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Abstract: To verify the anti-fungus properties of the crop-harmful pseudocercospora, the essential
oil (EO) of pomelo peel (PP) was extracted by a single factor combined with response surface
optimization. Meanwhile, the composition and activity of EO were studied. The PP was squeezed
by a screw extruder and pretreatmented by pectinase, then extracted by microwave-assisted steam
distillation. The optimal conditions were as follows: pectinase dosage was 69.17 umol/g, microwave
power was 651.42 W and extraction time was 43.84 min. The dry weight (DW) yield of PPEO
reached 14.63 mL/kg DW after BBD optimization. There were 23 compounds in the PPEO identified
by GC-MS. Limonene, a-phrenbutene, and laurene in PPEO accounted for 79.31%, 4.72%, and
3.46%, respectively. In addition, the antifungal was effective when the concentration of PPEO was
3.5 mg/mL. Therefore, this study has guiding significance for the development of natural resources.

Keywords: pomelo peel; essential oil; pseudocercospora; pectinase; GC-MS

1. Introduction

Toxins produced by fungus can contaminate crops to varying degrees [1]. Pseudocer-
cospora fungus (PF) is a representative fungus commonly found in banana, guava, and other
fruit crops [2,3] and is also a persistent pathogen that is difficult to eradicate. Synthetic
chemicals used as antifungal drugs can effectively protect crops and plants. Chemical
fungistatic drugs, on the other hand, frequently leave residues after treating diseased
crops [4] and are highly toxic to mammals [5], which is the reason for the growing interest
in developing safer methods.

Pomelo (Citrus maxima ‘Shatian Yu’) peel (PP), a byproduct of pomelo fruit juice
processing, is rich in essential oil (EO) and flavonoids [6,7]. The pomelo peel essential oil
(PPEO) has been shown to consist of complex mixtures of many monoterpenes, oxidized
monoterpenes, and sesquiterpenes [8]. In addition, PPEO has been reported to possess
broad bioactivity, such as anti-inflammatory, anxiolytic, antioxidant, and antimicrobial
effects [9]. which is generally considered safe, and studies have shown that PPEO has
potent antifungal and antiviral properties [10,11].

To isolate EO compounds, plants are first subjected to cell fragmentation via external
mechanical forces [12], followed by the EOs slowly diffusing from the cells onto the surface
of the plant material to be isolated [13], which can significantly reduce the difficulty of EO
isolation. Pre-crushing the raw material before extraction can disrupt its entire structure
and facilitate the separation of target analytes such as EOs [14]. However, conventional fine
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comminution results in particles that are too small, which is incompatible with solid-liquid
separation [15]. Meanwhile, the comminution method will generate noise and dust during
the pretreatment stage of processing [11]. Screw extrusion pretreatment enables adequately
ruptured cell walls in plants [16] and promotes the accumulation of shear forces, which
leads to cell rupture when shear stress exceeds a predetermined value, resulting in the
leakage of volatile components [17]. The material inside the barrel is propelled forward by
the frictional force generated between the screw and the barrel, and is constantly under
pressure due to t the shrinkage of the screw space, thus improving the destruction effect [18].

The addition of catalysts can significantly improve the extraction yield of natural
products from plants; enzymolysis-assisted extraction is a viable alternative to traditional
extraction methods [19]. Pectinase treatment was previously demonstrated to dissolve cell
wall fibers [20], thus releasing more active ingredients and helping in increasing the yield
of active ingredients during extraction [21].

Microwave-mediated hydrodistillation is a new technology recently developed for ex-
traction and separation, highly regarded performance of this technology is ascribed /owing
to its time savings and lack of noise pollution [22]. It destroys the cell wall instantly
and increases the permeability of the protoplasmic layer, which is used to extract inclu-
sions [23,24]. Microwave irradiation can improve the transfer of heat energy in the materials
to capillary fibers and enhance the water absorption capacity of plant materials, which can
increase the extraction efficiency [25]. Radiation heating can work within a short period.
Microwave irradiation can induce molecular dipole migration, which is knowed as the
cause of hydrogen bond rupture in the plant cell wall [26].

As a result, we hypothesized that pretreatment of PP with pectinase would aid in
increasing the extraction rate of EO. We pretreated PP using spiral extrusion, and verified
the antifungal acitivity of PPEO, thereby reducing disease contamination in agricultural
production and improving food quality.

2. Materials and Methods
2.1. Materials and Apparatus

Pomelos (Citrus maxima ‘Shatian Yu’) were purchased from the City Agricultural Trade
Mall (Meizhou, China). The other materials were as follows: water purifier (Millipore, MA,
USA); anhydrous sodium sulfate (Purity > 99%) and pectinase, Tianjin Fuchen Chemical
Reagent Factory (Tianjin, China); N-hexane (Chromatographic purity), Tianjin Guangfu
Science and Technology Development Co., Ltd. (Tianjin, China).

The microwave extraction device is composed of three parts: microwave heating,
EO collection, and condensed reflux. The maximum microwave radiation output power
is 700 W, and the inner of the microwave oven cavity is 600 x 550 x 560 mm (Heyuan
Analytical Instrument Co., Ltd., CW-2000, Shanghai, China). The power can be adjusted
continuously as needed, the maximum power is 700 W, and an external knob controls
the power.

The screw extrusion process is completed by equipment (MG-1232, Jinyimei Electric
Co., Ltd., Foshan, China), which includes a motor, a screw (120 mm), and a feeding inlet
(diameter is 50 mm), and a sieve plate. The material was cut by the shearing blade, and
then left the screw extrusion apparatus from the extrusion hole of the sieve plate.

2.2. Pretreatment and EO Separation

The PP was diced with a knife, 50 g PP was crushed by a screw, then soaked in
pectinase solutions of varying concentrations for 60 min at 50 °C (100 mL of distilled
water previously was dissolved with different amounts of pectinase powder to obtain
20-100 umol/g solutions was added into the flask). Subsequently, the pretreated PP-
pectinase solutions were placed in a 1000 mL round bottom flask for extraction (After the
preliminary experiment, the optimal solid-liquid ratio is 1:3). A Clevenger-type apparatus
was used for the hydrodistillation process. Finally, anhydrous sodium sulfate was used to
dry the EO and stored at 5 °C.
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2.3. Single-Factor and Response Surface Experiments Optimization

Table 1 shows factors and levels were in the response surface, with the EO yield (Y) as
the response value, Xj, X, and X3 represent different factors, and the values 1, 0, and —1
were used to represent the high, medium, and low levels, respectively (In the process of
response surface optimization, the three values represent the high and low levels close to
the optimal level).

Table 1. Factor and Levels in Response Surface Analysis.

Level
Factor Unit
-1 0 1
Dosage of cellulase (X1) umol/g 60 80 100
Microwave irradiation power (Xp) \%\Y 385 540 700
Microwave irradiation time (X3) min 35 40 45

2.4. GC-MS Detection

The EO samples were subjected to gas chromatographic detection using the EO detec-
tion method, which involves diluting the EO with hexane and filtering it through a 0.45 m
organic phase filter membrane. The GC-MS conditions were as follows: inlet temperature
280 °C; interface temperature 280 °C; carrier gas flow rate 1.5 mL/min; injection volume
1 ul; shunt ratio 10:1; initial temperature 50 °C, ramp up to 100 °C at a rate of 5 °C/min,
and hold for 5 min. The chromatographic column was purchased from Source Leaf LTD,
HP-5MS, 60 m x 250 pum x 0.25 um (Shanghai, China).

2.5. Pseudocercospora Isolation

Isolation and culture of PF strains: the entire strain isolation procedure was completed
on a sterile operation table. The decayed guava was cut and ground then added to normal
saline and shaken for 30 s. After diluting the gradient to 10-8 CFU/mL, 100 uL was evenly
applied to the solid medium, sealed at 28 °C for 72 h. The morphology of pseudocercospora
was observed, photographed, and recorded under a microscope.

2.6. Antifungal Experiment

The AGAR dilution method was developed to identify the antifungal properties of
EO. The blank control was sterile distilled water. We were fixed EO with 0.1% Tween 80,
and pour the EO solution into a solid medium below 50 °C, the medium concentration
range was 0-3.5 ug/mL, thoroughly mixed evenly, and injected it into the Petri dish, and
allowed to cool and solidify. A hole punch was used to cultivate a 5 mm small cake from
the cake and placed it in the middle of each concentration medium. Pseudocercospora
growth was observed and recorded in three parallel experiments at 26 °C for 120 h at
each concentration gradient. After the pseudocercospora growth reached the edges of the
negative control plates with little change in coverage, the antifungal rate was calculated
by Wael et al. method: [(DC—DT)/DC] x 100, where DC and DT represent the average
diameters of the fungal colony for control and treatment, respectively.

3. Results and Discussion
3.1. Extraction and Optimization of EOs
3.1.1. Extraction Rate under Different Factor Levels

According to Figure 1A, the yield of pomelo peel EO pretreated with pectinase at
concentrations ranging from 20-100 pmol per unit time was 4.71-6.45 mL/kg DW, while
the yield of the untreated samples was 4.38 mL/kg DW. The rate of increase in EO yield
decreased when pectinase was added at a concentration of 60-100 pmol, most likely because
this concentration of pectinase was able to cause greater damage to the inner cell wall of
the raw material, which was consistent with the reported pattern in previous studies. As a
result, the optimal amount of pectinase to add was determined to be 60 pmol.
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Yield of essential oil (mL/kgDW)

0

The relationship between microwave time and EO yield is depicted in Figure 1B.
The yield of EO is proportional to the duration of microwave irradiation. When the
microwave time is only 10 min, the yield of EO is less than 2 mL, and this ratio gradually
increases with time. The microwave time of 40 min almost achieves the maximum yield
of EO (8.43 mL/kg DW). The majority of the EO extraction in the raw material has been
completed when the time reaches 40 min. As can be seen from Figure 1C, the yield of EO
increased significantly in the microwave power range of 235-385 W, while the extraction
yield of EO decreased slightly as the microwave irradiation power changed from 385 to
700 W, which is because the PP liquid has a strong ability to absorb microwave energy
at the low power stage. As the power continues to increase to 700 W, which may result
in scorching of the plant samples and thus the extraction yield of EO increase slightly.
Therefore, the most appropriate power is conducive to maximizing EO [27]. As a result,
385-700 W was selected as the range of microwave power for subsequent experiments.
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Figure 1. The yield of essential oil effected by different factors. Figure (A—C) respectively represents
the effects of pectinase addition amount, microwave time and microwave power on the yield of
essential oil.

3.1.2. Extraction Kinetics

As illustrated in Figure 2, the microwave time of 0-40 min yielded EOs in the range
(0-8.2 mL/kg DW), which may be since the method of microwave extraction can rapidly
reach a higher temperature. After the cell expands, ruptures and the EO flows out, the ther-
mal molecules accelerate their movement. However, when the extraction lasted 40-50 min,
there was less variation in yield. Excessive extraction time reduces the stability and yield
of the extraction, and a significant amount of EOs present in the raw material gradually
disappears. Meanwhile, as shown in Figure 2, the yield of EO increased slightly as the
microwave power increased from 540 to 700 W, and the kinetic extraction curve objectively
demonstrates the yield of EO per unit of time under various power conditions. After careful
consideration, it was determined that the optimal microwave time was 40 min, and the
optimal extraction power was 540 W, which produced the same results as the extraction of
nutmeg EO using microwave-assisted distillation by Mathew et al. [28].

3.1.3. Response Surface Optimization

Response surface method was used to optimize the single-factor results [23], and the
fitting effect was discussed by 3D graph.

Asis shown in Figure 3a, the dosage of pectinase had the most significant impact on EO
yield. When the 70 pmol/g pectinases were added, the yield approached 13.40 mL/kg DW,
tending to be maximized. However, when the dosage of pectinase continued to increase, EO
yield leveled off. As shown in Figure 3b, with the increase in microwave time and pectinase
content, the EO yield gradually increased to 13 mL/kg DW. The material was fully heated
with the increase of microwave time; when the time reaches about 40 min, prolonging
extraction time is not conducive to the extraction of essential oil. In Figure 3¢, the yield
of EO increased with the increase of microwave time and power and leveled off when
microwave time reached 40 min and 540 W. Meanwhile, excessive power and time will
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lead to more consumption, in order to further obtain the optimal factor level, the quadratic
polynomial regression model formula for each factor to the response value was obtained:

Y = 13.65 + 2.18X; + 0.63Xp + 0.71X3 + 0.11X; X, + 0.033X1 X3 + 0.53XpX5 — 2.49X;2 — 0.78Xp2 — 0.71X52 1)
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Figure 2. Extraction kinetics on yield of essential oil.
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Yield of essential oil

C: Microwave time : \,,/"“-'” A: Dosage of pectinase

Yield of essential oil

4500 700.00

C: Microwave time M"’ B: Microwave power

3500 38500

C

Figure 3. Response surface figure of the yield of PPEO influenced by different factors ((a—c): rep-
resents the influence of different factors on the yield of essential oil, (a): microwave power and
pectinase addition amount; (b): microwave time and pectinase dosage; (c): Microwave time and
microwave power).
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Table 2 shows the ANOVA results of the regression equation describing the yield of
EO (Y), with a model p-value of 0.0001, indicating a highly significant regression model.
The lack of fit term was not significant (p = 0.1193 > 0.05), indicating that the unknown
factors had little effect on the experimental results and that the test error can be ignored;
the model has an R? of 0.9912 and a CV% of 2.843%, indicating a high degree of model
fitting. The results demonstrated that the model could accurately fit the experimental data
and adequately reflect the effect of various factors on the EO yield. The primary term,
secondary term, and interaction term all had a highly significant effect on the EO yield
(p > 0.01), whereas AC and BC of the interaction term had no significant effect on the EO
yield (p > 0.05). The factors affecting the yield of EO were ranked as follows: A (pectinase
addition) > B (microwave power) > C (microwave time). The amount of pectinase added
had the greatest effect on the yield of EO, followed by the microwave power and the
microwave time. The verification test used 69.17 pmol of pectinase, 651.42 W of microwave
power, and 43.84 min of optimal extraction time. On this basis, the obtained EO yield was
14.63 mL/kg DW.

3.1.4. Validation Test

Within the test range for various factors, the optimal process parameters were de-
termined with the yield of EO as the optimization objective. Add pectinase 69.17 umol,
microwave power 700 W, extraction time 44 min, three repeated experiments were con-
ducted, and the average yield of EO was 14.41 mL/kg DW. These values did not differ
significantly from the predicted ones and could be extracted further under the modified
conditions [29].

3.2. EO Compounds

GC-MS analysis was used to determine the compounds of EO* (EO obtained by
microwave-assisted distillation) and EOP (EO obtained by steam distillation). The findings
in Table 3 showed that a total of 23 compounds were detected in the EO, the main com-
pounds of PPEO were Limonene (79.31%), Myrcene (3.76%), and o-Phellandrene (4.72%)
et al., which were the primary components of the pomelo peel EO, accounting for more than
85% of the total amount of the EO. Compared with traditional heating, microwave-assisted
distillation using high-frequency electromagnetic waves makes the material within the
molecule collide under the effect of an electric field, the electromagnetic energy enters as
heat energy, thereby enhancing the penetration ability of microwave heating. The extraction
efficiency of microwaves is higher than that of traditional methods [30,31].

3.3. Bioactivity of Essential Qils
3.3.1. Pseudocercospora Isolation

The Pseudocercospora isolation material was obtained from rotten diseased guava
epidermis (purchased from a farmer in Meizhou, Guangdong, China), and the rotten
diseased parts were cut and isolated by the gradient dilution method, and then incubated
at 26 °C for 48 h. Gram staining was used to identify the pseudocercospora isolation, and their
appearance was observed using a 100x electron microscope. PF appears as filamentous
tangles with no tissue growth. The pseudocercospora isolation i in the medium was dark
brown heads, white caudal spores, and radially grew in culture. However, when the
number of PF reaches a certain level, the white body completely covers the pseudocercospora
isolation; the pseudocercospora isolation consumes the medium at a certain point during
incubation, increasing the volume by tens or even hundreds of times.
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Table 2. Box-Behnken design (BBD) with experimental value for a total yield of EO (mL/kg DW), analysis of variance (ANOVA) for response surface quadratic

model, and fit statistics for response values.

BBD Experiments ANOVA
Run Source of Sum of Degree of Mean

Xa X, X3 Yeo Variation Squares Freedom Square f-Value p-Value
1 60 542.5 40 13.28 Model 91.17 9 10.13 88.06 <0.0001
2 60 385 45 11.77 X1 53.10 1 53.10 461.53 <0.0001
3 80 542.5 45 13.98 Xo 5.64 1 5.64 49.07 0.0002
4 60 385 35 10.55 X3 4.79 1 4.79 41.63 0.0003
5 40 700 40 8.38 X112 17.31 1 17.31 150.49 <0.0001
6 40 542.5 35 7.98 Xp? 2.04 1 2.04 17.69 0.0040
7 60 542.5 40 13.61 X532 3.59 1 3.59 31.16 0.0008
8 60 700 45 14.31 X1Xp 1.77 1 1.77 15.38 0.0057
9 60 542.5 40 13.59 X1X3 0.32 1 0.32 2.77 0.1397
10 80 700 40 15.09 Xp X3 0.64 1 0.64 5.56 0.0504
11 60 700 35 11.49 Residual 0.81 7 0.12
12 40 385 40 8.09 Lack of fit 0.56 3 0.19 2.99 0.1585
13 80 542.5 35 12.34 Pure error 0.25 4 0.062
14 40 5425 45 8.49 Corrected 91.98 16 0.12

total
15 80 385 40 12.14 Credibility analysis of the regression equations
16 60 5425 40 13.87 Index Standard Mean CV% Press R2 Adjustgz ~ Tredicted - Adequacy
mark deviation R precision

17 60 542.5 40 13.89 Y 0.34 11.93 2.84 9.30 0.9912 0.9800 0.8989 28.355

Xi: Dosage of pectinase (umol/g), X;: microwave power (W), X3: microwave time (min), Ygo: yield of essential oil (mL/kg DW).
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Table 3. Chemical constituents of essential oil from pomelo peel.

Content (%)

NO.? RT (min) ® Compounds Formula RIS CAS # o - Sln}i}:)nty
1 10.578 x-pinene CyoHig 940 000080-56-8 1.87 1.11 96
2 12.287 Myrcene CyoHig 992 000123-35-3 3.46 4.48 95
3 12.828 a-Phellandrene CyoHig 1010 000099-83-2 4.72 5.70 80
4 15.384 Limonene;(+)-1 CyoHis 1033 000138-86-3 79.31 76.12 99
5 16.506 Linalool oxide C19H150; 1076 001365-19-1 0.16 0.15 91
6 17.099 a-terpinolene Ci0His 1088 000586-62-9 - 0.11 95
7 17.464 Linalool Cy0H;180 1106 000078-70-6 0.93 0.77 97
8 18.433 Lme t}%yclz-ifécl)ielzfﬁy}e(t)}l{enyl)- C10H160 1118 007212-40-0 0.13 - 96
9 21.560 a-Terpineol Cy0H180 1129 000098-55-5 0.49 0.40 90
10 21.959 (-)-Trans-Isopiperitenol C10H160 1210 074410-00-7 0.17 - 94
11 23.016 Nerol;cis-Geraniol C1oH150 1229 000106-25-2 0.22 0.20 96
12 23.234 Carveol C10H160 1235 000099-48-9 0.19 0.21 98
13 23.569 Z-Citral C10H160 1249 000106-26-3 0.24 0.10 98
14 24.056 Geraniol / Trans-Geraniol C1oH150 1267 000106-24-1 0.26 0.23 94
15 24.767 Geranial/ trans-Citral C10H160 1272 000141-27-5 0.29 0.27 96
16 25.654 Safrole C19H1002 1288 000094-59-7 0.14 0.11 97
17 27.787 a-terpipene CyoHie 1320 000099-86-5 0.24 0.23 93
18 29.870 Geranyl acetate C1pHppO, 1386 000105-87-3 0.37 0.56 91
19 31.277 Methyleugenol C11H140, 1407 000093-15-2 2.12 1.01 98
21 32.288 trans-Caryophyllene Cy5Hpy 1442 000087-44-5 0.61 0.32 99

1-ethenyl-1-methyl-2-(1-
21 32.764 methylethenyl)-4-(1- Cy5Hpy 1486 003242-08-8 - 0.10 98
methylethylidene)-
22 35.143 -Copaene Cy5Hpy 1493 018252-44-3 0.18 - 97
23 48.739 Nootkatone C15H»O 1797 004674-50-4 0.65 0.65 99

EOA (EO obtained by microwave-assisted distillation) and EOB (EO obtained by steam distillation); ®. compounds listed in order of elution from HP-5MS capillary column; P. retention
time; €. retention index.
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3.3.2. Antifungal Process

Pseudocercospora isolation was grown in various concentrations of EO medium for
a total of 120 h. As illustrated in Figure 4, the growth of different concentrations of EO
medium is also indeterminate. In general, as the concentration of the EO in the medium
per unit time increases, the growth area of pseudocercospora decreases, and the intensity of
antifungal is proportional to the EO medium concentration [32,33].

0
=3
(2]
2
[=A
o]
=] | i
| 1
— 72 -
m S
o g
! (]
120

BESH SO
0 0.5 1 1.5 2 2.5 3 3.5

Concentration of the EO (mg/mL)
Figure 4. Antifungal process of PPEO.

The strain did not grow within the first 24 h, but diffusion growth of the pseudocer-
cospora was observed after 48 h of incubation (EO concentration in the medium 0-3 mg/mL,
48 h). As the increase of culture time, the growth trend of PF was more obvious, and when
the incubation time was increased to 120 h, pseudocercospora growth was widespread and
regular in the concentration range of 0-3 mg/mL. The PF grew evenly around the circular
filter paper sheet at a concentration of 3 mg/mL, with the black pseudocercospora head in
the center and the white fluffy shape of the outer ring representing the tail spores, which
are round and evenly distributed. When the culture time exceeds 72 h, the range of the
pseudocercospora in the culture medium had little changed with different concentrations of
essential oil, and the coverage rate of the negative control group with 0% EO content was
all over 90%. When the EO concentration is up to 3.5 mg/mL, it always had a significant
antifungal effect all the time, while the antifungal rate of the 3.5 mg/mL EO solution was
100%. With the decrease of the EO concentration, the antifungal rate was gradually reduced,
the antifungal rate of 3 mg/mL EO solution was 66.67%, followed by the rate of 56.58%
of 2.5 mg/mL and 47.5% of 0.5 mg/mL. The EO medium concentration was increased to
3.5 mg/mL to achieve the antifungal effect for 120 h, while the pseudocercospora remained
non-viable. Thus, when the concentration of pomelo peel EO was greater than 3.5 mg/mL,
it exhibited a significant antifungal property. Experiments have demonstrated that PPEO
can be used as a natural, pollutant-free pesticide [34,35].

4. Conclusions

The raw material for pomelo peel was pretreated by the screw extrusion method,
and several impact factors affecting the yield of PPEO were optimized and evaluated
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by a single-factor experiment combined with the response surface method. The opti-
mal conditions were: 69.17 pmol/g pectinases were added, 651.42 W microwave power
was used, and 43.84 min was the optimal extraction time. The highest yield of EO was
14.63 mL/kg DW. The compounds of Limonene were the highest (79.31%) in the EO, fol-
lowed by x-Phellandrene (4.72%) and Myrcene (3.46%). Additionally, the pseudocercospora
was isolated and cultured from diseased guava, and the morphology of the pseudocercospora
was visualized by electron microscopy. The antifungal property was significantly effective
when the PPEO concentration was increased to 3.5 mg/mL. These findings indicate that
the PPEO has potential use in the future development of agricultural antibiotics.
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