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Abstract: The antifungal activity and mechanism of rosemary essential oil against Colletotrichum
gloeosporioides, the walnut anthracnose pathogen, were investigated using scanning electron mi-
croscopy (SEM), index determination and transcriptome technique. The results showed that rosemary
essential oil could inhibit the growth of C. gloeosporioides with minimum inhibitory (MIC) and fungi-
cidal (MFC) concentrations of 15.625 pL/mL and 31.25 uL/mL, respectively. Scanning electron
microscopy revealed that the mycelium morphology became shriveled, twisted, and severely de-
formed after being treated with rosemary essential oil. The activity of chitinase, which decomposes
fungal cell wall components in C. gloeosporioides, increased. The ergosterol content in the plasma mem-
brane decreased, while the cell contents including nucleic acids, soluble protein and soluble reducing
sugar were released resulting in the extracellular electrical conductivity being changed. For metabolic
activity, the enzymes succinate dehydrogenase (SDH), malate dehydrogenase (MDH), ATPase and
ATP decreased, whereas phosphofructokinase (PFK) increased. Transcriptome sequencing results
showed that the antifungal mechanism of rosemary essential oil involves the destruction of the cell
wall and membrane, inhibition of genetic material synthesis, and cell division and differentiation.
The results are helpful to understand the efficacy and antifungal mechanism of rosemary essential oil
against C. gloeosporioides and provide a theoretical basis for the development of rosemary essential oil
as a biological control agent.
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1. Introduction

Walnuts are an excellent tree with ecological, economic and social benefits. While
walnut anthracnose has become one of the key diseases that leads to a reduction in walnut
yield and quality, anthracnose is one of the world’s top ten plant fungal pathogens, with a
wide range of hosts and highly destructive [1]. The main pathogen for walnut anthracnose
is Colletotrichum gloeosporioides. Currently, many synthetic chemical fungicides, such as
chlorothalonil and carbendazim, are used for walnut anthracnose control. The negative
effects of the fungicides include the loss of efficiency in the control of phytopathogenic
diseases, enhanced resistance of plant pathogens to active ingredients, environmental
destruction, and severe harm to human health [2]. Alternatives to safe, effective and
environmentally friendly fungicides have been explored, but there are currently no plant
origin biochemicals available to control anthracnose. Plant essential oils have attracted
attention due to their strong antifungal activity, low toxicity and environmental friendliness.

Essential oils are aromatic, oily liquids extracted from various plants [3]. They are
complex mixtures of low-molecular weight compounds synthesized by plants [4] and
mainly contain terpenes (monoterpenes and sesquiterpenes), alcohols, ketones, aldehydes
and other volatile organic compounds that can be used as antibacterial agents, antiviral
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drugs, and antioxidants [5,6]. In addition, essential oils are recognized by the Food and
Drug Administration (FDA) as a “generally recognized safe” natural product and can be
used in food preparations, drugs, and cosmetics [7].

Rosemary essential oil (REO) contains camphor, a-pinene, 1,8-cineole, Bicyclo (2.2.1)
heptane-2-one, trimethyl, Eucalyptol, Camphene, b-Pinene, D-Limonene, a-Phellandrene,
[-Caryophyllene, and other relative components [8-11]. Studies have shown that REO
can inhibit the growth of Escherichia coli, Bacillus cereus and Staphylococcus aureus [12]. REO
also has a strong inhibitory effect on some plant pathogens, such as Sclerotinia sclerotiorum,
Sclerotinia nivalis, Alternaria panax, Cylindrocarpon destructans and Fusarium oxysporum [11,13].
REO has the potential to be used as a natural antimicrobial agent due to the presence of
terpenes, such as pinene, camphene, limonene, and eucalyptol [11]. With the improvement
of rosemary breeds, expansion of planting areas, optimization of the extraction process
and multi-level processing and utilization, the cost of rosemary essential oil has rapidly
decreased in recent years. Rosemary essential oil has shown great potential in the biocontrol
of plant diseases due to its strong antifungal activity and extremely low cost.

The ability of C. gloeosporioides to recognize plant surface signals and overcome host
defenses was enhanced because of the evolution and expansion of the gene families. During
infection, the expression level of GH family genes in C. gloeosporioides was upregulated,
which helped the adaptation of C. gloeosporioides to a variety of woody plants [14]. Under-
standing the adaptive evolution mechanism of C. gloeosporioides to hosts helped us explore
the antifungal mechanism among different strains at the genetic level.

According to reports, the antifungal mechanism of essential oils involves components
that could disrupt the microbial plasma membrane, which increases membrane fluidity and
permeability, disrupts membrane proteins, inhibits respiration, changes the ion transport
process of fungi, and induces the leakage of ions and other cell contents [15,16]. There are
currently few studies on the antifungal activity and mechanism of REO. In this study, the
effects of REO on the cell wall, plasma membrane and energy metabolism were evaluated
in order to explore its inhibitory effect and antifungal mechanism on C. Gloeosporioides,
providing a theoretical basis for the development of REO as a biological control agent.

2. Materials and Methods

Colletotrichum gloeosporioides strain P51 was isolated from the twigs of walnuts with an-
thracnose and identified by the Non-wood Forest Laboratory of Forestry College at Henan
Agricultural University, which also provided the REO. Chitinase activity detection kit,
succinate dehydrogenase activity detection kit, malate dehydrogenase activity detection kit,
Na*K*-ATPase activity detection kit, ATP content detection kit and phosphofructokinase
activity detection kit (Solarbio Science and Technology Co., Ltd., Beijing, China) were used
to detect changes in physiological indicators.

Spore suspension (1 x 10 CFU/mL) of C. gloeosporioides was inoculated in PDB
and cultured at 28 °C, 180 r/min for 48 h. The REO was then added to achieve a final
concentration and continued oscillating for certain hours. An equal amount of sterile water
was added to serve as the negative control.

2.1. Antifungal Activity of REO on C. gloeosporioides

The plate coating method was used to determine the inhibitory effect of REO on C.
gloeosporioides [17]. REO was diluted with 0.5% Tween-80 to concentrations of 500 uL/mL,
400 pL./mL, 300 uL/mL, 200 uL/mL, 100 uL./mL, 10 uL./mL, 1 uL./mL, and 0.1 uL/mL.
The different concentrations of REO (100 uL) were spread on a potato dextrose agar (PDA)
medium. The cake of C. gloeosporioides (diameter 0.8 cm) was placed in the center of the
medium and cultured in the dark at 28 °C for 7 days. In this study, 100 puL 0.5% Tween-80
and 100 uL sterile water were spread on PDA medium as negative controls. The inhibition
rate (IR) of mycelium was calculated using Equation (1) [18]:

IR (%) = (dc — dt)/(dc — 0.8) x 100 1)
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where dt is the average diameter (cm) of the REO-treated colony, and dc is the average
diameter (cm) of the control colony.

The minimum inhibitory concentration (MIC) and minimum fungicidal concentration
(MFC) of REO against C. gloeosporioides were determined by microdilution method with
some modifications [19]. REO was gradually diluted with potato dextrose broth (PDB) in a
96-well plate, and 100 uL of C. gloeosporioides suspension (1 x 10° CFU/mL) was added
to each well and evenly mixed. PDB was used as a negative control and cultured in an
incubator at 28 °C for 48 h. The mycelial growth and clarity of the bottom of the 96-well
plate were observed. Compared to the negative control group, the minimum concentration
of REO without any visible mycelial growth was MIC [20]. On day 7, the PDB in tubes
were subcultured on PDA plates; the minimum concentration of REO without mycelial
growth was MFC [21,22].

2.2. SEM Observation of Fungal Morphology

REO was added to cultured spore suspension to achieve a final concentration equal
to MIC and continued oscillating culture for 24 h. The collected mycelium was then fixed
with 2.5% glutaraldehyde solution and stored in a refrigerator at 4 °C overnight.

The mycelium was then rinsed with 0.1 mol/L PBS buffer solution three times for
15 min each time. Then, 30%, 40%, 50%, 60%, 70%, 80% and 90% ethanol were used to
dehydrate the mycelium step by step for 15 min each time, and 100% ethanol was used to
dehydrate the mycelium twice for 20 min each time [20]. Tert-butanol was used to rinse the
mycelium three times for 15 min each time. Finally, the mycelium was dried with a critical
point drier and observed under a scanning electron microscope (SEM).

2.3. Effects of REO on the Cell Wall

REO was added to cultured spore suspension to achieve a final concentration equal to
MIC and continued oscillating culture. Mycelium was removed from each bottle at 0, 6, 12,
24, 36, 48 and 72 h after REO treatment. A sterile gauze was used to filter the mycelium,
and then rinsed with sterile water. Chitinase activity was determined with a chitinase
activity detection kit following the instructions [23].

2.4. Effects of REO on Plasma Membrane
2.4.1. Effects on Ergosterol Content

REO was added to cultured spore suspension to achieve a final concentration equal
to 1/2MIC, MIC and 2MIC. Culture continued oscillating for 48 h at 28 °C and 180 r/min;
the culture medium was removed by extraction and filtration and then washed thrice with
0.01 mol/L PBS buffer. The wet weight of the mycelium was weighed. Mycelium was
then collected in a sterile centrifuge tube, and 3 mL of 25% potassium hydroxide alcohol
solution was added. After vortexing for 2 min and placing in a water bath at 85 °C for
4h, 2 mL deionized water and 5 mL n-heptane were added after cooling. Ergosterol was
extracted from the solution, oscillated for 3 min, and stood at room temperature for 1 h to
stratify the solution. The upper n-heptane solution was aspirated, and the absorbance was
measured at 282 nm and 230 nm with a microplate reader. The E values (in percentages per
cm) determined for crystalline ergosterol and 24(28) dehydroergosterol were 290 and 518,
respectively. The ergosterol content (EC) was then calculated using Equation (2) [24]:

EC (%) = (A282/290 — A230/518)/ww, (2)
where ww is the average weight of wet mycelium after treatment by REO.

2.4.2. Effects on Extracellular Conductivity and Leakage of Nucleic Acids, Soluble Proteins
and Soluble Reducing Sugar

The extracellular conductivity was measured according to Wang et al. [25] with some
modifications. Mycelium (0.2 g) was taken from cultured spore suspension and resus-
pended in a conical flask containing 10 mL sterile water. REO was added to achieve a



Forests 2024, 15, 377

4of 14

final concentration equal to MIC, and sterile water was used as a negative control. The
supernatant was cultured at 28 °C and 180 r/min at 0, 2, 4, 6 and 8 h, respectively, and the
conductivity of the supernatant was determined by a conductivity meter.

The supernatant of C. gloeosporioides culture broth treated with REO of MIC was taken
at0, 6,12, 24, 36, 48 and 72 h. The absorbance at 260 nm was measured by a microplate
reader in order to characterize the leakage of nucleic acids [26]. The content of soluble
protein leakage was determined by Coomassie brilliant blue G-250 staining, and the leakage
of soluble reducing sugar in the fungal solution was detected using the colorimetric method
of 3,5-dinitrosalicylic acid according to Liu et al. [27] with some modifications.

2.5. Effects of REO on Energy Metabolism of C. gloeosporioides

The mycelium of C. gloeosporioides treated with REO of MIC at 0, 6, 12, 24, 36, 48 and
72 h were taken, and the activities of succinate dehydrogenase (SDH), malate dehydroge-
nase (MDH), Na*k*-ATPase, ATP content and phosphofructokinase (PFK) were detected
using their various detection kits according to Li et al. [28] and Wang et al. [29].

2.6. Transcriptome Sequencing

REO was added to cultured spore suspension to achieve a final concentration equal to
MIC. Culture continued oscillating for 6 h and the mycelium was collected, frozen in liquid
nitrogen immediately for 30 min, and stored in an ultra-low temperature refrigerator. The
transcriptome sequencing was performed at Hangzhou Kaitai Biotech Co., Ltd. (Hangzhou,
China) using the Illumina NovaSeq 6000 platform.

2.7. Data Analysis

All tests were conducted in triplicate. One-way analysis of variance (ANOVA) and
Duncan’s multiple range test in SPSS 25.0 software were used for variance analysis and
significant difference comparison, with p < 0.05 as a significant difference. The Origin 2018
software was used for the charting.

3. Results
3.1. Antifungal Activity of REO against C. gloeosporioides

REO exhibited antifungal activity against C. gloeosporioides, as demonstrated by Table 1
and Figure 1 which represent the inhibition rate and antifungal activity of REO on the
mycelium of C. gloeosporioides, respectively. With the increase in REO concentration, the
inhibition of the mycelial diameter was more pronounced. When the REO concentration
was 0.1 uL/mL, there was no significant difference in the mycelial diameter between the
control groups, indicating that very low concentration did not have an inhibitory effect
on C. gloeosporioides. The mycelium inhibition rate was 100% at an REO concentration of
300 uL./mL and above.

Table 1. Inhibition rate of REO on mycelium of C. gloeosporioides.

REO Concentration (uL/mL) Mycelium Diameter Inhibitory Rates
(cm) (%)

0 825+ 0.05a 0.00a
0.1 812+ 0.13a 179 a
1 7.82 £0.08b 582b
10 493 +0.08 4452 ¢
100 410+031d 55.70d
200 242 £0.18e 7830 e
300 0.80 f 100 f
400 0.80 f 100 f
500 0.80 f 100 £

Notes: Different letters in the same column indicate significant difference at p < 0.05.
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Figure 1. Antifungal activity of different concentrations of REO against C. gloeosporioides: (a) Tween-
80; (b) sterile water; (c) 500 uL/mL; (d) 400 uL/mL; (e) 300 uL/mL; (f) 200 uL/mL; (g) 100 pL/mL;
(h) 10 uL/mL; (i) 1 pL/mL; and (j) 0.1 uL/mL.

After being cultured in 96-well plates for 48 h, no mycelial growth and obvious spore
precipitation were observed when the concentration of REO was 15.625 uL/mL and above.
When cultured for 7 days, no mycelial growth was observed on PDA plates when the REO
concentration was 31.25 uL./mL and above. Hence, the MIC and MFC were 15.625 uL./mL
and 31.25 pL./mL, respectively.

3.2. Effects of REO on the Morphology of C. gloeosporioides

The surface of C. gloeosporioides mycelium is smooth and full under normal conditions
(Figure 2a). After REO treatment, the morphology of C. gloeosporioides mycelium altered
and became distorted, shriveled, and severely deformed (Figure 2b).

Figure 2. Morphology of C. gloeosporioides observed by SEM: (a) control group; (b) after REO treatment.
3.3. Effects of REO on Cell Wall of C. gloeosporioides

Chitinase can hydrolyze chitin, the main component of the fungal cell wall, and plays
a significant role in the balance of carbon and nitrogen in ecosystems [30]. Chitinase is also
involved in cell wall remodeling, hyphal development, branching and autolysis during
fungal spore germination and contraction [31,32]. After REO treatment, the chitinase
activity of C. gloeosporioides showed an overall increasing trend with time and increased
rapidly within 12 h, after which the growth leveled off (Figure 3a). In addition, the chitinase
activity was significantly higher in the treated group than in the control group. The results
showed that REO significantly enhanced chitinase activity of C. gloeosporioides and may
have affected other life activities of the fungi.
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Figure 3. Effects of REO on cell wall and plasma membrane of C. gloeosporioides. (a) Chitinase activity;
(b) ergosterol content; (c) extracellular conductivity; (d) nucleic acids leakage; (e) soluble protein
leakage; and (f) soluble reducing sugar leakage. Different letters indicate significant difference at
p <0.05.

3.4. Effects of REO on Plasma Membrane of C. gloeosporioides

Ergosterol is the most abundant and most important sterol component in fungal mem-
branes. It is involved in the regulation of membrane permeability and fluidity, regulation
and distribution of integral membrane proteins, and control of the cell cycle [33]. Therefore,
it is the key to the integrity of the plasma membrane structure. After REO treatment,
the ergosterol content of C. gloeosporioides decreased, and the higher the concentration of
REO, the lower the ergosterol content (Figure 3b). Compared to the control group, the
content of ergosterol reduced by 18.75%, 40.63% and 65.63% after treatments with REO of
1/2MIC, MIC and 2MIC, respectively. The results suggested that REO was able to reduce
the ergosterol content in the plasma membrane of C. gloeosporioides and may affect the
integrity of plasma membrane.

The change in cellular conductivity is affected by the leakage of intracellular com-
ponents and the outflow of electrolytes. Essential oils can change the homeostasis of
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microorganisms by destroying microbial plasma membranes. Therefore, effects to material
transport, energy production, and metabolic regulation can be observed after treatment
with essential oils [34]. After the treatment of C. gloeosporioides with REO, the extracellular
conductivity increased with prolonged treatment time, and was significantly higher in all
the treated groups than in the control (Figure 3c). After treatment with REO for 8 h, the
electrical conductivity was about two times higher than that of the control. It indicated that
REO treatment increased the electrical conductivity of C. gloeosporioides, revealing that REO
disrupted the plasma membranes leading to leakage of intracellular substances.

The amount of nucleic acids leakage which is characterized by the absorbance at
260 nm (OD260), along with soluble proteins leakage and soluble reducing sugar leakage,
can reflect the permeability and integrity of the plasma membranes. As shown in Figure 3d,
the nucleic acids leakage after the treatment of C. gloeosporioides with REO was higher
than that of and the control and increased with prolonged treatment time. Likewise, after
treatment with REO for 72 h, the soluble protein leakage of C. gloeosporioides increased
consistently, whereas there was little change in the control (Figure 3e).

The soluble reducing sugar content showed a decreasing trend during the first 6 h of
REO treatment; it then increased rapidly from 6 to 12 h, and then the increasing rate slowed
down, while the soluble reducing sugar content was decreased consistently in the control
(Figure 3f). The decrease in soluble reducing sugars in the control was due to absorption
and utilization of C. gloeosporioides. In the first 6 h of REO treatment, a small amount of
soluble reducing sugar was absorbed, but when the plasma membrane was disrupted, and
the cell contents were leaked out, this lead to a consistent increase in soluble reducing sugar
content. Moreover, REO treatment may have inhibited the absorption of soluble reducing
sugars by C. gloeosporioides, also leading to the accumulation of soluble reducing sugars.

The leakage of nucleic acids, soluble proteins and soluble reducing sugar were all
increased with REO treatment; it confirmed that the plasma membrane of C. gloeosporioides
was disrupted after REO treatment.

3.5. Effects of REO on TCA Cycle and Energy Metabolism of C. gloeosporioides

Life relies not only on material metabolism but also on energy metabolism. The
tricarboxylic acid (TCA) cycle is the pivot of material transformation and energy metabolism
in the organism. Succinate dehydrogenase (SDH) and malate dehydrogenase (MDH)
are the key rate-limiting enzymes in the tricarboxylic acid cycle. Phosphofructokinase
(PFK) can provide energy for organisms through glycolysis when the tricarboxylic acid
cycle is affected. Adenosine triphosphate (ATP) is a high-energy phosphate compound
that serves as the most direct source of energy for various physiological activities in
cells. The normal metabolism of microorganisms could be affected by a rapid decline
or loss of ATP content [35]. ATPase can hydrolyze ATP into ADP and phosphate ions,
which provide energy for material transport, metabolism, and information transfer [35].
The activities of succinate dehydrogenase (SDH), malate dehydrogenase (MDH), Na+k+-
ATPase, phosphofructokinase (PFK) and ATP content were detected to observe the effects
of REO on the TCA cycle and energy metabolism in C. gloeosporioides.

As shown in Figure 4a—d, the activities of SDH, MDH, ATPase and PFK in the control
group increased in the first 6 h, after which there was an overall trend of gradual decrease.
The results showed that the TCA cycle and energy metabolism of C. gloeosporioides gradually
enhanced during the first 6 h, after which the TCA cycle and energy metabolism were
somewhat inhibited due to environmental constraints. After REO treatment, there was a
decreasing trend in the activities of SDH, MDH, ATPase, while there was an increasing trend
in the activity of PFK. It revealed that the TCA cycle and energy metabolism were inhibited
by REO treatment, and PFK was increased to accelerate the glycolytic pathway. After REO
treatment, ATP content increased for the first 6 h, and then decreased rapidly, whereas
it showed a slight increase and then a slight decrease in the control group (Figure 4e). It
suggested that the REO inhibited ATP synthesis in C. gloeosporioides.
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Figure 4. Effects of REO on activities of the enzymes in C. gloeosporioides after REO treatment. (a) SDH;
(b) MDH; (c) ATPase; (d) PFK; and (e) ATP content. Different letters indicate significant difference at
p <0.05.

3.6. Molecular Mechanism of REO Inhibiting C. gloeosporioides

After filtering the original sequencing data, the processed data was compared with
the reference genome (https://www.ncbinlm.nih.gov/assembly/GCA_011800055.1, ac-
cessed on 31 March 2020) to obtain the location information of the reads on the reference
genome and the feature information of the sequencing samples. After the treatment of
C. gloeosporioides with REO at MIC concentration, a total of 2956 differentially expressed
genes were significant. As shown in Figure 5, there were 1845 genes that were significantly
upregulated and 1111 genes that were significantly downregulated.


https://www.ncbi.nlm.nih.gov/assembly/GCA_011800055.1

Forests 2024, 15, 377

9 of 14

B_vs_A
.
30
.
.
. .
AZO
«©
E ® Decreased:1111
S . ® Increased:1845
8’ nonsignificant
T .
10 .
o
o s
X’
o0,
%
o 8 .
Lx »
X
o
-10 -5 [ 5 10 15

log2(fold change)

Figure 5. Volcano map of the differential gene expression. Each point in the figure represents a
gene, and the abscissa represents the log2 (fold change) of the difference in gene expression in
the two samples. The ordinate represents the negative logarithm of the FDR value of the gene
expression change.

Using GO enrichment analysis, the functions of differentially expressed genes were
classified according to biological process (BP), cellular component (CC) and molecular
function (MF). After REO treatment (Figure 6), the differentially expressed genes mainly
involved in the biological process include regulation of chromatin organization, response to
nutrients, mitotic cell cycle phase transition, cell cycle phase transition, and other processes.
In the cell components, the differentially expressed genes were mainly involved in the
plasma membrane and cellular bud, etc. In terms of molecular function, the differentially
expressed genes were involved mainly in the molecular function of regulators, enzyme
regulatory activity, enzyme activator activity, and so on.
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Figure 6. GO enrichment analysis. Ten GO functions with the most significant enrichment
(p-value < 0.05) were selected from the three categories of BP, CC and MF, respectively. The ordinate
is the GO category entry with significant differences, and the abscissa is the number of differentially
expressed genes enriched in the GO term. The color represents the enrichment significance p-value,
and the functions with p < 0.05 is marked with “*’.

The most significant biochemical metabolic and signal transduction pathways, in
which differentially expressed genes were mainly involved, can be determined through
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significant pathway enrichment analysis. The differentially expressed genes were mainly
involved in ribosome biosynthesis, chaperones and folding catalysts, starch and sucrose
metabolism, cell cycle-yeast, translation factors, and other pathways (Figure 7).
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ko00592:alpha-Linolenic acid metabolism
ko04659:Th17 cell differentiation

ko02022:Two-component system

O‘I:JI:I.
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Num of Genes

Figure 7. KEGG enrichment analysis. Twenty KEGG pathways with the most significant enrichment
were selected. The ordinate is the KEGG pathway, and the abscissa is the number of differential genes
enriched for the pathway. The color represents the enrichment significance p-value, and the pathway
with p < 0.05 is marked with *’.

After REO treatment, the expression of the cell wall integrity protein scw1 gene related
to the cell wall was downregulated. The expression of ribosomal biosynthesis protein NOC1
gene, ribosomal RNA processing protein 12 gene and RNA 3’-terminal phosphocyclase-like
protein gene related to ribosomal biosynthesis were also downregulated. The expression
of chromosome structure maintenance protein 2 gene, G2 /mitosis specific cyclin 4 gene
and M phase induced phosphatase gene related to the cell cycle were downregulated. In
addition, there was a downregulation of the expression of the developmental regulatory
factor flbA gene. The above analysis showed that REO inhibited cell wall formation, genetic
material synthesis, cell division and differentiation in C. gloeosporioides.

4. Discussion

In this study, REO could inhibit the growth of C. gloeosporioides. REO increased
chitinase activity, which decomposes the fungal cell wall component chitin. Previous
studies have shown that essential oils affect the synthesis of cell wall components and
enzymes closely related to the cell wall [36,37]. The chitinase activity increased after
lemongrass essential oil treatment of grape leaf blight and downy mildew [38]. Litsea cubeba
essential oil (LCEO) destroyed the cell wall integrity of Colletotrichum scovillei, the main
pathogen responsible for pepper anthracnose [39]. Treatment of apricot spoilage bacteria
with 4% oregano essential oil nanocapsules significantly increased chitinase activity [40].

After treatment with REO, the content of plasma membrane component ergosterol
decreased. Previous studies have revealed the inhibitory effect of essential oil on ergos-
terol production. For instance, the volatile oil of ginger leaves had an inhibitory effect
on Fusarium graminearum, which inhibited ergosterol production at a concentration of
1000 pg/mL [41]. In another study, the treatment of Penicillium digitatum with citronella
essential oil significantly decreased plasma membrane integrity and ergosterol content
while accumulating lanosterol as a precursor of ergosterol biosynthesis. The addition
of exogenous ergosterol reduced the inhibition rate of citronellal and restored ergosterol
content and membrane structure to normal levels [33]. The reason could be that REO is
lipophilic and can penetrate the plasma membrane and interact with enzymes and mem-
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brane proteins responsible for ergosterol biosynthesis, leading to a decrease in ergosterol
biosynthesis by disrupting the sterol biosynthesis pathway [42].

The content of extracellular conductivity and the leakage of nucleic acids, soluble
protein and soluble reducing sugar increased with REO treatment. Similarly, treatment
with zedoary oil caused serious damage to the plasma membrane of Phytophthora capsici,
resulting in the leakage of cell contents and significantly improving the relative conductiv-
ity [25]. The treatment of Aspergillus niger with thyme essential oil will destroy its cell wall,
cell membrane and organelle structure, thus causing leakage of intracellular substances
and changes in intracellular and extracellular ion gradients, ultimately leading to the death
of Aspergillus niger [43]. The essential oil components can be dissolved in the lipids of
the plasma membrane, changing the proportion and structure of fatty acids in the plasma
membrane [44], destroying the structure and integrity of the plasma membrane, impairing
the function of the membrane barrier and the stability of the intracellular environment,
increasing cell permeability and leaking cell contents (cytoplasm, soluble proteins, sugars
and nucleic acids) into the medium, thereby increasing the conductivity of the medium [24].
For instance, the disruption of 3-tubulin distribution leads to cell cycle arrest, resulting in
damage to the mitotic spindle, eventually damaging the plasma membrane and causing
leakage of cellular components [45]. Treatment with Martini essential oil destroyed 58 types
of plasma membrane proteins in Aspergillus flavus and released 157 types of membrane
proteins, severely damaging the integrity of the plasma membrane [46].

After treatment with REO, the activities of SDH, MDH, ATPase and ATP content
decreased, which affected the TCA cycle and energy metabolism of C. gloeosporioides. Perilla
essential oil inhibited the growth of Aspergillus flavus by blocking the antioxidant defense
process and glycolysis pathway; thereby, an alternative energy production pathway was
activated to compensate for unbalanced glycolysis [35]. Essential oils are capable of interfer-
ing with the absorption, transport and metabolism of microbial nutrients, resulting in the
inhibition of microbial growth and reproduction. The energy-related pathways, including
TCA, oxidative phosphorylation, gluconeogenesis/glycolysis, nitrogen metabolism and
sulfur metabolism, were disrupted in the gray mold samples treated with (E) -2-hexenal
fumigation [47]. Similarly, the main components of dill seed essential oil, carvone and
limonene, exhibited antifungal activity on Sclerotinia sclerotiorum, and synergistically in-
hibited fungal growth, ergosterol synthesis, MDH and SDH [48]. According to Zhao et al.,
star anise essential oil can reduce the ATP content and cell viability of Aspergillus niger and
inhibits its growth by blocking the synthesis pathway of NAD [49].

Transcriptome sequencing results showed that REO could inhibit cell wall formation,
genetic material synthesis, cell division and differentiation in C. gloeosporioides. The antibac-
terial mechanism of turmeric natural essential oil against Aspergillus flavus is to destroy the
membrane system of fungal cells and downregulate the relative expression of mycotoxin
genes in the aflatoxin biosynthesis pathway [50]. The exogenous essential 0il decanal could
significantly inhibit the growth of Penicillium expansum in vitro, as well as the production
of patulin and the expression of genes related to patulin biosynthesis. As a result, it can
effectively control the penicilliosis of apple and pear fruits [51]. The essential oil of Cedrus
deodara leaves, whose main components are camphor and anisol, downregulated the ex-
pression of Candida albicans biofilm biofilm-related genes (ECE1, ECE2, RBT1 and EED1),
which reduced the formation of Candida albicans biofilms [52]. Previous studies showed that
essential oils could interact with microbial DNA, causing damage to DNA and inhibiting
microbial growth [53]. Techniques such as next-generation sequencing of genomes and
transcriptomes can help to understand the molecular basis of the interaction between the
pathogen and the plant. However, due to gene family expansion, there are differences
among strains. Therefore, it is recommended to use the outcomes of these techniques on a
case-by-case basis [54]. This allows the precise identification of factors that regulate gene
function and expression and the integration of this information with other strategies to
examine the exact effects of REO.
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The formation of biofilms is not limited to the bacterial world but also includes fungal
pathogens [55]. Fungal biofilms are heterogeneous, surface-associated colonies comprised
of filamentous hyphae (chains of elongated cells), pseudohyphal cells, yeast-form cells, and
various forms of extracellular matrix [56]. Biofilm formation is an important virulence factor
for pathogenic fungi. Yeast and filamentous fungi can attach to both living and abiotic
surfaces, developing highly organized communities that are resistant to antimicrobials and
environmental conditions [57]. Zosteric acid is a secondary metabolite of seagrass, Zostera
marina. Sublethal concentrations of zosteric acid can reduce the adhesion of fungi and play
a key role in the thickness and morphology of fungal biofilms [55].

5. Conclusions

REO could inhibit the growth of C. gloeosporioides with MIC and MFC concentrations of
15.625 pL/mL and 31.25 uL/mL, respectively. After being treated with REO, the mycelium
became shriveled, twisted, and severely deformed. REO could disrupt the plasma mem-
brane and cell wall by increasing chitinase activity and decreasing ergosterol content, which
then released the cell contents. REO inhibits the TCA cycle and energy metabolism of
C. gloeosporioides by regulating the key enzymes activities related to the TCA cycle and
energy metabolism. REO could inhibit the growth of C. gloeosporioides by regulating the
expression of genes related to cell wall formation, genetic material synthesis, cell division
and differentiation to inhibit. The results revealed the efficacy and antifungal mechanism of
rosemary essential oil against C. gloeosporioides and provide a theoretical basis for rosemary
essential oil as an effective fungicide and biocontrol agent.
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