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Abstract: Blue mold is one of the most serious postharvest diseases in apples caused by Penicillium expansum.
The purpose of this study is to determine the effect of ε-poly-L-lysine (ε-PL) on the pathogenicity of
P. expansum and explore the potential mechanism from the perspective of organic acid. The study
investigates the effect of ε-PL treatment on the growth and acid production of P. expansum in vitro
and in vivo. When the concentration of ε-PL was 50 mg/L, the growth of P. expansum was inhibited
and the decrease in pH value was delayed in the medium. For example, on the third day of culture, P.
expansum reduced the pH of the medium from 6.1 to 4.15, and ε-PL inhibited the decrease in the pH
value at most 34.4%. When the concentration reached 1000 or 2000 mg/L, the infection of P. expansum
in fruits was effectively inhibited. During the growth and infection of P. expansum, gluconic acid is
one of the main factors leading to the pH value falling in the local environment. After ε-PL treatment,
the accumulation of gluconic acid decreased, the activity of glucose oxidase was suppressed, and
then the decline in the local environmental pH slowed down. In addition, after ε-PL treatment, the
activities of cell-wall-degrading enzymes, such as cellulase (CL) and polygalacturonase (PG), in the
different areas of the P. expansum–apple interaction were also affected by pH change. The results
show that ε-PL inhibited the pathogenicity of P. expansum by affecting the accumulation of gluconic
acid and slowing the decline in pH in fruit tissues, so as to affect the pathogenicity of P. expansum.
This is the first time that the mechanism of ε-PL interfering with the pathogenicity of P. expansum
from the perspective of organic acids is clarified.
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1. Introduction

Postharvest rot caused by fungal infection results in serious economic losses and affects
marketing value, which has become a global problem [1,2]. Fungi are the main pathogens
causing apple decay in the field and during transportation and storage [3]. Serious fruit
and vegetable diseases during postharvest and storage cause heavy losses to the economy,
so different strategies for controlling diseases in fruits have been investigated [4]. Blue
mold is one of the most serious postharvest diseases in apple caused by P. expansum. As
a pathogenic fungus, P. expansum is capable of producing mycotoxins such as patulin.
Therefore, infected postharvest fruit may also be contaminated by patulin, which may
cause harm to human and environmental health [5,6].

ε-poly-L-lysine (ε-PL) has extensive antibacterial activity and low toxicity compared
with other chemical antibacterial agents. It was first found in Streptomyces albicans, and it
can be decomposed into the essential amino acid lysine in the human body [7,8]. Recently,
research has found that ε-PL can also effectively inhibit the growth and infection of posthar-
vest fungi, such as Penicillium digitatum, Botrytis cinerea, and Penicillium italicum [9–11].

Horticulturae 2022, 8, 468. https://doi.org/10.3390/horticulturae8060468 https://www.mdpi.com/journal/horticulturae

https://doi.org/10.3390/horticulturae8060468
https://doi.org/10.3390/horticulturae8060468
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/horticulturae
https://www.mdpi.com
https://doi.org/10.3390/horticulturae8060468
https://www.mdpi.com/journal/horticulturae
https://www.mdpi.com/article/10.3390/horticulturae8060468?type=check_update&version=2


Horticulturae 2022, 8, 468 2 of 16

Most studies focus on the cell membrane metabolism effects of ε-PL’s antibacterial mecha-
nism. ε-PL is positively charged and combined with negatively charged groups, such as
lipoteichoic acid, on the surface of the bacterial cell membrane to change the structure of
the cell membrane, resulting in the leakage of intracellular enzymes and soluble proteins,
and the dysfunction of the normal respiration and metabolism of bacteria, leading to cell
apoptosis [12]. ε-PL affects the conformation and function of membrane proteins in yeast
and causes osmotic stress and plasma wall separation [13]. Jiao et al. [10] reported that
ε-PL might attack the cell membranes and induce membrane disintegration and distur-
bance. ε-PL treatment can destroy the integrity of the cell membrane of B. cinerea, cause the
leakage of intracellular soluble carbohydrates and nucleic acids, promote the accumulation
of reactive oxygen species, induce the expression of the respiratory burst oxidase homo-
logue gene in ε-PL-treated jujube fruit, and finally inhibit the growth and reproduction of
B. cinerea [13–15].

In order to infect better, pathogens secrete a series of substances to change the host
environment [16]. In some cases, pathogenicity is closely related to the pH value. The
organic acid molecules secreted by certain fungi are multifunctional and can act together
with environmental pH to activate virulence factors and enhance pathogenicity. It has been
postulated that, during infection, fungi acidify host tissues primarily by adjusting the pH
outside the plastid to a value more favorable for cell wall degrading enzymes [17]. This
mechanism ensures that genes encoding cell-wall-degrading enzymes are expressed while
promoting the secretion of products at pH conditions optimal for their activity [16,18].
P. expansum, P. digitatum, P. italicum, B. cinerea and Sclerotinia sclerotiorum utilize tissue
acidification to support their attack via the secretion of organic acids [17,19–21]. Penicillium
spp. secrete mainly citric and gluconic acids [20,22]. S. sclerotiorum and B. cinerea change
the host pH by secreting oxalic acid [21,23]; Phomopsis mangiferae and P. expansum infect
mango and apple fruits mainly by secreting gluconic acid [22,24]. However, there are few
reports on the involvement of organic acid in the control mechanism of ε-PL against blue
mold caused by P. expansum in apple fruits.

When plant pathogens, such as P. expansum, P. digitatum, and P. italiensis, infect fruit,
they cause tissue maceration and rot, accompanied by the secretion of cell-wall-degrading
enzymes [25]. Cell-wall-degrading enzymes disrupt cell cohesion mainly by degrading
pectin and cellulose [26], in which polygalacturonase (PG) and cellulose (CL) play impor-
tant roles [27]. The pretreatment of cell walls with PG appears to promote the ability of other
cell-wall-degrading enzymes to attack their substrates. CL primarily hydrolyzes polysac-
charides with 1,4-β-glucosidic linkages that play a major role in cellulose degradation [28].

The objective of this study is to investigate the changes of pathogenicity and organic
acid metabolism of P. expansum after ε-PL treatment and evaluate the level of organic acids
and the activity of cell-wall-degrading enzymes in the area where P. expansum interacts
with the fruit. This research provides new insights into the mechanism by which ε-PL
inhibits the growth and infection of P. expansum.

2. Materials and Methods
2.1. Fungal Culture and Preparation of Spore Suspension

P. expansum was cultivated as described by Zheng et al. [29]. Periodically, P. expansum
was subcultured on potato dextrose agar (PDA) and stored at 4 ◦C for use. Spore sus-
pensions were prepared from P. expansum cultured at 25 ◦C for 4 days, the mycelium
was removed with sterile double gauze, and a hemocytometer was used to adjust the
concentration of the conidial suspension to 1 × 105/mL for use.

2.2. Fruit

Fresh ripe apples (Luochuan Red Fuji) with uniform size and color were selected (the
experimental fruits were healthy both physiologically and pathologically) in a supermarket
in the Changqing district, Jinan, Shandong Province, and immediately shipped to the
laboratory. The fruit were soaked in a 2% (v/v) sodium hypochlorite solution for 2 min
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for surface disinfestation, rinsed with tap water after soaking, and air dried at room
temperature (RT, 25 ◦C) [30].

2.3. Effect of ε-PL Treatment on the Growth of P. expansum

The effect of ε-PL (Zhengzhou Babonal Bioengineering Co., Ltd., Zhengzhou, China)
on the growth of P. expansum was explored referring to the method of Liu et al. [31]. ε-PL
powder was added to the sterilized PDA, and 25 mL of PDA was poured into each Petri
dish (90 mm diameter) to achieve final concentrations of 0, 25, 50, 100, and 200 mg/L in the
medium. Using a sterile pipette tip, a 7 mm diameter mycelial disk was taken within 24 h
of culture and placed in the center of the cooled medium. After sealing the plate, it was
placed in a 25 ◦C incubator. Photographs were taken at 6 days and the colony diameter
was measured (cross-diameter method).

2.4. Effect of ε-PL Treatment on Environmental pH Regulation by P. expansum In Vitro

The effect of ε-PL on acid production by P. expansum was tested according to the
method of Zhang et al. [32]. One milliliter of P. expansum spore suspension in sterile water
was added to 100 mL of sterile potato dextrose broth (PDB) medium. PDB with a ε-PL
concentration of 50 mg/L was prepared and incubated in a sterile shaker at 25 ◦C and
150 rpm. The pH and gluconic acid (GLA) of the medium or hyphae were measured at 24,
48, 72, and 96 h. There were 3 plates per group, and the experiment was repeated 3 times.
The hyphae were filtered and isolated for sampling, and the samples were frozen in liquid
nitrogen and stored at −80 ◦C.

In order to further explore the effect of ε-PL treatment on the acid production of
P. expansum, the aniline blue staining method was used to verify the acid production level
of ε-PL in vitro. A 1-day-old P. expansum mycelial disk (7 mm diameter) was taken and
transferred to PDA medium with ε-PL concentrations of 0, 25, 50, 100, and 200 mg/L, in
which the concentration of aniline blue in the PDA medium of each group was 0.1 g/L.
There were 3 plates in the each ε-PL concentration group. Plates were transferred to a 25 ◦C
incubator for cultivation. For the acid production of the pathogen, the diameter of the dark
blue concentric rings around the fungal colony was measured and recorded. The pH was
measured at 0, 0.5, or 1 cm from the outer edge of the P. expansum colony with a hand-held
pH meter (Testo 205). The experiment was repeated 3 times with 3 technical replicates
each time.

2.5. Effect of ε-PL Treatment on Blue Mold Disease in Apple Fruits

Referring to the method of Jiao et al. [10], apples were divided into 4 groups, each group
contained 4 replicate subgroups, and each subgroup consisted of 3 apples. The apples were stabbed
at the equatorial area with sterile steel nails (width × length × depth = 3 mm × 2 mm × 3 mm).
All the apples were inoculated with 10 µL of spore suspension (1 × 105/mL) and then air-
dried at RT. After 2 h, 10 µL of sterile ε-PL solutions of different concentrations (0, 1000, and
2000 mg/L) were injected into the apples of each group at the inoculation site. After drying
at RT, the fruit were placed in plastic baskets (320 mm × 240 mm × 100 mm), sealed with
polyethylene bags, and a relative humidity of 90~95% was maintained with damp gauze,
after which the fruit were stored at RT. The diameter of the lesions (cross-diameter method)
and pH value were measured during storage, and then tissue samples were taken at 0, 1, or
2 cm from the outer edge of the lesion, referred to as areas A, B, and C, respectively. Samples
were frozen with liquid nitrogen and stored at −80 ◦C. The fruit inoculation experiment
was carried out 3 times with 3 replicates, each with 10 fruit per replicate.

2.6. Determination of GOX Activity

The glucose oxidase (GOX) activity of apple tissues inoculated with P. expansum was
determined by the micro method. The determination principle of GOX is that GOX catalyzes
the production of H2O2, and peroxidase catalyzes the oxidation of 4-aminoantipyrine
coupling phenol with H2O2 to produce colored compounds. There is a characteristic
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absorption peak at 500 nm, and the color depth has a linear relationship with GOX activity.
The instructions of the GOX determination kit (Suzhou Bioengineering Company, Suzhou,
China) were followed for sample determination, and the absorbance was read at 500 nm
with a microplate reader (Molecular Devices CMAX PLUS). GOX activity was expressed
in U (1 nmol H2O2 per minute per g of tissue). The test was repeated 2 times with
3 replicates each.

2.7. Determination of Organic Acids

Organic acids were determined according to the method of Wu et al. [33] with modi-
fications. After freezing with liquid nitrogen, the sample (apple/mycelium) was ground,
1 g of sample was added into a 10 mL centrifuge tube, 5 mL deionized water was added,
shaken for 1 h, then centrifuged at 10,000 rpm and 4 ◦C for 10 min. The supernatant was
removed, 2.5 mL deionized water was added to the precipitate to dissolve it again, the
shaking step was repeated, and the two supernatants were combined, about 7.5 mL. The
combined supernatant was passed through a filter (0.45 µm), transferred to the injection
bottle, and prepared for loading. Three replicates were used for each treatment and the
experiment was repeated twice. The organic acid content was expressed in mg/g fresh
weight (FW).

High-performance liquid chromatography (HPLC) conditions: Instrument: lc-20t high-
performance liquid chromatograph, UV wavelength 210 nm; Chromatographic column:
ODS C18 (250 mm × 4.6 mm, 5 µm); Column temperature: 30 ◦C; Duration: 18 min; Flow
rate: 0.5 mL/min; Injection volume: 15 µL; Mobile phase: mobile phase A (0.01 mol/L,
pH 2.0 phosphate solution), mobile phase B (methanol), A:B = 95:5.

2.8. Determination of Cell-Wall-Degrading Enzyme Activity

The activities of cell-wall-degrading enzymes, including PG and CL, were measured
in the interaction areas of apple fruits. Evenly mixed apple tissue powder was added
according to the instructions of the corresponding kit (PG and CL enzyme activity assay
kits were purchased from Suzhou Keming Biotechnology Co., Ltd., Suzhou, China), and
0.1 g samples were taken for the determination of the 2 enzyme activities. After the steps
were completed, the absorbance values were measured by an enzyme labeling instrument
at 540 and 620 nm. The enzyme activity of PG was defined as the decomposition of pectic
acid per g of sample to produce 1 mg of galacturonic acid per hour at 40 ◦C, pH 6.0, and
was expressed as U. CL enzyme activity was defined as the catalytic production of 1 µg
of glucose per gram of tissue per minute as an activity unit, and was expressed as U. The
experiment was repeated twice, 3 replicates each time.

2.9. Data Analysis

The results of all experiments were expressed as mean ± standard deviation (SD). The
data were analyzed by a one-way ANOVA and Tukey’s test (SPSS version 15.0, SPSS, Inc.,
Chicago, IL, USA). Differences were considered statistically significant when p < 0.05. In
addition, SPSS software was used for the correlation analysis of the selected variables.

3. Result
3.1. Effect of ε-PL Treatment on the Growth of P. expansum
3.1.1. In Vitro Test

As shown in Figure 1, the diameter of the P. expansum colony was inversely correlated
with the concentration of ε-PL, and as the concentration of ε-PL increased, the colony
diameter decreased significantly (p < 0.05). When the concentrations of ε-PL were 25, 50,
and 100 mg/L, the diameters of the P. expansum colonies were inhibited by 16.1, 30.2, and
55.2% compared with the control on the sixth day, respectively. The growth of P. expansum
was completely inhibited when the concentration of ε-PL reached 200 mg/L. The results
show that ε-PL treatment effectively inhibited the growth of P. expansum in vitro.
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Figure 1. Effect of ε-PL treatment on the growth of P. expansum in vitro. (A) Colony growth and
(B) colony diameter of P. expansum cultured for 6 days. The data are shown as mean ± SD, n = 3.
According to Tukey’s test, different letters indicate significant differences (p < 0.05).

3.1.2. In Vivo Test

The effect of ε-PL treatment on the prevention and control of apple blue mold disease
is shown in Figure 2A, where the diameter of the lesions in all groups of apple fruits
increased with the increase in storage days, and the diameter of the lesions in the treatment
group was significantly lower than that in the control group (p < 0.05). On day 9, apple
spot diameters in ε-PL concentrations of 1000 and 2000 mg/L groups were suppressed by
10.1% and 18.9% compared with the control group, respectively (Figure 2B) (p < 0.05). In
addition, the study found that the larger the concentration of ε-PL, the smaller the diameter
of the spot, which indicated ε-PL can suppress blue mold severity.
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Figure 2. Effect of ε-PL treatment on the infection of P. expansum in apples after harvest. (A) Apple
fruits were wound-inoculated with 10 µL spore suspension of P. expansum at 1 × 104 spores/mL,
then treated with ε-PL at different concentrations (0, 1000, and 2000 mg/L) for storage at room
temperature. Lesion diameters (B) were recorded after inoculation every 3 days. The vertical bar
represents the standard deviation (n = 3). Different letters indicate significant different according to
Tukey’s test (p < 0.05).

3.2. Effect of ε-PL Treatment on Environmental pH of P. expansum
3.2.1. Environmental pH Change In Vitro
Acid Production during the Growth of P. expansum

The test measured the organic acids in P. expansum hyphae and PDB supernatant, and
the results show that the content of gluconic acid was the highest. The acid-producing
levels during the growth of P. expansum treated with ε-PL were determined. As shown
in Figure 3A, the pH of the control group medium decreased rapidly, dropping by about
2 pH units after 3 days of incubation, but the pH increased slightly on day 4. After ε-
PL treatment, the medium pH did not decrease significantly, and the pH of the control
group was significantly lower than that of the treatment group during the whole culture
process (p < 0.05). With the increase in culture time, the extracellular gluconic acid content
of the P. expansum hyphae gradually increased (p < 0.05), and the gluconic acid content
decreased on day 4. The change in gluconic acid content in the treatment group was similar
to that in the control group (Figure 3B). In Figure 3C, with the increase in culture time,
the intracellular gluconic acid content in the control group continued to accumulate and
doubled from day 1 to day 4. The intracellular and extracellular gluconic acid content in
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the control group was higher than that in the ε-PL treatment group, indicating that the ε-PL
treatment effectively inhibited gluconic acid production during the growth of P. expansum.
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Figure 3. Effect of ε-PL treatment on the acid production of P. expansum in vitro. (A) pH change of
the PDB supernatant during the growth of P. expansum, (B) the intracellular gluconic acid content
of mycelia during the growth of P. expansum, and (C) extracellular gluconic acid content during the
growth of P. expansum (GLA = gluconic acid). The data provided are the average of three repetitions.
The vertical bar represents the standard deviation. According to Tukey’s test, different letters indicate
significant differences (p < 0.05).

Environmental pH Change by Aniline Blue Staining Method

The effect of ε-PL treatment on P. expansum acid production was further verified by
aniline blue staining. Aniline blue is an alkaline dye that contains two complementary
chromophores in which cations can be used to stain. P. expansum is able to secrete acidic
substances during growth, so aniline blue can be used to indicate the acid-producing level
of P. expansum. As shown in Figure 4A, the diameter of the blue concentric rings on the
outside of the edge of the colony formed by the control group was larger and heavier
than that in the ε-PL treatment group. In addition, the pH of the color-producing area
of the control medium was significantly lower than that of the ε-PL treatment medium
(p < 0.05), and the greater the concentration of ε-PL in the central position, the higher
the ∆pH compared with the control group. The ∆pH at the ε-PL concentration of 25, 50,
100, and 200 mg/L was 0.03, 0.35, 0.74, and 1.16, respectively. The pH change at 0.5 and
1 cm from the edge of the pathogen is consistent with the central position, and the acidity
decreases as the concentration of ε-PL increases (Figure 4C).
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Figure 4. Effect of ε-PL treatment on aniline blue dye test to determine acidity. (A) The colony
status of P. expansum on PDA after adding aniline blue for 6 days; (C) After 6 days of culture, the
pH of the PDA medium at 0, 1, or 2 cm from the outer edge of the lesion (B). The vertical bar
represents the standard deviation. According to Tukey’s test, different letters indicate significant
differences (p < 0.05).

3.2.2. Environmental pH Change In Vivo
Environmental pH Change in P. expansum–Apple Interaction Areas

The effect of ε-PL treatment on the pH of different areas of apple fruits inoculated with
P. expansum is shown in Figure 5. From days 3 to 6 of storage, the pH value of fruit area A in
the control group decreased. After ε-PL treatment, the change trend of area A was similar
to that of the control group, where the pH value of area A on days 3 and 6 was higher than
that in the control group (p < 0.05), and there was no significant difference between the
control and treatment group on day 9 (Figure 5A). The pH changes in area B and area C
of apples still showed the same trend as in area A, both decreasing from days 3 to 6, with
an increasing pH on day 9, and the pH of the ε-PL treatment group was higher than that
of the control group (Figure 5B,C). The above data showed that ε-PL treatment inhibited
the acid production of P. expansum during infection, and ε-PL significantly inhibited the
decrease in pH in various areas of the fruit.
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Organic Acids in P. expansum–Apple Interaction Areas

P. expansum triggers signals for organic acid regulation during infection, leading to
changes in the level of organic acids at the fruit interaction area of the fungus. It has been
reported that gluconic acid and citric acid might be two of the factors causing the decrease
in apple fruit pH. Table 1 shows the determination results of organic acids in different areas
of the fruit by HPLC.

During storage, the gluconic acid content in fruit area A continued to decrease, about
6.55 units on day 9 less than on the 3 day, and after the ε-PL treatment, the gluconic acid
content also continued to decrease during storage. On days 3, 6, and 9, the gluconic acid
content of area A in the fruit treated with ε-PL decreased by 26.2, 14.8, and 12.0% (p < 0.05),
respectively, compared with the control group. The gluconic acid content at the B and C
areas of the apple also decreased with the increase in storage time. In addition, on day 3,
the gluconic acid content in area C of the control group was 35.5 and 46.6% less than that of
areas B and A, respectively. This indicates that the farther away from the area of pathogen
infection, the less gluconic acid is accumulated.

The malic acid content measured decreased with longer storage times. As shown in
Table 1, on day 3 of storage, the malic acid content in the A, B, and C areas of the apple
fruits after treatment with 1000 mg/L ε-PL was 16.4, 9.54, and 12.7% higher than that of
the control group (p < 0.05). At the same time, it was observed that on day 3, the malic acid
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content of the fruit area A of the control group was 9.33 and 9.77% lower than that of the
control group B and C, respectively. That is, within a certain range of the P. expansum-apple
interaction, the closer to the pathogen infection area, the lower the malic acid content in
the tissue.

The citric acid content in the control group of fruit area A decreased slightly on day
6 and gradually recovered on day 9. On days 3, 6, and 9, the citric acid content of area
A of the fruit treated with ε-PL decreased by 8.47, 33.3, and 86.7% compared with the
control group, respectively. On day 3, the citric acid content of the area B of the fruit treated
with ε-PL decreased by 21.2% compared with the control group. There was no significant
difference in citric acid content between the control group and the treatment group in area
C of the fruit.

Table 1. Effects of ε-PL treatment on the secretion of organic acids in different areas of the P. expansum–
apple interaction. The content of organic acids was measured on days 3, 6, and 9 of apple storage.
The results represented the mean ± standard deviation of 3 repetitions of each treatment.

Area ε-PL (mg/L) 3 d 6 d 9 d (mg/g)

A
0 17.72 ± 0.15 a 13.47 ± 0.28 a 11.17 ± 0.13 a

Gluconic acid

1000 13.07 ± 0.23 b 11.48 ± 0.15 b 9.83 ± 0.24 b

B
0 11.43 ± 0.34 c 9.9 ± 0.24 c 9.37 ± 0.19 bc

1000 10.39 ± 0.41 d 9.06 ± 0.25 d 9.05 ± 0.21 cd

C
0 9.47 ± 0.28 e 8.83 ± 0.17 de 8.96 ± 0.28 cd

1000 8.24 ± 0.19 f 8.38 ± 0.14 e 8.52 ± 0.20 d

A
0 9.11 ± 0.21 c 8.61 ± 0.15 b 7.61 ± 0.12 d

Malic acid

1000 10.60 ± 0.13 b 9.99 ± 0.22 a 8.62 ± 0.17 a

B
0 9.96 ± 0.17 b 8.84 ± 0.13 b 7.70 ± 0.20 cd

1000 10.91 ± 0.23 a 9.75 ± 0.24 a 8.10 ± 0.15 bc

C
0 10.00 ± 0.20 b 8.65 ± 0.17 b 7.63 ± 0.16 cd

1000 11.27 ± 0.21 a 9.59 ± 0.19 a 8.50 ± 0.23 ab

A
0 0.64 ± 0.05 a 0.20 ± 0.02 b 0.28 ± 0.01 a

Citric acid

1000 0.59 ± 0.03 a 0.15 ± 0.03 bc 0.15 ± 0.02 b

B
0 0.33 ± 0.04 b 0.15 ± 0.02 bc 0.07 ± 0.04 c

1000 0.26 ± 0.04 b 0.35 ± 0.02 a 0.10 ± 0.03 bc

C
0 0.09 ± 0.03 c 0.11 ± 0.02 c 0.07 ± 0.03 c

1000 0.11 ± 0.03 c 0.12 ± 0.02 c 0.09 ± 0.02 bc

The interaction areas A, B, and C in fruit are 0, 1, or 2 cm away from the outer edge of the P. expansum–apple
interaction, respectively. Different lower-case letters in the same column for the same organic acid indicate
significant differences according to Tukey’s test (p < 0.05).

The content of the gluconic acid and citric acid in area A was higher than that of the
other two areas. The organic acid data of different areas of the apple showed that the ε-PL
treatment affected the accumulation of organic acids in the interaction area of the pathogen,
inhibiting the secretion of gluconic acid and citric acid, while the ε-PL treatment promoted
the accumulation of malic acid in the fruit tissue to a certain extent.

GOX Activity in P. expansum–Apple Interaction Areas

Glucose oxidase (GOX) is important for the accumulation of gluconic acid. The
activity of glucose oxidase in different areas of the apple is shown in Figure 6. In area A,
GOX activity in the control group decreased significantly, but on day 9, GOX was slightly
increased. The GOX activity after ε-PL treatment was significantly lower than that of the
control group, and the change in GOX activity was consistent with the control group. On
days 3, 6, and 9, GOX activity in the ε-PL-treated group was 10.1, 32.8, and 38.0% lower,
respectively, than that in the control group (Figure 6A). In addition, the data showed that
the trend of change in area B and area C was similar to that in area A. From days 3 to 6,
GOX activity decreased, and on day 9, GOX activity gradually increased, and the activity
in the treatment group was lower than that in the control group (Figure 6B,C). On day 3,
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the GOX activity in areas B and C in the ε-PL-treated group was reduced by 44.2 and 45.6%
compared with the control group (p < 0.05), respectively.
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interaction. The GOX activity of interaction area A (A), area B (B) and area C (C) was measured on
days 3, 6, and 9, respectively. The vertical bar represents the standard deviation (n = 3). Different
letters indicate significant different according to Tukey’s test (p < 0.05).

3.3. Cell-Wall-Degrading Enzyme Activities in P. expansum–Apple Interaction Areas

The PG activity in the various areas of the apples is shown in Figure 7A–C. The changes
in PG activity in area A of the control group and ε-PL treatment group were basically the
same, and the enzyme activity decreased with the increase in storage time. On days 3,
6, and 9, the enzyme activity of the ε-PL treatment group decreased by 47.1, 28.9, and
62.9%, respectively, compared with the control group (p < 0.05). On day 6 of storage, the
PG activity in area B in the ε-PL treatment group was significantly lower than that in the
control group (p < 0.05). The change in PG activity in area C was similar to that in area B; it
increased first and then decreased during storage. The activity of the ε-PL treatment group
was also lower than that in the control group.

The effect of ε-PL treatment on the CL activity in the various areas of the inoculated
apples is shown in Figure 7D–F. With the increase in storage time, the CL activity of area A
increased during storage. After ε-PL treatment, its activity was significantly lower than
that of the control group (p < 0.05). On days 6 and 9 of storage, the CL activity of the ε-PL
treatment group was 25.2 and 41.2% lower than that of the control group, respectively. The
CL activity of area B in the control group decreased first and then increased. On day 9,
the CL activity of the control group was the highest. After ε-PL treatment, on day 9, the
CL activity of area B decreased by 38.9% compared with the control group. Additionally,
on day 9, the CL activity of area C was the highest, and the enzyme activity of the ε-PL
treatment group was 45.7% lower than that of the control group (p < 0.05).
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Cell-wall-degrading enzymes play an important role in the infection of P. expansum
as one of the pathogenicity factors. The above data showed that ε-PL treatment inhibited
the activity of cell-wall-degrading enzymes to a certain extent and further reduced the
pathogenicity of P. expansum.
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P. expansum–apple interaction. The activities of cell-wall-degrading enzymes were measured on
days 3, 6, and 9 of apple storage. Determination of PG activity in area A (A), area B (B), and area C
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letters indicate significant differences according to Tukey’s test (p < 0.05).

4. Discussion

ε-PL is widely used due to its antimicrobial properties and low toxicity [34,35]. ε-PL
treatment effectively inhibits green mold caused by P. digitatum in citrus [11], and gray mold
caused by B. cinerea in cherry tomatoes, green peppers, grapes, and strawberries [10]. The
antimicrobial mechanism of ε-PL, which is widely reported, mainly focuses on inducing
damage in the fungal cell membrane, leading to cell leakage, disruption of energy and
information transmission, and finally leading to cell death [9]. However, the involvement of
organic acid in the control mechanism of ε-PL against blue mold caused by P. expansum in
apple fruits has not been reported previously. This study found that, compared with apples
inoculated with P. expansum only, the incidence of apple blue mold after ε-PL treatment
was reduced, and the accumulation of organic acids in the interaction area between apple
and P. expansum also changed.

We investigated the effect of ε-PL on the growth of P. expansum in vivo and in vitro.
The results show that ε-PL effectively inhibited the growth of P. expansum colonies in a dose-
dependent manner. When the concentration of ε-PL was 200 mg/L, it could completely
inhibit the growth of P. expansum on PDA, while in vivo, a larger dose was needed to
inhibit the growth of P. expansum. This is somewhat similar to previous studies [36,37].
The required concentration of ε-PL to inhibit blue mold in vivo is much higher than that
in vitro [38]. There may be several reasons for this phenomenon: (1) After the treatment of
the apple with ε-PL, part of the substance is absorbed by the apple fruit tissues, resulting in
a loss; (2) ε-PL interacted with the tissue matrix of the apple fruit and changed its original
molecular structure; (3) Acidity, protein, salt, and metal ions affect the antimicrobial effect
of ε-PL [39]; and (4) With increasing storage time, ε-PL may degrade, resulting in a decrease
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in its antimicrobial effect. Therefore, the inhibitory concentration of ε-PL should be adjusted
accordingly with the change in environmental conditions.

Studies have shown that organic acids are important pathogenicity factors in the pro-
cess of fungal infection [13]. ε-PL inhibited the growth and acid production of P. expansum.
Aniline blue staining further verified that the acid production level of P. expansum decreased
after ε-PL treatment. The results of this study show that ε-PL slowed the decrease in the
medium pH during the growth of P. expansum, similar to previous studies [40]. We found
that the amount of gluconic acid in cells increased with the increase in culture duration,
and the content of gluconic acid in the culture medium increased. We speculate that the
secretion of gluconic acid began at the beginning of the spore germination of P. expansum;
with the increase in culture time, the intracellular gluconic acid was excreted, resulting in
the decrease in environmental pH.

The content of organic acids in the interaction area of the apple with P. expansum was
determined by HPLC. Through correlation analysis, it was found that the main factor
causing the decline in host environmental pH was gluconic acid (Table S1 shown in the
Supplementary Materials). According to the report of Vilanova et al. [19], the pH decrease
in P. expansum that affected the apples is related to the accumulation of gluconic and
fumaric acids. Citric acid and malic acid have little relationship with the decline in apple
pH. Previous studies have shown that local tissue pH will decrease after fruit impregnation.
S. sclerotiorum and B. cinerea reduce the pH around the host by secreting a large amount
of oxalic acid [18,20]; P. digitatum and P. expansum mainly acidify the host environment
by secreting citric acid and gluconic acid [40]. A large amount of gluconic acid was
detected in different areas of the P. expansum–apple interaction in the present study, and
the content of gluconic acid in the ε-PL treatment group was significantly lower than
that in the control group. Prusky et al. [22] proved that the content of organic acids
(citric acid and gluconic acid) in the rotten areas of the apple infected by P. expansum
and grapefruit infected by P. digitatum was much higher than that in healthy tissues. It
has been shown that gluconic acid is the key factor contributing to fungal disease of
apples [41]. In addition, it was also observed that the pathogenicity of P. expansum increased
with the decrease in pH in fruit tissue, while the pH in the ε-PL treatment group was
higher than that in control group, which inhibited P. expansum to a certain extent. At the
same time, other studies have shown that the exogenous addition of gluconic acid and
citric acid can increase the infectivity of P. expansum, whereas NaHCO3 treatment inhibits
the colonization by P. expansum [19]. Therefore, we speculate that tissue acidification is
an important factor determining pathogenicity. ε-PL treatment inhibits the secretion of
gluconic acid of P. expansum and suppressed the decrease in tissue pH, weakening the
pathogenicity of P. expansum. However, we do not rule out the possibility that ε-PL inhibits
the fungus directly, which results in a lower acid production and less pronounced pH drop.
Additionally, this possibility needs to be further verified in the future.

GOX produces H2O2 and D-glucose-1,5-lactone. D-glucose-1,5-lactone spontaneously
hydrolyzes to gluconic acid. In our experiment, the activity of the GOX enzyme in ε-PL
treated tissue was lower than that in the control group. Maayan et al. [24] detected GOX
activity in the rotten tissue of the P. mangiferae–mango interaction area, and found that the
higher the GOX activity, the more gluconic acid that was accumulated. This is consistent
with our results. With the increase in GOX activity in fruit tissues, the accumulation of
gluconic acid also increased. It was previously reported that the gene pmgox1 encoding
GOX may also be induced in fruits under natural conditions, because fruit ripening will
lead to alkalization and increased sugar utilization, thereby enhancing gene expression and
the secretion of specific enzymes [42].

The PG and CL activities in different areas of the P. expansum–apple interaction were
measured. Studies have shown that, as an important pathogenic factor of postharvest
pathogens, cell-wall-degrading enzymes are closely related to their pathogenicity [43], and
they play an important role in the destruction of fruit cells and tissues [18]. Moreover,
the time sequence of different cell-wall-degrading enzymes is different in the process of
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pathogen infection [44]. Some studies have documented that the pathogen induces the
production of PG and CL when it first invades the host and may act in the early stage of
infection [45]. Our results show that the activity of CL always maintained a high level and
reached its highest on day 9. At the same time, the activity of PG decreased with the increase
in storage time. Therefore, it is speculated that the increase in CL activity in the later stage
of storage might compensate for the decrease in PG activity at that time. Moreover, the
experimental results also showed that the activities of two cell-wall-degrading enzymes
treated with 1000 mg/L ε-PL were lower than those in the control group. ε-PL treatment
might interfere with the acidification of the host during fungal infection, change the pH of
tissue, and then affect the activity of cell-wall-degrading enzymes [46].

5. Conclusions

In summary, ε-PL significantly inhibited the growth and gluconic acid production of
P. expansum in vitro and in apple fruits. In addition, ε-PL hindered the acidification of the
host environment, further inhibited the activity of PG and CL, resulting in a reduction in
P. expansum infectivity. This is the first time that the mechanism of ε-PL interfering with
the pathogenicity of P. expansum from the perspective of organic acids was clarified. These
results help in understanding the mechanisms of pH changes on pathogenicity and may
provide theoretical and technical guidance for developing new disease control strategies
and reduce postharvest losses by disrupting acidification processes.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/horticulturae8060468/s1, Table S1: The correlation analysis
of pH, organic acid and lesion diameter in the three areas of P. expansum-apple interaction A, B, and
C during storage.
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