold in apple fruit. Postharvest Biol. Technol. 2021, 171, 111351. [CrossRef]

Yan, R.;; Xu, Q.; Dong, J.; Kebbeh, M.; Shen, S.; Huan, C.; Zheng, X. Effects of exogenous melatonin on ripening and decay
incidence in plums (Prunus salicina L. cv. Taoxingli) during storage at room temperature. Sci. Hortic. 2022, 292, 110655. [CrossRef]
Pagare, S.; Bhatia, M.; Tripathi, N.; Pagare, S.; Bansal, Y. Secondary metabolites of plants and their role: Overview. Curr. Trends
Biotechnol. Pharm. 2015, 9, 293-304.

Zhang, Y.; Butelli, E.; Alseekh, S.; Tohge, T.; Rallapalli, G.; Luo, J.; Kawar, P; Hill, L.; Santino, A.; Fernie, A.R.; et al. Multi-level
engineering facilitates the production of phenylpropanoid compounds in tomato. Nat. Commun. 2015, 6, 8635. [CrossRef]
Shang, E; Liu, R.; Wu, W.; Han, Y.; Fang, X.; Chen, H.; Gao, H. Effects of melatonin on the components, quality and antioxidant
activities of blueberry fruits. LWT Food Sci. Technol. 2021, 147, 111582. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.tifs.2021.07.034
https://doi.org/10.1111/jpi.12253
https://www.ncbi.nlm.nih.gov/pubmed/26094813
https://doi.org/10.1016/j.tplants.2018.10.010
https://www.ncbi.nlm.nih.gov/pubmed/30446305
https://doi.org/10.1016/j.foodchem.2021.129009
https://doi.org/10.1016/j.postharvbio.2019.110962
https://doi.org/10.1016/j.foodchem.2020.126642
https://doi.org/10.1016/j.tifs.2021.01.051
https://doi.org/10.1111/1541-4337.12961
https://doi.org/10.1016/j.postharvbio.2016.03.006
https://doi.org/10.1016/j.foodchem.2019.125311
https://www.ncbi.nlm.nih.gov/pubmed/31398670
https://doi.org/10.1016/j.postharvbio.2021.111819
https://doi.org/10.3390/foods9040454
https://doi.org/10.3389/fchem.2022.957581
https://doi.org/10.1111/j.1469-8137.1994.tb02968.x
https://doi.org/10.1111/jipb.13054
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.3389/fmicb.2023.1139749
https://www.ncbi.nlm.nih.gov/pubmed/36891390
https://doi.org/10.1016/j.tplants.2020.08.009
https://www.ncbi.nlm.nih.gov/pubmed/32896490
https://doi.org/10.3390/foods11152231
https://www.ncbi.nlm.nih.gov/pubmed/35953999
https://doi.org/10.3390/antiox11050804
https://doi.org/10.1111/jfbc.14285
https://doi.org/10.1016/j.postharvbio.2020.111351
https://doi.org/10.1016/j.scienta.2021.110655
https://doi.org/10.1038/ncomms9635
https://doi.org/10.1016/j.lwt.2021.111582

	Introduction 
	Materials and Methods 
	Plant Materials 
	Injury Inoculation and Investigation of Disease Expansion 
	Analysis of Endogenous MLT Levels 
	Assay of Activities of Defense-related Enzymes 
	Expression Analysis of Genes Related to the Phenylpropanoid Pathway 
	Analysis of Secondary Metabolites 
	Statistical Analysis 

	Results 
	Disease Incidence, Lesion Development, and Endogenous MLT Levels 
	Activities of Defense-Related Enzymes 
	Expressions of Genes Encoding Defense-Related Enzymes 
	Metabolic Profiling of Secondary Metabolite Pathway 

	Discussion 
	Conclusions 
	References

