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In this study, to investigate the physiological and molecular mechanisms of melatonin
inhibiting the postharvest rot of blueberry fruits, blueberry fruits were dipped in
0.3 mmol L−1 melatonin solution for 3 min and stored at 0°C for 80 days. The results
indicated that melatonin did not significantly (p > 0.05) inhibit the mycelial growth or spore
germination of Alternaria alternata, Botrytis cinerea, andColletotrichum gloeosporioides. In
addition, an in vivo study revealed that melatonin treatment increased the enzymatic
activities of phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), 4-
coumarate-CoA ligase (4CL), cinnamyl alcohol dehydrogenase (CAD), polyphenol
oxidase (PPO), and peroxidase (POD) in fruits. Furthermore, genes related to jasmonic
acid synthesis were upregulated (VaLOX, VaAOS, and VaAOC), as were those related to
pathogenesis-related proteins (VaGLU and VaCHT) and phenylpropane metabolism
(VaPAL, VaC4H, Va4CL, VaCAD, VaPPO, and VaPOD), which promoted the
accumulation of total phenols, flavonoids, anthocyanins, and lignin in the fruits. These
results suggest that melatonin enhances the postharvest disease resistance of blueberry
fruits by mediating the jasmonic acid signaling pathway and the phenylpropane pathway.
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INTRODUCTION

Blueberries (Vaccinium sp. in the Ericaceae family) produce small fruits that are rich in nutritional and
health-promoting components such as anthocyanins, flavanols, and polyphenols, which have been
suggested to have antiaging, immune-enhancing, and memory-improving functions (Gong et al., 2014; Ji
N. et al., 2021.). However, blueberries are susceptible to microbial pathogens during storage and sale
because of their thin skins and high moisture contents. Infestation by microbial pathogens causes rapid
fruit softening, water loss, rot, and nutrient loss (Wang et al., 2010), which severely reduce the commercial
value of the fruit. Awide range ofmicrobial pathogens can cause the postharvest rot of blueberries, mainly
Alternaria alternata, Botrytis cinerea, and Colletotrichum gloeosporioides (Wang et al., 2010). Recently, it
has been reported that exogenous substances such as ethanol (Ji Y. et al., 2021), natamycin (Saito et al.,
2022), sodium nitroprusside (Ge et al., 2019), and jasmonic acid methyl ester (Wang et al., 2020a) can
minimize the postharvest rot of blueberries. The effects of these substances are mainly attributed to the
inhibition of the growth ofmicrobial pathogens via their action as fungicides or to the induction of disease
resistance in fruits via their action as exogenous inducers.
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Jasmonic acid (JA) is an important phytohormone that
regulates plant growth and development and induces
resistance to biotic and abiotic stresses (Liu et al., 2019). In
plant defense responses, plants can not only activate the JA
signaling pathway by transmitting the systemic proteins
produced by pathogenic microorganisms as signal molecules
to adjacent parts through apoplast and phloem but also
activate JA signaling by using exogenous inducers and
transmit the corresponding signal molecules to adjacent parts
for defense response (Truman et al., 2007). In addition, the
secondary metabolites of phenylpropane, such as total phenols,
flavonoids, and lignans, are closely related to plant defense
functions, and the synthesis and accumulation of these
metabolites are regulated by phenylalanine ammonia lyase
(PAL), cinnamate 4-hydroxylase (C4H), 4-coumarate-CoA
ligase (4CL), cinnamyl alcohol dehydrogenase (CAD),
polyphenol oxidase (PPO), peroxidase (POD), and other key
enzymes (Ren et al., 2020; Ji N. et al., 2021.). However, on the
ripening and senescence of the fruit, the activity of these enzymes
gradually decreases, and the accumulation of phenylpropane
metabolites slowly decreases, resulting in the loss of fruit
defenses against biotic and abiotic stresses (Bennett and
Wallsgrove, 1994). However, the treatment of fruits with
exogenous inducers, such as salicylic acid (Zhang H. et al.,
2021), terpinen-4-ol (Li et al., 2020), and sodium nitroprusside
(Ge et al., 2019), can effectively regulate the enzymatic activities of
phenylpropane metabolism in fruits and promote the
accumulation of the secondary metabolites of phenylpropane,
thus improving the postharvest disease resistance.

Melatonin (MT) is an endogenous bioactive molecule with
multiple regulatory functions involved in various physiological
processes, such as ripening, aging, and defense in fruits and
vegetables (Li et al., 2017). In recent years, MT has been
shown to not only improve the postharvest fruit quality but
also enhance fruit resistance to pathogenic microorganisms
(Moustafa-Farag et al., 2020). Shang et al. (2021) found that
MT induction promoted the accumulation of total phenols,
flavonoids, and anthocyanins in blueberry fruits and enhanced
the antioxidant capacity of fruits. It was also found that the
accumulation of polyphenols, flavonoids, and anthocyanins could
effectively enhance the antioxidant capacity of fruits and delay the
softening and senescence of fruits (Lin et al., 2018; Lin et al.,
2020.). In addition, MT treatment has been shown to induce the
enhanced postharvest disease resistance in jujube fruit (Ziziphus
jujuba) (Zhang et al., 2022), cherry tomatoes (Liu et al., 2019),
and grapes (Gao et al., 2020), and this is mainly attributed to the
role of MT in scavenging reactive oxygen radicals, improving the
antioxidant capacity, maintaining the metabolic energy balance,
and promoting the accumulation of secondary metabolites of
phenylpropane. MT can also mediate disease-resistance signaling
pathways, such as those involving JA, NO, and salicylic acid, to
improve the fruit disease resistance (Shi et al., 2015.; Liu et al.,
2019.; Bhardwaj et al., 2022). However, the physiological and
molecular mechanisms by which MT enhances the postharvest
disease resistance in blueberries remain unclear.

Therefore, we investigated the potential physiological and
molecular mechanisms by which MT maintains the blueberry

quality and reduces the postharvest rot, focusing on 1) the effect
of MT on the postharvest pathogenic microorganisms (B. cinerea,
A. alternata, and C. gloeosporioides) in blueberries, 2) the effect of
MT on the fruit JA signaling pathway, and 3) the effect of MT on
the metabolites of phenylpropane.

MATERIALS AND METHODS

Fruits and Treatments
Rabbiteye blueberry (Vaccinium ashei cv. Powder blue) fruits were
harvested in July 2021 from a blueberry plantation in Majiang,
China. Fully ripe fruits were selected and picked by hand. Fruits were
placed in plastic boxes and immediately returned to the laboratory of
the Guizhou fruit processing engineering technology research center.
Next, fruits of uniform size that were free from mechanical damage,
plant diseases, and insect pests were selected for the experiment.
First, the blueberries were treated with 0, 0.1, 0.3, and 0.5 mmol L−1

MT and stored at 0 ± 0.5°C for 80 days. The preliminary test results
showed that 0.3 mmol L−1 MT treatment significantly inhibited
blueberry rot. Therefore, 0.3 mmol L−1 MT was used for further
study. The fruits were randomly divided into two groups, 150 boxes
of fruits in each group, immersed in MT solution (0.3 mmol L−1) or
distilled water (control) for 3min. Subsequently, the fruits were
removed and allowed to dry naturally at room temperature. Finally,
all the blueberries were packed in plastic boxes (120 fruits per box),
in polyethylene (PE20) bags, and precooled at 0 ± 0.5°C for 48 h and,
then, the bag was tied. Every 20 days, some of the fruits were
removed from storage at 0 ± 0.5°C, cut into small pieces, frozen in
liquid nitrogen, and immediately stored at -80°C. The enzyme
activity, gene expression, and phenylpropane metabolites in the
fruits were subsequently analyzed.

Preparation of Spore Suspensions and
Determination of Mycelial Growth and
Spore Germination
A. alternata, B. cinerea, and C. gloeosporioides were isolated from
the diseased blueberries. The purified pathogenic fungi were
inoculated into potato dextrose agar (PDA) medium and
incubated at 25°C for 7 days. Then, 10 ml (containing 0.01%
Tween 80) of sterile water was added to the Petri dishes, and the
spore solution was diluted with sterile water by light scraping with
a sterilized applicator, followed by the filtration of the solution
through four layers of sterile gauze. The spore suspension was
adjusted to 1 × 106 spores/mL by using a hemocytometer.

The inhibitory effect of MT on the mycelia of A. alternata, B.
cinerea, and C. gloeosporioides was determined using the method
reported by Pan et al. (2022). MT was dissolved in a small volume
of ethanol and mixed with sterile water. The colonies of A.
alternata, B. cinerea, and C. gloeosporioides were punched with
a sterile punch (5-mm diameter) from the edge of the colonies
cultured for 5 days and placed in the center of the medium
containing 0 (blank control) or 0.3 mmol L−1MT in PDA
(containing 0.05% ethanol by volume). The colonies were
incubated at 25°C for 6 days, and the colony diameters were
measured every 3 days. Each treatment was repeated three times.
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The spore germination assay was slightly modified from the
method described by Olmedo et al. (2017). Sterilized slides were
placed in PDA medium containing 0 or 0.3 mmol L−1 MT, and
after the medium had solidified, 5 μL of A. alternata, B. cinerea,
and C. gloeosporioides spore solutions were placed in the center of
the slides. The slides were placed in sterile Petri dishes and
incubated at 25°C with 80–85% relative humidity (RH) for 8 h.
Spore germination was observed at different times (after 4 and
8 h) using a CX21 light microscope (Olympus Co., Ltd., Tokyo,
Japan), and each treatment was repeated three times. The spores
were considered to have germinated when the length of the spore
germination tube was greater than the diameter of the spore itself,
and 100 spores were observed for each treatment to calculate the
germination rate. The germination rate was given by the number
of germinated spores divided by the total number of spores.

Determination of PAL, C4H, 4CL, CAD, PPO, and POD
activities.

The PAL activity in the blueberries was determined using the
method described by Zhang W. et al. (2021) with appropriate
modifications. Briefly, 0.5 ml enzyme solution, 0.5 ml of
20 mmol/L L-phenylalanine solution, and 3.0 ml of 50mmol L−1

borate buffer (pH 8.8, containing 5 mmol L−1 β-mercaptoethanol,
2 mmol L−1 of ethylenediaminetetraacetic acid (EDTA), and
40 g L−1 polyvinylpyrrolidone (PVP)) were added to the reaction
tubes. After placing the reaction tube in a water bath heated to 37°C
for 60 min, 0.1 ml of 6 mol L−1 HCl was added to terminate the
reaction, and the absorbance value of the reaction solution was
measured at 290 nm. A change in the optical density (OD, 0.01 h−1)
was taken as a unit of the enzyme activity, which is expressed in U
g−1, where U = 0.01ΔOD290 h

−1.
The C4H and 4CL activities in the blueberries were determined

using the method described by Li et al. (2019) with appropriate
modifications. For C4H, 50 μL of enzyme solution, 100 μL of
0.5 mmol L−1 D-glucose-6-phosphate disodium salt, 1 ml of
2 mmol L−1 trans-cinnamic acid, 100 μL of 0.5 mmol L−1 oxidized
disodium coenzyme II, and 2ml of 50 mmol L−1 extraction buffer
(pH 7.5, containing 2 mmol L−1 of β-mercaptoethanol) were added
to the reaction tube. After heating the reaction tube in a water bath at
37°C for 1 h, the reaction was terminated by adding 200 μL of
6 mol L−1 HCL, and the absorbance of the reaction solution was
measured at 340 nm. The change in the OD value (0.01 min−1) was
used as a unit of enzyme activity, which was expressed in U g−1,
where U = 0.01ΔOD340 min−1.

For 4CL, the reaction system was 0.1 ml of enzyme solution,
0.3 ml of 50 μmol L−1 adenosine triphosphate (ATP), 0.3 ml of
5 μmol L−1 coenzyme A (CoA), and 0.15 ml of 0.3 μmol L−1

p-coumaric acid. The reaction solution was heated in a water
bath at 40°C for 10 min, and the absorbance of the reaction
solution was measured at 333 nm. The change in the OD value
(0.01 min−1) was used as a unit of the enzyme activity, which is
expressed in U g−1, where U = 0.01ΔOD333 min−1.

The CAD activity in the blueberries was determined by using the
method of Li et al. (2017) with appropriate modifications. Briefly,
0.5 ml of enzyme solution, 1.4 ml of 1mol L−1 trans-cinnamic acid,
and 1ml of 2 mmol L−1 nicotinamide adenine dinucleotide
phosphate (NADPH) were added to the reaction tube. The
reaction tube was kept in a water bath at 37°C for 1 h, and then,

the reaction was terminated by adding 0.2 ml of 1mol L−1 HCl. The
absorbance of the reaction solution was measured at a wavelength of
340 nm. The change in the OD value (0.01min−1) was used as a unit
of the enzyme activity, which is expressed in U g−1.

The method of Lin et al. (2013) with slight modifications was
used to determine the PPO activity in the blueberries. First, 3 ml
of the enzyme extract was added to 3.9 ml of the 0.05 mol L−1

sodium phosphate buffer solution and 1 ml of 0.1 mol L−1

catechol solution. The reaction solution was kept in a water
bath at 37°C for 10 min, and 2 ml of 20% trichloroacetic acid
was then added to terminate the reaction. The absorbance of the
reaction solution was recorded at a wavelength of 420 nm. One
unit of the PPO activity was defined as the amount of enzyme
required to increase the OD value by 0.01 min−1, and the results
are expressed in U g−1.

The POD activity in the blueberries was determined using the
method of Wang et al. (2021). Briefly, 0.5 ml of the enzyme extract
was added to 3.0 ml of a mixture of 25 mmol L−1 guaiacol and
200 μL of 0.5 mol L−1H2O2, and the change in absorbance at 470 nm
was immediately recorded. The change in the OD value (1min−1)
was used as a unit of the enzyme activity, which is expressed inU g−1.

Determination of the Contents of
Phenylpropanol Metabolites
The total phenolic content of the blueberries was determined using
the forintanol method (Liu et al., 2018). Briefly, a sample (2 g) was
homogenized with 70% ethanol, centrifuged at 4°C and 10,000 rpm
for 15 min, and the supernatant was collected. The supernatant
(1 ml) and 3ml of 0.25 mol L−1 of Folin phenol were added to a 25-
ml volumetric flask and shaken. After allowing it to stand for 30 s,
6 ml of 12% sodium carbonate solution was added, and distilled
water was added tomake the solution up to the scale line. It was then
left for 1 h. Then, the absorbance was measured at 765 nm. The total
phenol content is expressed as milligrams per gram.

The flavonoid content of the blueberries was determined using
the method of Wang et al. (2020b). Fruit pulp (1 g) was
homogenized with the precooled 1% HCI–methanol solution and
transferred to a 20-ml graduated tube to ensure a constant volume.
The filtrate was stored at 4°C for 20min, filtered, and collected. The
absorbance was measured at 325 nm, and the flavonoid content is
expressed as milligrams per gram.

The anthocyanin content in the blueberries was determined
according to the method reported by Chen et al. (2017) with
slight modifications. Each sample (2 g) was homogenized by
grinding with a small amount of 60% ethanol and made up to
50ml with 60% ethanol. After incubation in a water bath at 50°C for
60 min, the solution was filtered, and the filtrate was collected. Two
test tubes were taken, one of which is added with 1 ml of filtrate and
9ml of pH KCl buffer solution, and the other is added with 1 ml of
the filtrate and 9ml of pH 4.5 sodium acetate (NaAc) buffer solution.
The absorbance values were measured at 510 and 700 nm after
standing for 40 min. The anthocyanin content is expressed as
milligrams/100 g of the fruit.

The method described by Zhang et al. (2020) with slight
modifications was used to determine the lignin content of the
blueberries. A sample of 1 g was homogenized by grinding with
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5 ml of 95% ethanol, and the precipitate was collected by
centrifugation at 4°C and 1,000g for 15 min. The precipitate
was washed three times with ethanol and hexane (1:2, v/v)
and collected. Subsequently, the precipitate was dried in an
oven at 60°C. Then, 1 ml of a 25% acetyl bromide–glacial
acetic acid solution was added to the dried precipitate, and
this mixture was held in a water bath at 70°C for 30 min.
Afterward, 1 ml of 2 mol L−1 NAOH was added to terminate
the reaction. Then, 2 ml of glacial acetic acid and 0.1 ml of
7.5 mol L−1 hydroxylamine hydrochloride were added to the
reaction solution, which was centrifuged again to collect the
supernatant. The absorbance was measured at 280 nm. The
lignin content is expressed as OD280 g

−1 fresh weight (FW).

Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR) Analysis
Blueberry memory RNA (mRNA) was extracted using a Total Plant
RNA Extraction Kit (TIANGEN Biotech Co., Ltd., Beijing, China).
The mRNA concentration and purity were determined using a
NanoDrop2000 ultra-micro spectrophotometer (Thermo
Scientific, United States), and its integrity was examined by 1%
agarose gel electrophoresis. CopyDNA (cDNA)was generated by the
reverse transcription of RNA using the Servicebio® RT First Strand
cDNA Synthesis Kit (Servicebio, United States) and subjected to
fluorescent qRT-PCR. The primer sequences used are listed in
Table 1, and VaMET was used as the internal reference gene
(Wang et al., 2021). The relative gene expression was calculated
using the 2−Δ Δ Ct method (Naik et al., 2007).

Statistical Analysis
All the experiments were repeated three times, and the data are
expressed as the mean ± standard deviation (SD). Duncan’s
multiple range test was used for the analysis, and significance
was set at p < 0.05. Origin 2018 was used to plot the data.

RESULTS

Effects of melatonin treatment on growth inhibition and spore
germination of A. alternata, B. cinerea, and C. gloeosporioides in
vitro.

As shown in Figures 1A,B, there was no significant
difference (p > 0.05) in the diameters of the colonies of A.
alternata, B. cinerea, and C. gloeosporioides after MT treatment
compared to the control group after 3 and 6 days.
Furthermore, the spore germination rates of the three fungi
after MT treatment were not significantly different (p > 0.05)
from those of the control group. In addition, there was no
significant difference in the spore germination rates of the
three fungi after MT treatment compared to the control group
after 4 and 8 h (p > 0.05) (Figure 1C). As shown previously,
MT showed no inhibitory activity against A. alternata, B.
cinerea, and C. gloeosporioides.

Effect of melatonin treatment on gene expression related to the
JA signaling pathway.

As shown in Figures 2A,B, the relative expression of key
genes related to JA synthesis, VaLOX, and VaAOS (which are
related to lipoxygenase (LOX) and allene oxide synthase
(AOS)) in the MT-treated fruits first increased and then
decreased, reaching the highest relative expression after
60 days (p < 0.05), and these were 2.65 and 3.69 times
higher than those of the control group, respectively. The
relative expression of VaAOC in the control fruit was
relatively stable in the first 60 days but increased rapidly
after 60 days. The relative expression of VaAOC (related to
allene oxide cyclase (AOC)) in the MT-treated fruit increased
gradually from 0 to 80 days and was significantly higher than
that in the control group at 40, 60, and 80 days (p < 0.05).

Effect of Melatonin Treatment on the
Activities of Defense Enzymes
As shown in Figures 3A,C,E,F, the activities of PAL, 4CL,
PPO, and POD in the MT-treated fruits increased and then
decreased from 0 to 80 days. The PAL and 4CL activities were
the highest after 60 days (p < 0.05), being 1.14 and 1.26 times
higher than those of the control group, respectively. The
activities of PPO and POD were the highest after 40 days
(p < 0.05), being 1.30 and 1.16 times higher than those of
the control group, respectively.

As shown in Figure 3B, the C4H activity decreased slightly during
the first 20 days. After 40 and 60 days, the C4H activity in the MT-
treated group was significantly higher than that in the control group

TABLE 1 | Primer sequences for fluorescence qRT-PCR.

Gene Forward primer (59→39) Reverse primer (59→39)

VaMET ACCCTGACATGAGCTTCTCG ACCCAAATCTCTGCTTGCTG
VaPAL AGTCATCCGATCATCGACAAAG TTGTCCATCGAGACTCCAATG
VaC4H GCCGTTTCTCAGAGGGTATTTG CATTTCAGACTGTTGTTGTCCATC
Va4CL TCTTACTCCGACAAACCCGC TGATACCCAGTTGGTTGATGAAG
VaCAD AGGGATAAACTTGGAGGGTTTG TTGAAGCCTTGAGCATTGGAAC
VaPPO GCCATTCTGGAACTGGGACTC GGTTGCTGTTTATTCGTGCCTT
VaPOD GACCTGAAGTCCCATTCCATC ATCCAGAACGCTCCTTGTGG
VaGLU GCCGTTGGGAATGAAGTGAAT GGAATGGGTTGCTTACGAGTG
VaCHT GGTAGCAACTGACCCAACCATT GATCCCACCGTTGATTATGTTAGT
VaLOX GGAAAGCCACAGTGGAAGCA AGAGTCGTGAGCGAGGACATG
VaAOS GATCAAGCCGCGTTCAATT CGGAGGGATACGGAAGGTGT
VaAOC ACTCAGAGCCATCTCCTCCG TTCTGTTGGGGTGCTCTGG
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(p < 0.05), being 1.10 and 1.11 times higher than that in the control
group, respectively. The CAD activity of both the MT-treated and
control fruits gradually increased from 0 to 80 days (Figure 3D). In

particular, MT treatment significantly increased the CAD activity
after 40, 60, and 80 days (p< 0.05), and these values are 1.25, 1.40, and
1.14 times higher than those of the control group, respectively.

FIGURE 1 | Effects of MT on in vitro growth inhibition and spore germination of A. alternata, B. cinerea, and C. gloeosporoides: (A) Photographs of cultures, (B)
colony diameters, and (C) spore germination rates. Significant differences between the MT-treated and control groups were compared for the same strain. Different
letters represent significant differences (p < 0.05). Data are presented as the mean ± SD.

FIGURE 2 | Effects of MT treatment on the gene expressions of VaLOX(A), VaAOS(B), and VaAOC (C) of blueberry fruits during the postharvest storage at 0°C.
Here, symbol * indicates significant differences (p < 0.05). Data are presented as the mean ± SD.
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FIGURE 3 | Effects of MT treatment on PAL (A), C4H (B), 4CL (C), CAD (D), PPO (E), and POD(F) activities of blueberry fruits during the postharvest storage at 0°C.
Here, symbol * indicates significant differences (p < 0.05). Data are presented as the mean ± SD.

FIGURE 4 | Effects of MT treatment on the gene expressions of VaPAL (A), VaC4H (B), Va4CL (C), VaCAD (D), VaPPO(E), VaPOD (F), VaGLU (G), and VaCHT (H)
during the postharvest storage at 0°C. Here, symbol * indicates significant differences (p < 0.05). Data are presented as the mean ± SD.
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Effect of Melatonin Treatment on the
Expression of Genes Related to Defense
Enzymes
As shown in Figures 4A–D, the relative expressions of VaPAL and
VaC4H in the MT-treated fruits were not significantly different
from those of the control group during the first 20 days (p > 0.05).
After 60 days of storage, the relative expressions of VaPAL and
VaC4H reached the highest levels (p < 0.05), which are 1.70 and
1.34 times higher than those of the control group, respectively. In
contrast, the relative expressions ofVa4CL andVaCAD in theMT-
treated fruits reached the highest level after 80 days: 1.04 and
2.19 times higher than that of the control group, respectively.
Compared with the control group, the relative expression ofVa4CL
in the MT-treated fruits was significantly higher (p < 0.05) after 20,
40, and 60 days, whereas the relative expression of VaCAD was
significantly higher (p < 0.05) after 40 days. In contrast, the relative
expressions of VaPPO (Figure 4E) and VaPOD (Figure 4F) in the
MT-treated fruits increased and then decreased. After 40 days of
storage, both VaPPO and VaPOD expressions were significantly
upregulated after MT treatment (p < 0.05).

Concerning the pathogenesis-related proteins, the relative
expression of VaGLU in the MT-treated group and the control
group decreased and then increased during storage (Figure 4G).
Overall, the relative expression of VaGLU was low but was
significantly increased after MT treatment (p < 0.05).
Throughout the storage period, the relative expression of
VaCHT in the MT-treated fruits was significantly (p < 0.05)
higher than that in the control (Figure 4H), specifically, 1.71,
2.13, 6.40, and 1.56 times higher than that in the control group
after 0, 20, 40, 60, and 80 days, respectively.

Effects of Melatonin Treatment on the Total
Phenol, Flavonoid, Anthocyanin, and Lignin
Contents in the Blueberry Fruit
As shown in Figure 5, MT treatment promoted the accumulation of
total phenols, flavonoids, anthocyanins, and lignin in the blueberries.
After 60 days of storage, the total phenolic content of theMT-treated
fruits reached the highest level (p < 0.05), which is 1.34 times higher
than that of the control group (Figure 5A). The initial flavonoid
content of the fruit was 1.16mg g−1, which gradually increased from
0 to 60 days and slightly decreased after 80 days of storage. The
flavonoid content of the MT-treated fruit was significantly higher
than that of the control group after 60 and 80 days of storage (p <
0.05) (Figure 5B). Throughout the storage period, the anthocyanin
and lignin contents increased and then decreased, and after 20 days
of storage, the anthocyanin content of the MT-treated fruits was
significantly higher than that of the control group (p < 0.05): 1.04,
1.05, 1.02, and 1.09 times higher than that of the control group
(Figure 5C), respectively. The lignin content of theMT-treated fruits
reached the highest level after 40 days (p< 0.05), and this was 10.00%
higher than that of the control group, decreasing to a lower level after
80 days. Therefore, MT treatment promoted the accumulation of
polyphenols, flavonoids, anthocyanins, and lignin in the fruit and
delayed their decay in the late storage period, suggesting
improvement in the disease resistance of the blueberries.

DISCUSSION

JA is a signaling molecule that activates plant defenses to counter
pathogen infestation and is synthesized in plants mainly through the
octadecenoic acid pathway (Ruan et al., 2019). In this pathway, LOX
are the key enzymes that convert linolenic acid to 13(S)-
hydroxylinolenic acid, which is further converted by AOS and
AOC to 12-oxo-phytodienoic acid. This product is then reduced
and β-oxidized to produce JA (Ruan et al., 2019). It has been shown
that JA enhances the defenses of peaches against Penicillium
expansum by inducing NO production and, thus increasing the
PAL, GLU, and CHT enzyme activities (Yu et al., 2012). In addition,
JA induces the upregulation of PAL and CHT gene expressions and
promotes phenolic product accumulation in tobacco plants
(Keinnen et al., 2001). The results of this study showed that MT
treatment upregulated VaLOX, VaAOS, and VaAOC gene
expressions (Figure 2) and promoted JA synthesis, which in turn
induced the accumulation of disease resistance–inducing substances
in the blueberry fruits (Figure 5). This result is consistent with the
study of Liu et al. (2019), who applied exogenous MT to induce
improved resistance to B. cinerea in tomatoes.

When plants are exposed to biotic or abiotic stresses, a series of
defense reactions are initiated. Phenylpropane metabolism is an
important defense response pathway in the plant body (Wei et al.,
2017). PAL is a key rate-limiting enzyme in the metabolism of
phenylpropane and catalyzes the formation of cinnamic acid from
phenylpropane, which is further converted to p-coumaric acid by C4H
(Hu et al., 2014). POD and CAD are involved in lignin synthesis,
whereas PPO is closely associated with plant resistance to pathogenic
microbial invasion, specifically by catalyzing the oxidation of phenolic
substances to produce antimicrobial substances (Hu et al., 2019). Li
et al. (2019) found that MT treatment increased the activities of
enzymes related to phenylpropane metabolism and enhanced the
resistance of tomato fruits to B. cinerea. Zhang H. et al. (2021)
demonstrated that salicylic acid induces the elevated expression of
genes for enzymes related to phenylpropanemetabolism, promotes the
accumulation of phenylpropane secondary metabolites, and reduces
the postharvest rot in Lycium barbarum fruit. Liu et al. (2022) showed
that methionine treatment promotes lignin accumulation and
enhances the resistance of jujube to A. alternata. In this study, MT
treatment increased the activities of enzymes related to phenylpropane
metabolism (PAL, C4H, 4CL, CAD, PPO, and POD) (Figure 3), the
expressions of related genes (VaPAL, VaC4H, Va4CL, VaCAD,
VaPPO, and VaPOD) (Figure 4), and the accumulation of
polyphenols, flavonoids, anthocyanins, and lignin (Figure 5),
thereby improving the postharvest disease resistance in blueberries.

GLU and CHT are pathogenesis-related proteins in plant tissues
that can induce resistance to further invasion by pathogenic bacteria,
disrupt the cell walls of fungi, and reduce fungal viability, thereby
enhancing disease resistance (Hu et al., 2019). Huang et al. (2021)
found thatMT treatment upregulatedGLU andCHT gene expressions
and enhanced the resistance of ginger rootstocks to Fusarium
oxysporum and Penicillium compactum. In our study, we found
that MT treatment upregulated the expression of the pathogenesis-
related proteins, VaGLU and VaCHT (Figures 4G,H), which is
consistent with the abovementioned results. In addition, we found
that MT did not significantly inhibit the colony diameter or spore
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germination of A. alternata, B. cinerea, and C. gloeosporioides
(Figure 1). This result is consistent with the results of Li et al.
(2019), who used MT treatment to induce resistance to B. cinerea
in tomatoes, and Zhang et al. (2022), who applied MT treatment to
induce resistance to A. alternata in jujube fruit. In summary, MT had
no inhibitory activity against A. alternata, B. cinerea, and C.
gloeosporioides, suggesting that it reduced the postharvest rot of
blueberries by inducing the activation of the JA signaling pathway
and regulating the accumulation of phenylpropane metabolites.

CONCLUSION

In summary, the results of this study showed that MT treatment
promoted the accumulation of polyphenols, flavonoids,
anthocyanins, and lignans. In addition, MT treatment increased
the enzymatic activities of PAL, C4H, 4CL, CAD, PPO, and POD
and upregulated the expression of genes related to JA synthesis
(VaLOX, VaAOS, and VaAOC), pathogenesis-related proteins
(VaGLU and VaCHT), and genes related to phenylpropane
metabolism (VaPAL, VaC4H, Va4CL, VaCAD, VaPPO, and
VaPOD). These results suggest that MT treatment of blueberries
may induce the activation of JA signaling and phenylpropane
pathways as defense responses, thus effectively controlling
blueberry rot during storage. Therefore, the application of MT
could be an effective strategy for preserving blueberries after harvest.
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FIGURE 5 | Effects of MT treatment on the total phenol (A), flavonoid (B), anthocyanin (C), and lignin (D) contents of blueberry fruits during postharvest storage at
0°C. Here, symbol * indicates significant differences (p < 0.05). Data are presented as the mean ± SD.
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