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Abstract: Infected by Pectobacterium carotovorum subsp. carotovorum (Pcc), the quality of Chinese cab-
bage could severely decline. Using chemical bactericides to control Pcc could cause food safety prob-
lems. Thus, we investigated the optimum extraction conditions, antibacterial activity, chemical com-
pounds and antibacterial mechanism of Polygonum orientale L. essential oil (POEO) against Pcc in
order to search a new way to control Pcc. The optimum extraction conditions of POEO (soaking
time 2.6 h, extraction time 7.7 h and ratio of liquid to solid 10.3 mL/g) were optimized by response
surface methodology. The minimum inhibitory concentration (MIC) of POEO against Pcc was 0.625
mg/mL. The control efficiency of protective activity of POEO against Pcc was 74.67~92.67%, and its
curative activity was 76.00~93.00%. Then, 29 compounds were obtained by GC-MS; the prime com-
pounds of POEO were phytol, phytone, n-pentacosane, 1-octen-3-ol and B-ionone. It was verified
that, compared with control samples, POEO destroyed cell morphology. It increased surface poten-
tial, increased hydrophobicity, damaged cell walls, destroyed the integrity and permeability of cell
membrane, reduced membrane potential (MP), and changed membrane protein conformation. It
inhibited the activities of pyruvate kinase (PK), succinate dehydrogenase (SDH) and adenosine tri-
phosphatase (ATPase). Briefly, the results of this study demonstrate that POEO showed effective
inhibitory activity against Pcc, thus POEO could have potential application in controlling Pcc.

Keywords: Pectobacterium carotovorum subsp. carotovorum; Polygonum orientale L.; essential oil;
process optimization; antibacterial components; antibacterial mechanism

1. Introduction

As a typical leafy vegetable, Chinese cabbage is popular with people in China. It has
abundant nutrient content, including Ca, Fe, f-carotene, kempferol, etc. [1]. Pectobacterium
carotovorum subsp. carotovorum (Pcc) is a gram-negative bacteria, and a phytopathogen
that leads to soft rot of Chinese cabbage [2]. During the process of cultivation, transporta-
tion and storage, it invades Chinese cabbage through injuries and resides in the vascular
tissue, thereby inducing soft rot disease [3]. Infected by Pcc, the leaves and stems of Chi-
nese cabbage become soft and mushy, and then emit an unpleasant smell, which has neg-
ative effect on the quality of Chinese cabbage [4].

Traditionally, chemical bactericides such as hypochlorite, formaldehyde solutions,
and thiodiazole copper were used to control soft rot [5,6]. However, the long-term appli-
cation of chemical bactericides can result in pesticide residues, thereby causing harm to
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human health [7]. As people continue to pay more attention to food safety, it is of great
importance to identify a safe and effective method to control Pcc.

Recently, many researchers have concentrated on essential oils (EOs) when searching
for natural and safe antibacterial substances to be applied to antibacterial agents for foods.
EOs, composed of various secondary metabolites including terpenes, phenols, alcohols,
ketones and esters, are extracted from flowers, leaves, seeds, rhizomes, and fruits of aro-
matic plants [8]. EOs have significant advantages, including low residues, biodegradable
natures and low toxicity [7,9]. Because EOs have multiple action targets, they can effec-
tively avoid pathogen proliferation [10]. Several studies have shown that some EOs have
significant antimicrobial activities against pathogens, such as Staphylococcus aureus, Lis-
teria monocytogenes and Escherichia coli [11-13]. Therefore, EOs serve as a promising natural
antibacterial ingredient in developing antibacterial agents for foods.

Recently, Polygonum orientale L., a medicinal plant, has generated increased research
interest due to its various bioactivities. Hu et al. [14] reported that extract from P. orientale
had significant insecticidal activity against 13 species of agricultural pests including Pieris
rapae, Agrotis ypsilon and Mamestra brassicae. Malik and Barik [15] found that free fatty
acids in leaves of P. orientale had the potential to be used as a short-term attractant to
attract Galerucella placida. However, there are no reports related to the antibacterial activity
of POEO against Pcc.

Therefore, in this study, the extraction conditions of POEO were first optimized to
improve the extraction yield. Secondly, its antibacterial activity against Pcc (in vitro and
in vivo) was investigated by measuring its minimum inhibitory concentration (MIC) and
the control efficiency. Thirdly, the chemical compounds of POEO were identified. Finally,
the antibacterial mechanism was revealed through experiments on cell morphology and
cell surface, alkaline phosphatase activity, cell membrane integrity and permeability,
membrane potential, membrane protein conformation and key enzyme activities in the
respiratory metabolic pathway. These results should provide a basis for potential appli-
cation of POEQ in controlling Pcc.

2. Materials and Methods
2.1. Materials

Pectobacterium carotovorum subsp. carotovorum (CGMCC 1.1000) was obtained from
China General Microbiological Culture Collection Center. The strain was incubated by
using culture media (5 g/L sodium chloride, 10 g/L peptone, 5 g/L beef extract, 15~20 g/L
agar, pH =7) at 28 °C. In September 2017, P. orientale was collected from Taiyuan City of
Shanxi Province at 24 °C and 23% relative humidity. Chinese cabbages were purchased
from the local market. The seeds were purchased from Dong Fang Zheng Da Seed Co.,
Ltd., Beijing, China. When all experiments were finished, all experimental materials contain-
ing Pcc were sterilized. The flowchart of all experiment processes in this study is presented in
Figure 1. The meanings of acronyms appearing in this article are shown in Table S1.
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Figure 1. The flowchart of all experiment processes in this study. MIC: minimum inhibitory concen-
tration. GC-MS: gas chromatography—mass spectrometer. TEM: transmission electron microscope.

AKP: alkaline phosphatase. PK: pyruvate kinase. SDH: succinate dehydrogenase. ATPase: adeno-
sine triphosphate.

2.2. Optimization of the POEO Extraction Process
2.2.1. Single-Factor Experiments

Single-factor experiments were performed to select appropriate levels of factors for
the experimental design of the response surface methodology (RSM). The steps of the sin-
gle-factor experiments were as follows:

Soaking Time

To investigate the effect of soaking time on extraction yield of POEQ, 100 g crushed
P. orientale and 800 mL distilled water were added into a flask and immersed for 0, 3, 6, 9
and 12 h respectively. POEO was obtained after 3 h by steam distillation. Through drying,
the extraction yield (%) of POEO was calculated by Equation (1).

The yield (%) = the mass of essential oil/the mass of P. orientale 1)

Extraction Time

To investigate the effect of extraction time, 100 g crushed P. orientale was added to
800 mL distilled water and immersed for 3 h, and the POEO was extracted for 3, 6, 9, 12
and 15 h. Through drying, the extraction yield (%) of POEO was calculated by Equation (1).

Ratio of Liquid to Solid

To investigate the effect of liquid to solid ratio, 600, 800, 1000, 1200 and 1400 mL dis-
tilled water were respectively added into flasks containing 100 g crushed P. orientale, and
the POEO was obtained at the soaking time with extraction time of 3 h. Through drying,
the extraction yield (%) of POEO was calculated by Equation (1).
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2.2.2. Response Surface Methodology

Response surface methodology (RSM) with Box-Behnken design (BBD) was used to
optimize the extraction process [16]. Based on the results of single-factor experiments (Ta-
ble 1), BBD was designed and is presented in Table 2. Experimental results were fitted for
a second-order polynomial equation: Equation (2).

Table 1. Three factors and three levels of response surface methodology.

Factor Levels
Soaking time (h) Xz 0(-1) 3(0) 6(1)
Extraction time (h) Xz 3(-1) 6(0) 9(1)
Ratio of liquid to solid
(mL/g) X5 8(-1) 10(0) 12(1)

(1), (0) and (1) were coded levels.

Table 2. Box-Behnken design (BBD) for Polygonum orientale essential oil extraction.

Factors

Experimental - - - — Extraction
Number Soaking Extraction Ratio of Liquid to Yield (%) Y
Time (h) X:  Time (h) X> Solid (mL/g) X5
1 0(-1) 3(-1) 10(0) 0.270
2 6(1) 3(-1) 10(0) 0.230
3 0(-1) 9(1) 10(0) 0.384
4 6(1) 9(1) 10(0) 0.367
5 0(-1) 6(0) 8(-1) 0.298
6 6(1) 6(0) 8(-1) 0.260
7 0(-1) 6(0) 12(1) 0.338
8 6(1) 6(0) 12(1) 0.318
9 3(0) 3(-1) 8(-1) 0.237
10 3(0) 9(1) 8(-1) 0.344
11 3(0) 3(-1) 12(1) 0.246
12 3(0) 9(1) 12(1) 0.358
13 3(0) 6(0) 10(0) 0.392
14 3(0) 6(0) 10(0) 0.398
15 3(0) 6(0) 10(0) 0.429
16 3(0) 6(0) 10(0) 0.399
17 3(0) 6(0) 10(0) 0.418
(1), (0) and (1) were coded levels.
Y = Bo+ X1+ BoXo+ B3Xs + BriXP + Ba2Xo? + B3sXs + BroXiXo + BisXiXs + P23 XoXs (2)

In this equation, Y is the extraction yield of POEQ; fo is the constant coefficient; f1, 2
and fs are the first-order coefficients; i1, 22 and B33 are the quadratic coefficients and S,
P13 and P23 are the interaction coefficients. X1, X2 and Xs are the soaking time, extraction
time and ratio of liquid to solid.

The second-order polynomial equation was analyzed by analysis of variance
(ANOVA). The 3D response surface plots were obtained by Design-Expert software in
order to confirm optimal extraction conditions of POEO.
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2.3. Antibacterial Activity Assays
2.3.1. In Vitro Antibacterial Activity Assay

In our study, POEO was dissolved in 3% DMSO and diluted by culture media to
achieve concentration of 40 mg/mL. Then, 40 mg/mL of POEO solution was prepared with
the double dilution method to gain concentrations of 40~0.01 mg/mL in a 96-well plate
[17]. Treatment with 3% DMSO was used as a control. The 50 uL Pcc suspension (106
CFU/mL) was added into each well and incubated at 28 °C for 24 h. When the mediums
were clean, the minimum concentration suspension was streaked onto plates. When the
concentration of essential oil reached MIC, there was no visible Pcc growing on the plate
[18].

2.3.2. In Vivo Antibacterial Activity Assay

POEO was dissolved in 3% DMSO and diluted by 1% Tween 20 and sterile distilled
water, until the final concentrations of POEO were 20, 10 and 5 mg/mL [19,20]. The stems
of Chinese cabbage were cut into pieces of uniform size. The pieces were surface sterilized
with 75% ethanol and washed four times with sterile distilled water. Then, a well (4 mm)
was made in each piece. Subsequently, antibacterial activity assay was carried out as fol-
lows:

Protective Assay

For the protective assay, 1 mL of POEO (20, 10 and 5 mg/mL) was uniformly sprayed
onto the pieces. After 24 h, 100 uL of Pcc suspension (10° CFU/mL) was inoculated on each
well. The control was treated with 1 mL of a mixed solution, containing 3% DMSO and
1% Tween 20. These pieces were cultivated in sterile petri dishes at 28 °C [21]. The degree
of rot was measured according to the method presented by Li et al. [22], measuring the
size of the rotten area. The control efficiency of protective activity was calculated by Equa-
tion (3) on the third day.

Control efficiency (%) = (C - E)/C x 100% (3)

In this formula, C is the degree of rot in the control group and E is the degree of rot
in the experimental group.

Curative Assay

For the curative assay, 100 uL of Pcc suspension (10° CFU/mL) was inoculated on
each well. After 24 h, 1 mL of POEO (20, 10 and 5 mg/mL) was uniformly sprayed onto
the pieces. The control was treated with 1 mL of a mixed solution, containing 3% DMSO
and 1% Tween 20. These pieces were cultivated in sterile petri dishes at 28 °C [21]. The
degree of rot was measured according to the method from Li et al. [22], by measuring the
size of the rotten area. The control efficiency of curative activity was calculated by Equa-
tion (3) on the third day.

2.4. GC-MS Analysis

The chemical compounds of POEO were analyzed by TSQ™ 8000 Evo GC-MS
(Thermo Fisher Co., Waltham, Massachusetts, USA). The gas chromatograph was
equipped with a TG-5MS capillary column (30 m x 0.25 mm x 0.25 pm). The carrier gas
was helium with a flow rate of 1.0 mL/min. The inlet temperature was set as 250 °C. The
column temperature program was set to rise from 80 °C to 243 °C at 4 °C/min, and kept
for 10 min at 243 °C. The sample (1.0 uL) was injected into GC-MS with a split of 10:1, and
the range of mass spectra was 10~650 m/z at 70 eV in EI mode. The solvent delay time was
3 min. The standard mixture of n-alkanes was injected into the system for calculating re-
tention indices (RIs) by ADMIS software [23]. By comparing RIs with standard values in
the NIST Search 2.2 database, the compounds of POEO were identified. The relative per-
centage of each compound was obtained by GC peak normalization.
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2.5. Transmission Electron Microscope (TEM) Analysis

The 100 uL of Pcc suspension (10 CFU/mL) was inoculated in a liquid medium (100
mL). Then, POEO was dissolved in 2% DMSO and added into the medium to gain 5 mg/mL
POEO solution. Treatment with 2% DMSO only was used as a control. All treatments were
incubated for 8 h at 28 °C and 120 rpm. The Pcc cells were collected and washed with phys-
iological saline three times. The cells were fixed in 2% glutaraldehyde for 2 h at 4 °C. After
being washed with buffer solution three times, cells were further fixed in OsOx for 2 h and
underwent a series of dehydration (5~15 min per stage). Afterwards, the samples were
soaked for 2~4 h and embedded in epoxy resin 618. The samples were made into ultrathin
sections and double-stained for 15~30 min with uranyl acetate and lead citrate. The changes
of morphology were observed by TEM (JEM-1011, JEOL Co., Ltd., Tokyo, Japan) [24].

2.6. Cell Surface Analyses
2.6.1. Determination of Surface Potential

The 100 pL of Pcc suspension (10° CFU/mL) was inoculated in a liquid medium (100
mL). Then, POEO was dissolved in 2% DMSO and added into the medium to achieve final
concentrations of 1/2MIC, MIC and 2MIC. Treatment with 2% DMSO served as a control.
All suspensions were incubated for 8 h at 28 °C (120 rpm). The cells were collected and
washed with physiological saline three times. Afterwards, the samples were obtained by
resuspending the cells to ODsoonm = 0.6. Finally, the zeta potential was determined by a
Zetasizer Nano ZS (Malvern Co., Malvern, UK) [25].

2.6.2. Determination of Hydrophobicity

The samples were prepared as described in Section 2.6.1. The 1.5 mL cetane was
added respectively into 4 mL samples as experimental groups. The 1.5 mL of physiological
saline was added respectively into 4 mL samples as control. After 20 min, the OD values
(600 nm) of aqueous phase (3 mL) were measured by UV-visible spectrophotometer
(Shanghai Spectrum Instruments, Co., Ltd., Shanghai, China). Equation (4) was used to
calculate the hydrophobicity index.

Hydrophobicity index = (1 - OD1/ODo) x 100% 4)

In this formula, ODo is the OD value of the control group and OD: is the OD value of
the experimental group.

2.7. Cell Wall Damage Assessment

The effect of POEO on cell walls was investigated by measuring extracellular alkaline
phosphatase (AKP) activity [26]. The 100 uL of Pcc suspension (109 CFU/mL) was inocu-
lated in a medium (100 mL). Then, POEO was dissolved in 2% DMSO and added into the
medium to gain final concentrations of 1/2MIC, MIC and 2MIC. Treatment with 2%
DMSO served as a control. All suspensions were incubated for 8 h at 28 °C and 120 rpm.
After centrifuging at 4000 rpm for 10 min, the supernatants were used to measure extra-
cellular AKP activity at 520 nm with an AKP detection kit (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China).

2.8. Cell Membrane Damage Assessments
2.8.1. Cell Membrane Integrity Analysis

Cell membrane integrity was investigated by a propidium iodide (PI) staining
method [27]. The samples were prepared as described in Section 2.6.1. Then, 5 uL of PI
and 95 pL of samples were mixed and incubated at room temperature for 30 min in the
dark. Afterwards, all groups were washed with physiological saline three times. Finally,
the fluorescence intensity was measured using a fluorescence spectrophotometer (F-280,
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Tianjin Gangdong Technology Development Co., Ltd., Tianjin, China) at wavelengths of
536 nm (excitation) and 539 nm (emission).

2.8.2. Cell Membrane Permeability Analysis

The permeability of cell membrane was investigated by utilizing the 5-galactosidase
method [28] with some modifications. The 0.05 g NaCl, 1.71 g Na2HPO+12H20, 0.3 g
KH2POs and 0.1 g NH4Cl were added into a 100 mL volumetric flask, and sterile distilled
water was added to the scale mark. The M9 stock solution was obtained by autoclaving.
Then, 0.2 mL MgSOs (1 mol/L), 10 uL CaClz (1 mol/L), 25 mL lactose solution (20%, m/v),
20 mL M9 stock solution and sterile distilled water were mixed to a final volume of 100
mL to obtain the M9 lactose induction medium. The cells of ImL Pcc suspension (10°
CFU/mL) were collected and washed with physiological saline three times. The cells were
inoculated in M9 lactose induction medium (10 mL). POEO was dissolved in 2% DMSO
and added into the medium to obtain final concentrations of 1/2MIC, MIC and 2MIC. An-
other group treated with 2% DMSOQO served as a control. All groups were cultivated for 8
h at 28 °C at 120 rpm, rinsed with f-galactosidase reaction buffer (0.8 g NaCl, 0.024 g
KH2POs4, 0.025 g MgSO4+7H20, 0.29 g Na2HPO4+12H20, 0.02 g KCl, 0.39 mL p-mercaptoeth-
anol and sterile distilled water; final volume of 100 mL) three times and resuspended to
ODeoonm = 0.6. After resuspension, 100 puL of 1 mg/mL o-nitrophenyl-g, D-galactopyra-
noside (ONPG) and 1 mL of Pcc suspensions were mixed and treated in a water bath for
30 min at 28 °C. Finally, the absorbances of supernatants at 405 nm were measured using
an UV-Visible spectrophotometer.

2.8.3. Determination of Membrane Potential

The membrane potential (MP) was evaluated using the rhodamine fluorescence
method [18]. The samples were prepared as described in Section 2.6.1. Then 5 uL of rho-
damine 123 was added to 1.5 mL of sample and the final concentration of rhodamine 123
was 20 umol/mL. All groups were then incubated (in the dark) for 30 min and washed
three times with physiological saline. Finally, fluorescence intensity was measured in a
fluorescence spectrophotometer at wavelengths of 505 nm (excitation) and 530 nm (emission).

2.8.4. Membrane Protein Conformation Analysis

The changes of membrane protein conformation were determined by fluorescence
spectra assay [29]. The samples were prepared as described in Section 2.6.1. The excitation
wavelength was fixed at 280 nm and the slit widths of the excitation and emission raster
were 1 nm. By scanning at 323~345 nm, the emission spectra of samples were obtained in
a fluorescence spectrophotometer.

2.9. Determination of PK, SDH and ATPase Activities

The samples were prepared as described in Section 2.6.1. Then, the samples were
treated with an ultrasonic sonifier (JY92- II, Ningbo Scientz Biotechnology, Ningbo,
China) in an ice bath. The conditions were as follows: power, 200 w; ultrasound interval,
4 s; ultrasound time, 2 s/time; total ultrasound time, 15 min. The samples were centrifu-
gated at 10,000 rpm, and the supernatants were kept at —20 °C. Finally, the PK, SDH and
ATPase activities of Pcc exposed to different concentrations of POEO were determined by
using a PK detection kit, an SDH detection kit and an ATPase detection kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) [30].

2.10. Statistical Analysis

Each experiment was performed in triplicate. Duncan’s multiple comparisons test
was used to analyze data via SPSS 16.0 software. The results were expressed as mean +
standard deviation.
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3. Results
3.1. Single-Factor Experiments of POEO Extraction

The effect of soaking time on extraction yield was studied at 0, 3, 6, 9 and 12 h. In
Figure 2A, the extraction yield rose from 0 h to 3 h, reached maximum (0.237%) at 3 h and
then significantly decreased. Thus, 0, 3 and 6 h were chosen and served as the three levels
of soaking time for BBD.

>

0.24 4
0.23 -
0224 ¢

0.21 - {\}

0.20

Extraction yield (%)

Soaking time (h)

0.34- _—
0.32-
0.30-
0.28- }
0.26-
0.24-
———s
6 9 12 15

vy

Extraction yield (%)

0.22

Extraction time (h)

O

0.28
= 0.271
0.26
0.25
0.24

0.23 - /

022 ¥

Extraction yield (%

T T T

6 8 10 12 14
Ratio of liquid to solid (mL/g)

Figure 2. Effects of soaking time (A), extraction time (B) and liquid to solid ratio (C) on extraction
yield of Polygonum orientale essential oil (%).
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The effect of extraction time was investigated at 3, 6, 9, 12 and 15 h. In Figure 2B, the
yield at extraction time increased from 3 h to 9 h, reached maximum (0.344%) at 9 h and
from 9 h to 15 h it decreased. According to these results, 3, 6 and 9 h were selected as the
three levels of extraction time for BBD.

The effect of liquid to solid ratio was investigated at 6, 8, 10, 12 and 14 mL/g. In Figure
2C, the extraction yield increased significantly when the liquid to solid ratio rose from 6
to 10 mL/g, reached maximum (0.275%) at 10 mL/g and then declined. Therefore, 8, 10 and
12 mL/g served as the three levels of liquid to solid ratio for BBD.

3.2. Optimization of POEO Extraction Conditions

Based on the results of single-factor experiments (Table 1), we designed BBD to gain
the optimal extraction conditions for POEO. The 17 experiments are presented in Table 2.
The results were subjected to regression analysis, and the second-order polynomial equa-
tion was derived (Equation (5)).

Y =0.4072 - 0.0144X1 + 0.0588X2 + 0.0151X5 + 0.00575X1X> + 0.00445X1: X3 + 0. 00125X2X5

- 0.0436X:2 - 0. 0509X2? - 0.0601X32 ®)

where Y is the extraction yield of POEO. X1, Xz and Xs respectively represent soaking time,
extraction time and ratio of liquid to solid.

The results after analysis of variance (ANOVA) are shown in Table 3. Equation (5)
was extremely significant (p < 0.0001) and the model was ideal (F = 29.86). The lack of fit
was not significant (p = 0.4349). Correlation coefficient (R-Squared) was found to be
97.46%, indicating low experimental error. Adjusted correlation coefficient (Adj R-
Squared) was 94.20%, indicating that the model was able to account for 94.20% of the var-
iation in the response. In addition, the linear term (X2) was extremely significant (p <0.01)
and the linear terms (X1, X3) showed significant effects (p < 0.05). The quadratic terms (X12,
X22 and X3?) were extremely significant (p < 0.01), but the interaction terms (X1Xz, X1X3 and
X2X3) had no significant influence on the extraction yield. The order of impact of each
factor was extraction time, followed by ratio of liquid to solid, and then soaking time.

Table 3. Results of the analysis of variance (ANOVA).

Degree of
Source Sum of Square Mean Square F-Value p-Value
Freedom
Model 0.069 9 7.70x10 29.86  <0.0001
X1 1.65%1073 1 1.65x1073 6.41 0.0392
X2 0.028 1 0.028 107.02  <0.0001
X3 1.83x1073 1 1.83x1073 7.09 0.0323
X1X2 1.32x10* 1 1.32x10* 0.51 0.4972
X1X3 8.10x10 1 8.10x10° 0.31 0.5927
X2X3 6.25x10°¢ 1 6.25x10°° 0.024 0.8807
X2 8.00x1073 1 8.00x107? 31.02 0.0008
X2? 0.011 1 0.011 422 0.0003
X3? 0.015 1 0.015 58.95 0.0001
Residual 1.81x1073 7 2.58x10*
Lack of fit 8.31x10* 3 2.77x10* 1.14 0.4349
Pure error 9.75%10* 4 2.44x10*
Cor Total 0.071 16

R-Squared 97.46%



Foods 2022, 11, 1585

10 of 27

Adj R-Squared 94.20%

Symbols X1, X2 and X3 represented as soaking time, extraction time and liquid to solid ratio. p <0.01:
highly significant; 0.01 < p < 0.05: significant; p > 0.05: not significant.

In Equation (5), the coefficients of linear terms (X2, X3) and interaction terms (X1Xz,
X1Xs and X2X3) were positive, indicating that they had positive effects on increasing the
extraction yield. However, the linear term (X:) and quadratic terms (X1, X2? and X3?) had
negative effects on the extraction yield of POEO.

The 3D response surface plots graphically explore the relative effects of soaking time,
extraction time and liquid to solid ratio, as shown in Figure 3. The interaction effect of
soaking time and extraction time on extraction yield of POEQ is illustrated in Figure 3A.
The effect of extraction time on extraction yield was significantly greater than that of soak-
ing time. Figure 3B shows the 3D response surface plot for the influence on extraction
yield of soaking time and liquid to solid ratio. The liquid to solid ratio had a greater influ-
ence than soaking time on extraction yield. Figure 3C illustrates the combined effect of
extraction time and liquid to solid ratio. The effect of extraction time on extraction was
stronger than effect of liquid to solid ratio.
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Figure 3. 3D response surface plots of the interaction effects between extraction time and soaking

time (A), liquid to solid ratio and soaking time (B), liquid to solid ratio and extraction time (C) on
the extraction yield of Polygonum orientale essential oil.



Foods 2022, 11, 1585

12 of 27

Finally, the optimal extraction conditions were 2.64 h soaking time, 7.71 h extraction
time and 10.25 mL/g liquid to solid ratio. In order to apply to actual operations, the con-
ditions were revised to 2.6 h soaking time, 7.7 h extraction time and 10.3 mL/g liquid to
solid ratio.

3.3. Antibacterial Activity of POEO
3.3.1. In Vitro Antibacterial Effects of POEO on Pcc

The MIC of POEO against Pcc is shown in Table 4. POEO showed strong antibacterial
activity against Pcc at concentrations of 40~0.625 mg/mL, and these mediums were clean.
With the decrease of concentration (0.313~0.08 mg/mL), the mediums were gradually tur-
bid because of the growth of Pcc. Treated with 0.04~0.01 mg/mL of POEQO, the mediums
were completely turbid. In the negative control (3% DMSO), the mediums were also com-
pletely turbid. The 0.625 mg/mL suspension was streaked onto plates and there was no
growth of Pcc cells after incubation. Thus, the MIC of POEO against Pcc was 0.625 mg/mL.

Table 4. Minimum inhibitory concentration (MIC) of Polygonum orientale essential oil against Pecto-
bacterium carotovorum subsp. carotovorum (Pcc).

Concentration (mg/mL)

Strain 3% DMSO
40 5 25 125 0.625 0.313 0.156 0.08 0.04 0.02 0.01 ’
Pcc - - - - - + + ++  +H++ H++ 4 +++
3% DMSO served as a control. “-” represents no growth of Pcc; “+” represents weak growth of Pcc;

“+ +” represents moderate growth of Pcc; + + +, represents extreme growth of Pcc.

3.3.2. In Vivo Antibacterial Effects of POEO on Pcc

In the protective and curative activity assays, the degree of rot was measured accord-
ing to the method reported by Li et al. [22] with some modifications. In this study, the size
of the rotten area was used to represent the degree of rot and was measured using a ruler.
In comparison to the control, a series of POEO concentrations significantly reduced the
rot caused by Pcc. As seen in Figure 4, the whole Chinese cabbage stem was completely
rotten in the control and the areas of rot were significantly greater than the three experi-
mental groups (5 mg/mL, 10 mg/mL and 20 mg/mL). With the increase of concentrations
of POEQO, the area of rot was markedly reduced. In the 20 mg/mL group especially, the
Chinese cabbage stems were scarcely decayed. The control efficiency of protective activity
in the 5 mg/mL group was 74.67%. Compared with the 5 mg/mL group, the control effi-
ciency of protective activity increased to 88.00% and 92.67% after treatment with POEO at
10 mg/mL and 20 mg/mL.
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Figure 4. Protective activity of Polygonum orientale essential oil against Pectobacterium carotovorum
subsp. carotovorum. The control was treated with 3% DMSO and 1% Tween 20. A significant differ-
ence was expressed (p < 0.05).

In Figure 5, the Chinese cabbage stem in the control entirely decayed, with a tan color.
With the increase of POEO concentrations, the degree of rot was gradually reduced. In the
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20 mg/mL group, symptoms caused by Pcc were scarcely observed. The control efficiency
of curative activity (5 mg/mL) was 76.00%. Treated with 10 mg/mL and 20 mg/mL, the
control efficiency increased to 88.00% and 93.00% respectively.

100 - 4
801
60

40

Control efficiency (%)

20

20 10
Concentration (mg/mL)

Figure 5. Curative activity of Polygonum orientale essential oil against Pectobacterium carotovorum
subsp. carotovorum. The control was treated with 3% DMSO and 1% Tween 20. A significant differ-
ence was expressed (p < 0.05).



Foods 2022, 11, 1585

15 of 27

3.4. Chemical Compounds of POEO

Through GC-MS analysis, chemical compounds of POEO were listed in Table 5. We
obtained 29 different compounds, and identified 23 compounds that accounted for 94.34%
of the total content. The principal compounds in POEO were phytol (23.87%), phytone
(17.24%), n-pentacosane (12.62%), 1-octen-3-ol (6.75%) and S-ionone (6.66%). The 23 iden-
tified compounds could be classified into terpenoids (phytol, f-ionone, farnesyl acetone,
geranyl acetone, isophytol, f-cyclocitral, safranal and f-homocyclocitral), alkanes (n-pen-
tacosane, n-heneicosane, n-heptacosane, n-tricosane, n-hexacosane, n-heptadecane, n-
tetracosane and n-octadecane), ketones (phytone, 3,5-octadien-2-one and 2-methyl-2-de-
cen-4-one), alcohol (1-octen-3-ol), carboxylic acids (palmitic acid and linoleic acid) and
ester (di-isobutyl phthalate). The major classes were terpenoids (40.33%), alkanes (22.58%)
and ketones (18.09%).

Table 5. Chemical compositions of Polygonum orientale essential oil.

Peak Compound RT (min) RI RI2 Molecular Formula Relative Percentage (%)
1 1-octen-3-ol 418 961.1 980 +2 CsH1s0 6.75
2 unidentified 5.08 1014.6 - - 1.79
3 3,5-octadien-2-one 638 10925 109110 CsHiO 0.49
4 unidentified 799  1159.0 - - 0.58
5 safranal 9.17  1205.0 1201+ 4 CwHuO 0.63
6 2-methyl-2-decen-4-one 948 12159 1215+N/A Cu0His0 0.36
7 B-cyclocitral 9.74 1225.3 1220+ 3 Ci1oHi160 1.05
8 B-homocyclocitral 10.78  1261.8 1254 £ 3 CuHisO 0.47
9 geranyl acetone 16.45  1454.0 1456 +5 CisH220 2.21
10 B-ionone 17.51  1490.1 1491 +2 C1sH200 6.66
11 unidentified 2148 16289 - - 0.69
12 unidentified 22.08 1651.0 - - 0.86
13 n-heptadecane 2345 17004 1700 Ci7Hse 0.73
14 unidentified 2554  1779.1 - - 0.62
15 n-octadecane 26.10  1800.4 1800 CisHss 0.53
16 phytone 2729 18477 1844 + 4 CisHs30 17.24
17 diisobutyl phthalate 27.88  1871.0 1870 +4 Ci16H2204 2.95
18 farnesyl acetone 2911 1921.2 19195 Ci1sHz00 3.35
19 unidentified 29.27  1927.8 - - 1.12

20 isophytol 29.80  1950.5 1948 +2 C20Hw0O 2.09
21 palmitic acid 3026  1969.5 1968 + 7 CisH302 3.21
22 n-heneicosane 33.36  2100.5 2100 CauHu 3.01
23 phytol 33.72 21168 2116 £2 C20Hx0O 23.87
24 linoleic acid 3456 21548  2133+12 C1sH30: 0.43
25 n-tricosane 3770  2308.1 2300 CasHas 1.53
26 n-tetracosane 39.73 24043 2400 CaaHso 0.67
27 n-pentacosane 41.73  2502.7 2500 CasHsz 12.62
28 n-hexacosane 43.60  2607.6 2600 CasHsa 0.78
29 n-heptacosane 4543  2700.7 2700 Co7Hse 2.71

RT: Retention time; RI1: Calculated retention indices; RI2: Retention indices in NIST MS Search 2.2
database.

3.5. Effect of POEO on Microscopic Morphology

As shown in Figure 6A, the cells in the control group had integral structure and
smooth cell membranes, and were plump. Under the action of POEO, the morphology of
Pcc changed obviously (Figure 6B-D). Some cells appeared to exhibit the phenomena of
plasmolysis (Figure 6B, numbers 2,3). Vacuoles formed due to the leakage of cellular
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contents (Figure 6B, numbers 1,4; Figure 6C, number 5; Figure 6D, numbers 9,10,11,12).
Meanwhile, some cells twisted into different shapes, such as long strips (Figure 6C, num-
ber 6) and cyclic shapes (Figure 6C, number 7). Furthermore, some bacteria were com-
pletely destroyed, causing the appearance of plentiful cell fragments (Figure 6C, number
8).

Figure 6. Transmission electron micrographs of Pectobacterium carotovorum subsp. carotovorum (Pcc)
treated with 2% DMSO (control; (A): 80,000 x) and 5 mg/mL of Polygonum orientale essential oil ((B):
60,000 x, (C): 80,000 %, (D): 80,000 x). Pcc cells displayed vacuoles (1, 4, 5,9, 10, 11 and 12), and some
showed plasmolysis (2 and 3). Some Pcc cells formed long strips (6) and cyclic shapes (7). Plentiful
cell fragments appeared in some Pcc cells (8).

3.6. Effects of POEO on Cell Surface

As seen in Figure 7A, the values of zeta potential increased significantly (p < 0.05) in
the three experimental groups (1/2MIC, MIC and 2MIC) compared with the control. At
MIC and 2MIC concentrations, the values of zeta potential were significantly higher (p <
0.05) than the 1/2MIC group. The results for the MIC and 2MIC groups revealed no sig-
nificant differences.
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Figure 7. Effects of Polygonum orientale essential oil (concentration: 1/2MIC, MIC, and 2MIC) on zeta
potential (A) and hydrophobicity (B). The group treated with DMSO (2%) served as the control. A
significant difference was expressed (p < 0.05).

The hydrophobicity indices of Pcc treated with POEO are shown in Figure 7B. In
comparison to the control, these hydrophobicity indices increased significantly (p < 0.05).
The hydrophobicity index of 2MIC was significantly greater (p < 0.05) than that of 1/2MIC.
The results for the MIC and 2MIC groups revealed no significant differences.

3.7. Effect of POEO on Cell Wall

The effects of POEO on cell walls were assessed by measuring extracellular AKP ac-
tivity. The changes of AKP activity are shown in Figure 8. In comparison to the control
group, the AKP activities of Pcc suspensions increased significantly (p < 0.05) in the three
experimental groups (1/2MIC, MIC and 2MIC). The results for the three experimental
groups showed no significant differences.
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Figure 8. Changes of extracellular alkaline phosphatase (AKP) activity of Pectobacterium carotovorum
subsp. carotovorum after treatment with Polygonum orientale essential oil (concentration: 1/2MIC,
MIC, and 2MIC). The group treated with DMSO (2%) served as the control. A significant difference
was expressed (p < 0.05).

3.8. Effects of POEO on Cell Membrane

According to the PI staining method, the fluorescence intensity of samples can indi-
cate cell membrane integrity. The results for cell membrane integrity are presented in Fig-
ure 9A. The fluorescence intensity of Pcc suspensions increased significantly (p < 0.05) in
the three experimental groups (1/2MIC, MIC and 2MIC), particularly in group of 2MIC
where it maximized to 6374.33.
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Figure 9. The effects of Polygonum orientale essential oil (concentration: 1/2MIC, MIC, and 2MIC) on
cell membrane integrity (A), cell membrane permeability (B), membrane potential (C) and
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fluorescence spectra of membrane proteins (D) of Pectobacterium carotovorum subsp. carotovorum
(Pcc). The control was Pcc treated with 2% DMSO. A significant difference was expressed (p < 0.05).

According to the f-galactosidase method, ODuos values can indicate the permeability
of the cell membrane. In Figure 9B, compared to the control, the ODuos values in the three
experimental groups (1/2MIC, MIC and 2MIC) were significantly increased (p < 0.05) in
an obvious gradient.

In the rhodamine fluorescence method, the fluorescence intensity of samples can in-
dicate changes of membrane potential. Compared with the control group, the results of
fluorescence intensity in the experimental groups (1/2MIC, MIC and 2MIC) declined sig-
nificantly (p < 0.05) in an obvious gradient (Figure 9C).

The fluorescence spectra of membrane proteins are presented in Figure 9D. In the
control, the maximum fluorescence intensity was 1509. Fluorescence intensity gradually
declined with the increase of POEO concentrations, and the maximum values of three
groups (1/2MIC, MIC and 2MIC) reduced to 1293, 1248 and 1223 respectively.

3.9. Effects of POEO on PK, SDH, ATPase Activities

As shown in Figure 10A, the PK activities in three experimental groups (1/2MIC, MIC
and 2MIC) significantly reduced (p < 0.05) in comparison to the control. The PK activities
in the three experimental groups showed no significant differences.
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Figure 10. Effects of Polygonum orientale essential oil (concentration: 1/2MIC, MIC, and 2MIC) on
pyruvate kinase (PK) activity (A), succinic acid dehydrogenase (SDH) activity (B) and adenosine
triphosphatase (ATPase) activity (C). The group treated with DMSO (2%) served as the control. A
significant difference was expressed (p <0.05).

As shown in Figure 10B, the SDH activities in the three experimental groups (1/2MIC,
MIC and 2MIC) significantly decreased (p < 0.05) in comparison to the control. The SDH
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activity in the 2MIC group was significantly lower (p < 0.05) than the 1/2MIC and MIC
groups.

In comparison to the control, the ATPase activities in three experimental groups
(1/2MIC, MIC and 2MIC) significantly declined (p < 0.05) (Figure 10C). Treated with MIC
and 2MIC, the ATPase activities were significantly lower (p < 0.05) than the 1/2MIC group.
The results for the MIC and 2MIC groups showed no significant differences.

4. Discussion

Infected by Pcc, the quality of Chinese cabbage can severely decline. The use of chem-
ical bactericides to control Pcc can lead to pesticide residues, thereby causing food safety
problems [7]. In order to solve these problems, the search for a natural and safe antibacte-
rial agent to control Pcc has attached much attention. EOs extracted from aromatic plants
are becoming a promising kind of antimicrobial substance, because they exhibit low resi-
dues and low toxicity. In this research, the optimum extraction conditions for POEO were
investigated in order to improve its extract quality. Through antibacterial activity assays,
it was found that POEO had an inhibitory effect against Pcc in vitro and in vivo. Through
GC-MS analysis, its chemical compounds were identified. The antibacterial mechanism of
POEO was investigated, to offer a theoretical basis for the potential application of POEO
in the control of Pcc.

The optimum extraction conditions of POEO were confirmed by single-factor exper-
iments and RSM. In single-factor experiments, the effects of three factors on the extraction
yield were investigated (Table 1). The relationship between soaking time and extraction
yield is presented in Figure 2A. Adequate soaking was beneficial to solvent diffusion into
plant cellular structures [31]. However, some essential oil volatilized when the soaking
time exceeded 3 h, resulting in decrease of extraction yield (Figure 2A). The relationship
between extraction time and extraction yield is presented in Figure 2B. The yield increased
because the essential oil had more time to release into the extracting solution [32]. Mean-
while, the extraction temperature also continued to rise. Under higher temperature con-
ditions, essential oil gradually degraded [33]. Thus, the yield showed a decreasing trend
when extraction time exceeded 9 h (Figure 2B). The relationship between liquid to solid
ratio and extraction yield is presented in Figure 2C. When the ratio of liquid to solid grad-
ually increased, the mass transfer resistance declined and plant particles contacted better
with distilled water [34]. This led to improved POEO extraction yield. After the liquid to
solid ratio exceeded 10 mL/g, the heat could be used to heat up a mass of distilled water.
Therefore, the extraction yield declined (Figure 2C). RSM has been widely applied to op-
timize extraction processes by using the multivariate quadratic regression method [35].
RSM has certain advantages, including saving time, saving reagent, reducing the number
of experimental trails, and providing factor interactions [36,37]. RSM is widely applied in
industry to optimize process design parameters [38]. For example, RSM has been used to
optimize the extraction conditions of holy basil essential oil, Artemisia annua L. essential
oil, and eucalyptus essential oil [39-41]. Because the Box-Behnken design has lower ex-
perimental costs and effective experimental design, it is superior to other RSM designs
[42]. Therefore, RSM using Box-Behnken design was chosen to investigate the interactive
effects of the three factors and confirm the optimum POEO extraction conditions. Through
the coefficients of terms (Equation (5)), it was concluded that the order of impact of each
factor was first extraction time, followed by liquid to solid ratio, and then soaking time.
According to RSM, the optimal extraction conditions were 2.6 h soaking time, 7.7 h extrac-
tion time and a liquid to solid ratio of 10.3 mL/g. These conditions may be utilized during
practical application.

Through the antibacterial activity assays, it was found that POEO had obvious inhib-
itory activity against Pcc. According to the in vitro antibacterial assay, the MIC value of
POEO was 0.625 mg/mL (Table 4). Previous research indicates that certain essential oils
have also shown antibacterial activity against Pcc. Hajian-Maleki et al. [43] found that six
EOs had inhibitory activity against Pcc with MIC values of 15~40 mg/mL. Ashmawy et al.
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[44] found that the Citharexylum spinosum leaf extract had antibacterial activity against Pcc,
and its MIC value was 1 mg/mL. The current results show that POEO has a stronger in-
hibitory effect against Pcc. According to in vivo antibacterial assay, POEO demonstrated
effectively protective and curative activity against Pcc, compared with the control (Figures
4 and 5). Almost no decay developed on Chinese cabbage stems treated with 20 mg/mL
of POEO in the protective and curative assays. These results indicate the potential value
of POEO for controlling Pcc.

Through GC-MS analysis, 29 different compounds were obtained and 23 compounds
were identified (Table 5). The principal compounds of POEO were phytol, phytone, n-
pentacosane, 1-octen-3-ol and B-ionone. As reported, the activity of EOs depended on
their chemical compounds [45]. Among these compounds, phytol was more abundant
than other compounds in POEO. As reported, phytol had antibacterial activities against
some bacteria, including Pseudomonas aeruginosa, Escherichia coli and Bacillus licheniformis
PKBMS:s [46,47]. Phytone, n-pentacosane, 1-octen-3-ol and f-ionone were also found in
some EOs with antibacterial activity [48-51]. It was reported that palmitic acid had in vitro
and in vivo efficacy against some bacteria, including Klebsiella pneumoniae, Escherichia coli
and so on [52]. Kim et al. [53] and Kim et al. [54] found that linoleic acid had an inhibitory
effect against pathogens such as Staphylococcus aureus, Candida albicans and Pseudomonas
aeruginosa, etc. The above results of in vitro antibacterial activity assays (Table 4) and in
vivo antibacterial activity assays (Figures 4 and 5) prove that POEO had effective inhibi-
tory activity against Pcc. The antibacterial activity of POEO against Pcc could depend on
these compounds (phytol, phytone, n- pentacosane, 1-octen-3-ol, f-ionone, palmitic acid
and linoleic acid, etc.).

The mechanism was investigated from five aspects, including cell microscopic mor-
phology, cell surface, cell wall, cell membrane and three key enzymes in the respiratory
metabolism.

Microscopic morphology of Pcc cells treated with POEO was observed by TEM. The
Pcc cells treated with POEO showed the phenomena of plasmolysis, vacuoles, distortion
and cell fragments (Figure 6). As lipophilic substances, EOs can easily penetrate into cell
membranes and cell walls [55]. Interactions of EOs with polysaccharides, fatty acids and
phospholipids make the cell membrane more permeable, resulting in the leakage of cellu-
lar contents [55]. The loss of cellular contents can increase the concentration of external
solute, causing the efflux of water [56]. This may lead to changes of Pcc cell shape, such as
plasmolysis (Figure 6). The leakage of cellular contents can also cause the appearance of
vacuoles in Pcc (Figure 6).

Surface charge and hydrophobicity were used to determine the surface characteris-
tics. Zeta potential reflects the stability of colloidal dispersion [57]; surface charge of bac-
teria was estimated by zeta potential [58]. As seen in Figure 7A, the zeta potential in-
creased, thereby causing the cell surface to become unstable [59]. As previously reported,
the adhesive ability was associated with hydrophobicity [60]. After exposure to different
concentrations of POEO, the hydrophobicity indices were significantly increased (Figure
7B), indicating an increase in the adhesive ability of Pcc. Pcc cells were therefore more
likely to agglutinate, thereby leading to their death.

The damage caused by POEO on cell walls was determined by measuring extracel-
lular AKP activity. AKP is situated between the cell membrane and the cell wall. Under
normal circumstances, AKP cannot pass through the integral cell wall. However, as the
cell wall is damaged, AKP activity can be detected extracellularly [61]. Figure 8 reveals
that the content of extracellular AKP increased, proving that the Pcc cell wall was dam-
aged by POEO.

The integrity and permeability of cell membranes, the membrane potential and mem-
brane protein conformation were determined, to study the action of POEO on cell mem-
brane. The cell membrane integrity was studied by PI fluorescence staining [62]. When
the cell membrane is damaged, PI can bind to nucleic acids by passing through the dam-
aged cell membrane, thereby enhancing fluorescence [63]. The results (Figure 9A)
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indicated that a mass of PI penetrated cells, leading to an increase of fluorescence inten-
sity. Therefore, cell membrane integrity was destroyed by POEO. As reported by Wichel-
ecki et al. [64], B-galactosidase is a hydrolase, responsible for catalyzing the hydrolysis in
microorganisms of lactose to galactose and glucose. ONPG, a lactose analogue, can pass
through cell membranes and be hydrolyzed to o-nitrophenol (OPN) and galactose under
the catalysis of p-galactosidase. OPN at 405 nm has a characteristic absorption peak [28].
The ODuosnm values of OPN were used to confirm the degree of cell membrane permeabil-
ity. Treated with POEQO, the ODuosnm values significantly increased (Figure 9B). The results
indicated that there was considerable OPN inside the Pcc cells. Thus, ONPG was seen to
penetrate the cell membrane, generating OPN in the Pcc cells under the action of $-galac-
tosidase. This suggests that when treated with POEQ, the permeability of cell membrane
increased. MP was determined by rhodamine fluorescence. As a cationic fluorescent dye,
rhodamine 123 can be used to indicate changes of MP [65]. A decrease in MP indicates the
depolarization of cell membrane [66]. In this study, the fluorescence intensity obviously
reduced in samples treated with POEO (Figure 9C), which indicated that the cell mem-
brane underwent depolarization. The effect of POEO on membrane protein conformation
was also investigated. Phenylalanine, tryptophan and tyrosine can emit fluorescence [67];
when membrane proteins are treated with drugs, the residues of membrane proteins are
exposed, leading to a quenching effect on fluorescence [29]. Treated with POEQ, the fluo-
rescence intensity decreased (Figure 9D), which indicated that the membrane proteins of
Pcc interacted with POEO and the membrane protein conformation was changed.

Respiration is a vital form of metabolism in organisms, which can convert organics
into energy. The activities of three key enzymes in the respiratory metabolism were de-
termined. As a key enzyme in the glycolytic pathway, PK catalyzes the conversion of
phosphoenolpyruvate and ADP into pyruvate and ATP [68]. In the tricarboxylic acid
(TCA) cycle, succinic acid can be oxidated to fumarate under the catalysis of SDH [69]. In
addition, ATPase is essential for organisms to transfer substances and energy, and main-
tain their life activities [70]. According to the results (Figure 10), the activities of PK, SDH
and ATPase were inhibited by POEO. When the activity of PK was inhibited, the conver-
sion of phosphoenolpyruvate may have been interrupted. The inhibition of SDH might
lead to the decrease of fumaric acid, thereby restraining the TCA cycle. When the ATPase
was inhibited, the transfer of substances may have been restrained. As three key enzymes
in respiration, the inhibition of their activity might eventually lead to reduced generation
of ATP.

5. Conclusions

In conclusion, the optimum POEO extraction conditions (soaking time of 2.6 h, ex-
traction time of 7.7 h and liquid to solid ratio of 10.3 mL/g) were optimized by single-
factor experiments and response surface methodology. In vitro and in vivo antibacterial
activity assays suggested that POEO showed effective antibacterial activity against Pcc.
The result of GC-MS revealed that the major compounds of POEO were phytol (23.87%),
phytone (17.24%), n-pentacosane (12.62%), 1-octen-3-ol (6.75%) and p-ionone (6.66%).
Based on the results of the antibacterial mechanism, we found that POEO exerted inhibi-
tory activity against Pcc in the following ways. Firstly, POEO can change the morphology
of Pcc, causing the appearing of plasmolysis, vacuoles, cell fragments, etc. Secondly,
POEO can destroy the stability of Pcc cells by increasing zeta potential and hydrophobi-
city. Thirdly, POEO can act on cell walls and cell membranes by causing the leakage of
AKP, damaging cell membrane integrity and permeability, reducing MP, and changing
membrane protein conformation. In addition, POEO could affect the respiration of Pcc by
inhibiting the activities of three key enzymes (PI, SDH and ATPase) related to the TCA
cycle and glycolytic pathway. Accordingly, POEO could be used to control Pcc, thereby
improving the quality of Chinese cabbage.
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