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Antifungal mechanism of
carvacrol and osthole can disrupt
cell structure integrity and
interfere with energy metabolism
In Neopestalotiopsis ellipsospora

Huifang Liu, Jianmei Yao, Rongxiu Yin, Chiyu Ma, Lulu Li,
Wen Yang* and Zhiwei Lei*

Guizhou Tea Research Institute, Guizhou Academy of Agricultural Sciences, Guiyang, China

Introduction: Tea gray blight disease is a major leaf disease in tea plants,
significantly reducing tea quality and vyield. Plants are rich in bioactive
compounds that are safe, non-toxic, and biodegradable. In this study, we
evaluated the antifungal activities and mechanisms of 11 plant extracts against
N. ellipsospora.

Methods: This study evaluated the antifungal activity of 11 plant extracts against
N. ellipsospora of tea gray blight disease and systematically examined the impacts
of osthole and carvacrol on the mycelial morphology, mycelial weight, cell
microstructure, membrane permeability, various biochemical substrate levels
and related gene expression levels of N. ellipsospora.

Results: The results showed that carvacrol and osthole exhibited significant
antifungal effects among 11 plant extracts with ECgq values of 24.40 and 9.38
mg/L, respectively. Further research demonstrated that carvacrol and osthole
significantly inhibited mycelial growth, reduced lesion areas on tea leaves, and
markedly affected mycelial morphology and ultrastructure. Observations of
mycelial morphology and ultrastructure revealed that carvacrol and osthole
caused shrinkage and distortion of the mycelial surface, damage to cell wall
and membrane, and disorganization of cellular organelles. Particularly carvacrol
and osthole significantly increased chitinase activity, inhibited B-1,3-glucanase
activity, and regulated the expression of genes encoding these enzymes.

Discussion: The findings indicated that carvacrol and osthole could inhibit
the growth of N. ellipsospora by disrupting the integrity of the cell wall and
membrane and interfere with energy metabolism. This study would provide a
theoretical basis for the development of novel plant-based fungicides.

KEYWORDS

Neopestalotiopsis ellipsospora, carvacrol, osthole, antifungal activity, biochemical
mechanism

1 Introduction

Tea (Zhao et al., 2019) (Camellia sinensis (L.) Kuntze) is rich in substances such as
tea polyphenols, alkaloids, proteins, amino acids, and vitamins, and has effects such as
antioxidation, anti-inflammation, blood pressure reduction, anti-aging, and weight loss
(Cui et al., 2024; Jiang et al,, 2020; Luo et al, 2023), and is widely loved by people
around the world. However, due to the botanical characteristics of tea plants that prefer
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shade and humidity, tea plants are often infected by different
plant pathogens during the cultivation process, resulting in serious
economic losses (Chen et al., 2019; Pandey et al., 2021; Yuan et al,,
2019). Especially, tea gray blight disease (Saleh et al., 2021) is
one of the most common leaf diseases in tea cultivation, caused
by pathogens of genera Pestalotiopsis (Zhang J. et al, 2024),
Pseudopestalotiopsis (Zheng et al., 2021), and Neopestalotiopsis
(Wang et al., 2022). Infected tea leaves form irregular ring-shaped
lesions, and this disease can cause a large number of tea leaves to
fall off in severe cases (Murugavel et al., 2024; Xu et al.,, 2023).
This disease occurs in many countries such as China, India, Sri
Lanka, and Japan. Currently, the prevention and control of tea gray
blight disease is still highly dependent on chemical control (Sanjay
et al., 2008) methods in China. However, unreasonable use of
chemical pesticides has seriously threatened the quality and safety
of agricultural products (Chattopadhyay et al., 2017; Chu et al,
20225 Garvey, 2022) and the stability of the agricultural ecological
environment (Sen et al., 2020; Zhou and Li, 2021) and cannot be
ignored. Therefore, it is important to develop a safe and effective
method to control tea gray blight disease.

In recent years, numerous research findings have shown that
various plant extracts exhibit promising potential in combating
agricultural pathogens (Al-Otibi et al., 2023; Cui et al., 2019
Lee et al, 2022; Nair and van Staden, 2017), offering new
directions and hopes for resolving the numerous drawbacks
brought about by chemical control methods. They are expected to
become effective alternative solutions for prevention and control
of agricultural diseases in the future, and their related research and
applications have been increasingly attracting extensive attention
and emphasis (Ma et al., 2016). The extracts from plants such
as Magnolia officinalis (Jiying et al., 2024; Zhang Y. et al,, 2024),
Cymbopogon citratus (Sawadogo et al.,, 2022), Tamarix aphylla
Alshehri et al., 2022), Momordica charantia seed (Chen et al.,
023; Ramalingam et al., 2020), Argemone ochroleuca (Nezelo et al.,

(
202
2024), and Adenophyllum porophyllum (Aguilar-Rodriguez et al.,
2022; Hernandez-Ceja et al., 2021) have possessed relatively good
antifungal activities. Studies have identified and isolated several
plant-derived antifungal compounds, such as magnolol, honokiol
(Bang et al., 2000), osthole (Hu et al., 2023), citronellol (Zhang
J. et al., 2024), citronellal (Zhou et al., 2022), eugenol (Marchese
et al., 2017), and citral (Luo et al., 2024), which exhibit significant
antifungal activity against various plant pathogenic fungi.

The antifungal mechanisms of these plant extracts are
diverse and primarily involve the following three pathways: (i)
disruption of cell wall integrity including Aucklandia lappa,
Camellia sinensis, Phytolacca tetramera, and Plinia cauliflora (Curto
et al,, 2021), inhibition the activity of chitin synthase and -
(1,3)-D-glucan synthase, thereby blocking the synthesis of chitin
and glucan. This reduces the structural stability of the fungal
cell wall, increases permeability, and enhances susceptibility to
environmental stressors (Beauvais and Latgeé, 2018; Gow and
Lenardon, 2022). (ii) Plant extracts can target fungal cell membrane
and damage its structure and function. For example, zedoary
turmeric oil severely damages the cell membrane of Phytophthora
capsici (Wang et al, 2019), leading to leakage of intracellular
contents. This results in increased relative conductivity, elevated
malondialdehyde (MDA) concentrations, and accumulation of
glycerol, ultimately destabilizing the intracellular environment and
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inhibiting fungal growth. (iii) Plant-derived compounds disrupt
energy metabolism pathways in pathogens. Proteomic studies
revealed that potato glycoalkaloids inhibit the growth of Fusarium
solani by interfering with mitochondrial energy metabolism (Zhang
C. et al, 2023). These compounds are significantly enriched in
key pathways such as pentose and glucuronate interconversion,
propanoate metabolism, N-glycan biosynthesis, pentose phosphate
pathway, and carbon fixation in photosynthetic organisms, thereby
obstructing energy production and limiting fungal proliferation.
However, research on the antifungal activity and antifungal
mechanism of plant extracts against pathogens of tea gray blight
disease is limited.

This study evaluated the antifungal activity of 11 plant extracts
against N. ellipsospora of tea gray blight disease and systematically
examined the impacts of osthole and carvacrol on the mycelial
morphology, mycelial weight, cell microstructure, membrane
permeability, various biochemical substrate levels and related gene
expression levels of N. ellipsospora. The aim of this study was not
only to screen the antifungal activity of 11 plant extracts against N.
ellipsospora, but also to further explore the inhibitory mechanism of
osthole and carvacrol against N. ellipsospora, thus providing certain
theoretical support for green prevention and control of tea gray
blight disease in tea gardens.

2 Materials and methods

2.1 Materials, medium and natural
products

The N. ellipsospora test strain was isolated and identified from
tea gray blight disease, provided by Guizhou Tea Research Institute.
PDA (Potato Dextrose Agar Medium) and PDB (Potato Dextrose
Broth) culture media were sourced from Guangdong Huankai.
The leaves of Fuding Dabai tea trees were picked from the tea
tree resource nursery of Guizhou Tea Research Institute. Plant
extracts including citronellol, eugenol, abietic acid, geraniol, ferulic
acid, myrcene, carvacrol, cinnamic acid, linalool, osthole, alpha-
terpineol and citral with a purity of >97% were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. in China and
stored at 4°C.

2.2 Mycelial growth inhibition assay

The antifungal activity of plant extracts against N. ellipsospora
was determined by the mycelial growth rate method (Mo et al,
2021). The plant extracts were dissolved in DMSO and then
diluted with sterile water containing Tween 80 to five different
concentrations. They were blended with quantitative PDA (at
40-45°C) and then poured into petri dishes. After the medium
solidified, a 0.6cm diameter fungal disc of N. ellipsospora was
placed in the center of PDA. Subsequently, the petri dishes were
sealed with sealing film and incubated inversely in the dark at 28°C.
The PDA without drug treatment was set as the control group (CK).
When the colonies in the control group grew to two-thirds of the
diameter of the petri dish, the diameter of each colony (cm) was
measured by the cross method. The inhibition rate was calculated
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according to formula (1), and the virulence regression equation was
established to calculate the ECs value.

The formula for calculating the inhibition rate (I, %) is
as follows:

1

Mycelial diameter of the control group — Mycelial diameter of the treatment group

1(%) = 100 x

Mycelial diameter of the control group is 0.6 cm

2.3 Determination of antifungal activity on
carvacrol and osthole against
N. ellipsospora

2.3.1 Determination of the mycelial quantity of
N. ellipsospora

Carvacrol and osthole solutions were added respectively into
the quantitative PDA and mixed evenly to make the final
concentrations of carvacrol and osthole in PDA reach their ECs
values. The medium was poured into petri dishes. After the medium
cooled, a sterile cellophane (Beijing Solabio Technology Co., Ltd.,
Beijing, China) was placed on the surface of the PDA medium.
Then a 0.6 cm diameter N. ellipsospora colony was placed in the
center of medium, sealed, and incubated in the dark at 28°C for
7 d. Then the mycelia were collected and weighed.

2.3.2 Evaluation of the indoor effectiveness

Referring to Zhangs research (Zhang J. et al, 2024), the
alteration of N. ellipsospora’s infectivity on semi-in vitro tea leaves
under carvacrol and osthole treatment was investigated. Tea leaves
with uniform size and tenderness were harvested from Fuding
Dabai tea trees for experiment. These leaves were rinsed with
distilled water to eliminate surface dust, sterilized with 75% alcohol
solution, and then air-dried for subsequent application. Four spots
were selected on each leaf and punctured with a sterile needle (three
tea leaves are set in each treatment group), ensuring the wound
area was less than 0.6 cm?. Subsequently, a 0.6 cm diameter N.
ellipsospora colony was positioned on each wound. The carvacrol
and osthole solutions at ECs5y concentration was evenly sprayed
with sterile water serving as control. The leaves were then incubated
in a culture chamber at 28°C and 80% relative humidity for 7 d
(only water is provided for each tea leaf). Then the lesion area on
the leaves was observed, photographed, and measured using Image
] software. The relative inhibition rate was computed according to
Formula (2).

2)

Disease spot area in the control group — Disease spot area in the treated group

Relative inhibitionrate(%) =

Disease spot area in the control group

2.3.3 Indirect effects of carvacrol on mycelial
growth

The indirect activity of carvacrol against N. ellipsospora was
determined with reference to the research method of Zhang (Zhang
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J. et al,, 2024). Carvacrol was dissolved in DMSO and then diluted
with sterile water containing Tween 80 to five concentration
gradients of 4, 8, 16, 32, and 64 pL/mL for standby. PDA was
poured into petri dishes, with 15mL in each plate. After the
medium solidified, colonies were inoculated and the plates were
inverted. Then, 1.5 mL of the prepared reagent was evenly spread in
the center of the lid of petri dish, and the dishes were quickly sealed
with sealing film. The plates were incubated in the dark at 28°C for
6 d. The group without drug treatment was used as the control, and
the inhibition rate was calculated as described in Section 2.2.

2.4 Observation of mycelial morphology
by optical microscopy

According to Section 2.3.1, the drug-containing medium
was prepared and poured into plates. After the medium cooled
down, the N. ellipsospora colonies were placed in the center of
medium, and then placed a sterile coverslip around the colony.
Subsequently, it was incubated in the dark at 28°C and observed
the morphological changes of mycelia under an optical microscope
(Olympus BX53, Japan) at 24, 48, 72, 96, and 120 h, respectively.

2.5 Mycelial morphology and
ultrastructure of mycelial cells

According to Section 2.3.1, the mycelia obtained and cultured
for 72 h, washed with PBS three times, and then fixed with 2.5%
glutaraldehyde at 4°C for 12 h.

SEM (Wang et al, 2023) (Scanning Electron Microscopy):
poured out the fixative solution, washed the mycelia with ultrapure
water three times, with each wash lasting 10 min. After post-fixing
with 1% osmium tetroxide for 1-2h, washed it with ultrapure
water three times again, each time for 10 min. Then dehydrated
it with alcohol step by step with a concentration gradient of
30%—50%—70%—90%—100% (change the 100% concentration
three times), each time for 15min. Put the fungus into a critical
point dryer for drying, attached the fungus to the sample stage with
conductive adhesive, and then put it into an ion sputtering coater
(Smart Coater, Japan) for gold sputtering treatment. Observed it
under a scanning electron microscope (JSM-IT700HR, Japan) and
collect images.

TEM (Zhang C. et 2023)
Microscopy): fixation: the samples were pre-fixed in 2.5%

al., (Transmission Electron
glutaraldehyde and then post-fixed in 1% osmium tetroxide.
Dehydration: acetone was used for stepwise dehydration,
with the concentration gradient of the dehydrating agent
30%—50%—70%—80%—90%—95%—100% (the 100%
Infiltration: The
dehydrating agent and Epon - 812 embedding medium were

being
concentration was replaced three times).

infiltrated successively according to the ratios of 3:1, 1:1, and 1:3.
Embedding: the samples were embedded with pure Epon - 812
embedding medium. Ultrathin Sectioning: Ultrathin sections of
60-90 nm were prepared using an ultramicrotome and collected
on copper grids. Staining: staining was carried out at room
temperature. First, the sections were stained with uranyl acetate for
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10-15 min, and then with lead citrate for 1-2 min. After drying, the
slices were observed using TEM (JEOL, JEM-1400FLASH, Japan).

2.6 CFW

Calcofluor white (Li et al., 2020) (CFW) stain can bind
to chitin and glucan in the cell walls of fungi and emit
blue fluorescence. The changes in cell wall structure can
be observed through fluorescence intensity. Obtained mycelia
treated for 72h according to Section 2.3.1. Mixed the obtained
mycelia with 5 pL of HEPENGBIO staining solution (Hepeng,
Shanghai, China), and incubated them for 5min under dark
conditions at room temperature. After incubation, rinsed the
mycelia with 500 L of HEPENGBIO washing solution, repeating
the rinsing process 2 to 3 times. Finally, placed 10 pL of
mycelia suspension on a glass slide and observed it under
a fluorescence microscope (Olympus BX51, Japan) with an
excitation wavelength of 355nm and an emission wavelength
of 440 nm.

2.7 PI

Propidium iodide (Ma et al., 2025) (PI) stain can penetrate
the cell membrane and release red fluorescence when binding
to double-stranded DNA when the cell membrane is damaged.
Therefore, it can be used to judge the damage situation of the
cell membrane. Obtained mycelia treated for 72h according to
Section 2.3.1. Placed the obtained mycelia in 0.5mL of PI stain
with a concentration of 20 mg/L and incubated them for 20 min.
Then washed them with PBS buffer solution, prepared slides, and
observed them under a fluorescence microscope (Olympus BX51,
Japan) with an excitation wavelength of 535 nm.

2.8 Detection of the integrity of mycelial
cell membranes

2.8.1 Determination of relative electrical
conductivity

Electrical conductivity is one of the key indicators for
evaluating the balance of cell membrane permeability (Mutlu-
Ingok and Karbancioglu-Guler, 2017). Three 0.6 cm diameter N.
ellipsospora fungal cakes were placed in PDB and cultured for 72h
under the conditions of 28°C and 160 rpm. Then the mycelia were
collected and washed three times with PBS. Subsequently, 0.1g
of mycelia were weighed and placed into 30 mL of sterile water
(CK), osthole aqueous solution and carvacrol aqueous solution
respectively. The electrical conductivity of each sample at 0, 30,
90, 120, 150, 180, 210 and 240 min was measured using a DDS-
319L conductivity meter (Leici Shanghai, China), and the electrical
conductivity measured at each time point was recorded as R0. After
240 min, the samples were placed in a boiling water bath and heated
for 10 min. After cooling, the electrical conductivity measured at
this time was the absolute electrical conductivity (R1). Finally, the
relative electrical conductivity at each time point was calculated
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according to the following formula (3):

Relative electrical conductivity (%) = (R0)/(R1) x 100 (3)

2.8.2 Measurement of extracellular nucleic acid
and protein contents

The mycelia were obtained and treated in accordance with
Section 2.8.1. The supernatants of each group of solutions were
collected at 0, 30, 90, 120, 150, 180, 210 and 240 min respectively.
The absorbance (OD value) of supernatants at 260 nm (nucleic
acid) and 280 nm (protein) was measured using a microplate reader
(Zhang C. et al., 2023). Meanwhile, the absorbance of the osthole
solution and carvacrol solution without bacteria as well as the
sterile water in the control group at 260nm and 280nm was
measured to remove the background values of the solutions.

2.9 Determination of enzyme activities
related to the cell wall of mycelia

2.9.1 Determination of chitinase activity

Three N. ellipsospora disc with a diameter of 0.6 cm were placed
in Potato Dextrose Broth (PDB) medium. After being cultured
for 72h, osthole and carvacrol were added. After continuous
culturing for 24, 48, 72, 96, and 120h, the mycelia were taken
out, washed with distilled water for three times, filtered for 10 min,
and then 0.1 g of mycelia was obtained. It was quickly frozen in
liquid nitrogen and then placed in a refrigerator at —80°C for
later use. The standard curve of chitinase was drawn according to
the chitinase assay kit (Solarbio Science & Technology Co., Ltd.,
Beijing, China), and the enzyme activity was determined.

Specific operation: place 0.1g of mycelia in 1mL of the
extraction solution and carry out homogenization in an ice bath.
Subsequently, centrifuge at 10,000 g at 4°C for 20 min and collect
the supernatant. Add Reagent 1, Reagent 2, Reagent 3 and Reagent
4 in the kit, mix them thoroughly and then incubate at 37°C for
20 min. Finally, aspirate 200 L of the reaction solution into a 96-
well plate, measure the absorbance at 540 nm, and calculate the
chitinase activity accordingly.

2.9.2 Determination of $-1,3-glucanase activity

The mycelia were obtained according to the method in Section
2.9.1. About 0.1 g of mycelia were weighed, quickly frozen in liquid
nitrogen, and then placed in a refrigerator at —80°C for later use.
The standard curve of 8-1,3-glucanase was drawn according to the
B-1,3-glucanase assay kit (Solabio Technology Co., Ltd., Beijing),
and the activity of 8-1,3-glucanase in the mycelia was determined.

Specific operation: place 0.1g of mycelia in 1mL of the
extraction solution and conduct homogenization in an ice bath.
Subsequently, centrifuge at 10,000 g at 4°C for 10 min and collect
the supernatant. Add Reagent 1 and Reagent 2 in the kit, mix them
thoroughly, then heat in boiling water for 5 min, cool with running
water. Finally, aspirate 200 L of the reaction solution into a 96-
well plate, measure the absorbance at 540 nm, and calculate the
activity of 8-1,3-glucanase accordingly.
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TABLE 1 gRT-PCR primers designed for chitinase and -1,3-glucanase related genes.

10.3389/fsufs.2025.1591966

Unigene0003399 - AGGATACCAAGACACCATCTCA TACCAGTACAGACTAGCGTTGA 168
Unigene0003516 CHI-1 AGACGGTCATTGGATACTACGA GCAGTGTTGATGTGGCTCAC 106
Unigene0005261 - AATATCCTACAACAGCCAATGC CAATGCCGCAGTGCTTCT 119
Unigene0005918 CHIA ACTTCCTCTCGCACTATGGTT ATGTAGCCTTCGGCATCAGTA 100
Unigene0005921 CHIA AGATGACGGAATATGCTGACTT CTCGGTGAGGTTGGTATGC 116
Unigene0006229 CHIT33 CGGTGCGACTTATACTGAAGG TTGGCGGTTGCTGTGTTG 102
Unigene0006638 - CGAATGGCTGTCCGATACTTG CGAGACGAGACTGACGATGT 130
Unigene0011593 CHIB AACGGCTATCGCACGGTAG CGGGTCTGACATTGGCAAAG 124
Unigene0012534 CHIT42 TGACACAGCCATTACCTTGATG GCAGTAGAGACACAAAGTTGGT 107
Unigene0012535 CHI1 CGAGCCTATACGCCACAAAT CAGCATAAGAGTCTGACGAGTA 109
Unigene0003517 CHIT1 CAGTAATCGGTGGTCCATCC GGTCCAATCACATAGTCAGCAA 120
Unigene0005919 - GTCACATCAAGAAGCGAACCA AAGCGGAACTGCGTGTCA 109
Unigene0005920 - ACTCGGCATCGTCACTTATTG GGTGTCGTACTTGGCACTTAC 113
Unigene0000571 ARB_01444 AGATTGACCACACGACATACTT CCAGCCTCCTTCCACTTGA 167
Unigene0000927 XGEA TTCTTCAAGTACCTCACCTC TGTAAGCAGAGACGGTAAG 118
Unigene0001384 CEL74A ATGATTGAGTCGCTGGAGATTG TGCCTGGATGGAGATGTTGT 126
Unigene0010833 - GTCCTGCGAAGGCTAGAGAAG CGGTGCTCCTTGGATTCCTG 113

2.10 Determination of enzyme activities
related to the mycelial respiratory chain

The mycelia were obtained according to the method described
in Section 2.9.1. Then, 0.05 and 0.1 g of mycelia were weighed
respectively, rapidly frozen in liquid nitrogen, and then stored in
a refrigerator at —80°C. Subsequently, the activities of NAD-MDH
and SDH enzymes were determined using the kits produced by
Beijing Company Technology Co., Ltd.

2.11 Detection of expression of mycelial
chitinase gene and f-1,3-glucanase gene

The mycelia were cultured according to the method described
in Section 2.9.1. After continuous culturing for 48h, it was
washed with distilled water for three times and filtered for 10 min.
Subsequently, the total RNA for qRT-PCR analysis was extracted
using the RNAprep Pure Plant Kit (Tiangen, Beijing, China),
and the yield and quality of the total RNA were evaluated.
Then, cDNA synthesis was carried out according to the kit
produced by Tiangen. Then PCR was conducted on a 96-well
plate via the SYBR Green method and the Bio-Rad CFX96 qRT-
PCR system (Bio-Rad, Berkeley, CA, USA), with 3 biological
replicates for each sample. The final reaction volume was 20
pL, including 0.8 pL of cDNA template, 10 pL of 2xSuperReal
PreMix Plus (Tiangen, Beijing, China), 0.6 pL of forward
primer (200nM), 0.6 WL of reverse primer (200nM) (Table I,
with glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH)
as the internal reference, F: AGGAGCATCTTCTGTTGACCAT,
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R: GGACCTCTGCGTGTATAAGTTG), and 8 L of RNase-free
ddH,0. The reaction conditions included denaturation at 95°C
for 1 min, followed by 40 cycles of denaturation at 95°C for 10s,
annealing at 60°C for 30s. Finally, the relative gene expression
levels were quantified by the 2744t method.

2.12 Statistical analysis

All the experiments were conducted at least three times, and the
results were presented as the means & standard errors. Significant
differences among the groups were assessed via one-way analysis
of variance with Tukey’s honest significant difference (HSD) test.
P < 0.05 was considered as statistically significant. Statistical
analyses were carried out with SPSS version 24.0. All figures were
generated with the Origin 2021 software package.

3 Results

3.1 Inhibitory effect of plant extracts on
mycelial growth of N. ellipsospora

The results were shown in Table 2. All 11 plant extracts
exhibited certain antifungal activities. The EC5¢ values of most
plant extracts were below 100 mg/L. Among them, carvacrol and
osthole had the best antifungal effects on N. ellipsospora among
them, with ECsy values of 9.38 and 24.40 mg/L, respectively.
Therefore, we would further explore the antifungal mechanism
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TABLE 2 The ECsq values of different plant extracts against N. ellipsospora.

10.3389/fsufs.2025.1591966

of carvacrol and osthole against N. ellipsospora at their ECs
concentrations in follow-up studies.

3.2 Antifungal activity of carvacrol and
osthole on N. ellipsospora

3.2.1 Effect of carvacrol and osthole on the
mycelial quantity of N. ellipsospora

The results were shown in Figure 1. After 6 d of cultivation,
the mycelial weight of the groups treated with carvacrol and
osthole were 381.33mg and 292.30 mg, respectively, while the
mycelia weights of control group was 543.43 mg. Compared with
control group, the amounts of mycelia treated with carvacrol and
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Citronellol y = —4.4975x + 4.5242 125.69 0.9811 115.58-136.68
Eugenol y=1.8082x + 1.7864 61.20 09727 46.62-80.33
Abietic acid y=1.9681x + 1.6203 74.33 0.950 3 50.92-108.52
Geraniol y=0.2924x + 2.4067 90.37 0.990 3 79.70-102.47
Ferulic acid y=1.236x+2.1774 53.54 0.8923 27.52-104.16
Myrcene y=22549 + 1.5737x 55.50 0.9929 47.55-64.79
Carvacrol y=2762x+ 1.613 24.40 0.956 9 16.92-35.21
Cinnamic acid y = 2.3582x + 0.9604 563.44 0.8723 206.76-840.61
Linalool y=37114x + 09187 25.28 0.9590 11.73-54.46
Osthole y=3.3599x + 1.6873 9.38 0.9800 7.62-11.54
Alpha-Terpineol y=1.0762x + 1.9253 109.15 09115 60.76-196.08
Citral y = 2.3927x + 0.9997 46.97 0.9521 36.35-60.70
osthole decreased by 29.83 and 46.21% with significant differences,
600 — respectively. They could effectively inhibit the accumulation of the
a mycelia quantity in N. ellipsospora.
500
£ 400 . 3.2.2 Indoor control effect of carvacrol and
= osthole on tea gray blight
E . To further clarify the antifungal activities of carvacrol and
= - . . .
&30 osthole, we explored the changes in the ability of tea gray blight
= to infect tea leaves under the influence of carvacrol and osthole by
Q
2,200 4 observing the lesion areas on the leaves. The results were shown
= in Figure 2. Obvious lesions appeared on the tea leaves in control
100 group, and the lesion areas were relatively large. Although lesions
still emerged on the leaves treated with carvacrol and osthole,
0 their lesion areas were significantly reduced compared to those
T T
CK Carvacrol Osthole of control group. By calculating the relative inhibition rates, the
FIGURE 1 relative inhibition rates of carvacrol and osthole were 80.85 and
Effect of carvacrol and osthole on the mycelial quantity of 74.87%, respectively (Figure 3).
N. ellipsospora. Different lowercase letters indicate a statistically
significant difference at P < 0.05.

3.2.3 Indirect effects of carvacrol on mycelial
growth

Carvacrol belongs to essential oil compounds. In order to
comprehensively understand its antifungal activity, we explored
the indirect activity of carvacrol. The results were shown in
Figure 4 and Table 3. Among the five concentration gradients
we set, the inhibition rates ranged from 16.67 to 74.36%, and
the ECsp value was 20.57 pL/mL, indicating good non-contact
antifungal activity.

3.3 Effect of carvacrol and osthole on the
mycelial morphology of N. ellipsospora

To study the effects of osthole and carvacrol on the
mycelial morphology of N. ellipsospora, we observed the mycelial
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FIGURE 2
Indoor control effect of carvacrol and osthole on tea gray blight. (A—C) CK (0 mg/L), (D—F) Carvacrol (ECsg), (G-I) Osthole (ECsg).

morphology at different times after treatment with osthole and
carvacrol for 24, 48, 72, 96, and 120 h. The results were shown in the

. The mycelial structure in the control group appeared to be
intact, plump, and smooth ( , D, G, ] and M). However,
the mycelia treated with carvacrol and osthole showed varying
degrees of damage ( ). The growing tips of the mycelia
were abnormally enlarged and invaginated, the thickness of the
mycelia in the middle was uneven, and the intracellular contents
were reduced. These indicated that osthole and carvacrol might be

affected the normal growth of the mycelia in N. ellipsospora.

Frontiersin

3.4 Effect of carvacrol and osthole on
mycelial morphology and ultrastructure in
N. ellipsospora

3.4.1 SEM observation

As shown in the , the surface of mycelia in control
group was smooth, without obvious damage or deformation,
and it was in a good growth state. The mycelia treated with
carvacrol and osthole became wrinkled, twisted and collapsed.

In addition, abnormal swelling occurred in parts of mycelia in
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osthole-treated group. These results indicated that both carvacrol
and osthole could have a negative impact on the growth
of mycelia.

H

80

60

40 1

204

Relative control effect (%)

0 T T
CK Carvacrol

Osthole

FIGURE 3
Effects of different carvacrol and osthole on tea gray blight.

Colony diameter (cm)

Carvacrol (uL/mL)

FIGURE 4
Indirect determination of antifungal activity. Different lowercase
letters indicate a statistically significant difference at P < 0.05.
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3.4.2 TEM observation

Transmission electron microscopy was used to observe
the effects of carvacrol and osthole on the ultrastructure
of N. ellipsospora. The calculation results were shown in
Figure 6. In control group (Figures 6D, G), the cytoplasm of
mycelial cells was abundant, the cell walls were of uniform
thickness, the cell membranes were wavy, and the organelles
were in normal morphology. In treatment groups (Figures 6k,
H, F, 1), the cell walls were distorted, the cell membranes
shrank inward, the organelles inside the cells were arranged
in a disorderly manner, and some organelles seemed to have
been dissolved or damaged. These indicated that carvacrol
and osthole might have adverse effects on cell structure of
N. ellipsospora.

3.5 CFW

We observed the effects of carvacrol and osthole on the
cell walls of N. ellipsospora through the intensity of blue
fluorescence. The results were shown in Figure 7A. In control
group (Figures 7A:a,d), strong and bright blue fluorescence
appeared at the nodes and edges of the mycelia. For the
mycelia treated with carvacrol (Figures7A:be), the nodes
still had bright blue fluorescence. However, the fluorescence
intensity at the edges of mycelia was significantly weakened.
(Figures 7A:c,f), the
intensity at both the nodes and edges of mycelia was also

In osthole-treated group fluorescence
significantly reduced. These indicated that carvacrol and
osthole could disrupted the dynamic balance of cell walls in
N. ellipsospora.

3.6 PI

When the cell membrane is damaged, it can bind to nucleic
acids and emit red fluorescence; otherwise, it cannot. The
results were shown in Figure 7B. There were no obvious areas
with enhanced staining in either control group or treatment
groups, indicating that under the treatment with osthole and
carvacrol, the cell membranes of mycelia still maintained
relatively good integrity and the PI dye could not enter
the cells.

TABLE 3 The indirect antifungal activity of different concentrations of carvacrol against N. ellipsospora.

Inhibition rate (%)

Carvacrol concentration (nL/mL)

Regression equation ECsp (wL/mL)

0 0 y=3.2738 + 1.3143x 20.57 0.9984
4 16.67
8 30.77
16 45.51
32 58.33
64 74.36
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FIGURE 5
Effects of carvacrol and osthole on morphology of N. ellipsospora. 24 h: (A) CK, (B) carvacrol, (C) osthole; 48 h: (D) CK, (E) Carvacrol, (F) Osthole; 72
h: (G) CK, (H) Carvacrol, (I) Osthole; 96 h: (J) CK, (K) Carvacrol, (L) Osthole; 120 h: (M) CK, (N) carvacrol, (O) osthole. The scale bar is 20 um.
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G
J

FIGURE 6

sections of cells: (G) CK, (H) Carvacrol, (I) Osthole. The scale baris 1 pm.

Images of changes in the mycelial surface and cellular ultrastructure after treatment with carvacrol and osthole for 72 h. SEM: (A) CK, (B) Carvacrol,
(C) osthole. The scale bar is 5pum. TEM of cross - sections of cells: (D) CK, (E) Carvacrol, (F) Osthole. The scale bar is 500 nm. TEM of longitudinal

3.7 Effect of carvacrol and osthole on cell
membrane of N. ellipsospora

3.7.1 Effects of carvacrol and osthole on
membrane permeability of N. ellipsospora

The cell membrane serves as a barrier between the cell and
the external environment and can strictly control the entry and
exit of substances such as ions. Therefore, the change in cell
membrane permeability can be reflected by measuring the electrical
conductivity of mycelia. The results were shown in the Figure 8. As
time increases, the relative electrical conductivity of the mycelia in
both control group and treated groups also increases. While the
trends of relative electrical conductivity in mycelia treated with
osthole and carvacrol were the same as that of the mycelia in the
control group, with no significant differences.

3.7.2 Effect of carvacrol and ostholee on the
release of cell components in N. ellipsospora
Nucleic acids are the main carriers of biological genetic
information, and proteins are essential components of life. The
leakage of nucleic acids and proteins can lead to programmed
disorders in cellular activities and is one of the important indicators
reflecting damage to the cell membrane. Through detection, it
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was found that, the contents of nucleic acids and proteins in the
supernatants of each group increased to varying extents during
0-240 min. Among them, there were no significant differences in
the contents of nucleic acids and proteins between osthole-treated
group and control group (Figures 9A,B). However, the contents of
nucleic acids and proteins in supernatant after carvacrol treatment
were slightly higher than those in control group. Specifically, the
protein content increased rapidly within 60 min, then the growth
rate slowed down, and the protein content increased rapidly again
after 180 min. There was a significant difference in protein content
at 240 min compared with that of control group. The analysis
results indicated that carvacrol might damage the cell membrane
of N. ellipsospora, while osthole had no obvious effect on it.

3.8 Effect of carvacrol and osthole on cell
wall-associated enzyme activity in
N. ellipsospora

3.8.1 Effect of carvacrol and osthole on chitinase
activity in N. ellipsospora

Chitin (Plaza et al,, 2019) is the main component of the
cell walls of most fungi, which can provide strength and
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(A)

CFW and PI fluorescence effect of mycelia after treatment with carvacrol and osthole for 72 h. (A) CFW fluorescence: (a, d) CK; (b, e) Carvacrol, (c, f)

Osthole. (B) PI fluorescence: (a, d) CK; (b, e) Carvacrol, (c, f) Osthole. The scale

AN

baris 20 pm

stability to the cell walls. Chitinase can catalyze the hydrolysis
of chitin and is an important indicator for judging the integrity
of cell walls. As shown in the standard curve ( ),
there was a good linear relationship between the concentration
of chitinase and the absorption peak area, and the regression
equation was y = 0.0012x + 0.0079, R* = 0.9980. After being

treated with osthole and carvacrol ( ), the activity of

Frontiersin

chitinase was significantly higher than that of control group at
48h, being 2.35 times and 1.87 times that of control group,
respectively. Subsequently, it decreased at 72h time point, while
the chitinase activity of osthole increased again at 96 h, reaching
2.12 times that of control group. The results indicated that
osthole and carvacrol could enhance the chitinase activity of
N. ellipsospora.
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3.8.2 Effect of carvacrol and osthole on
B-1,3-glucanase activity in N. ellipsospora

Glucan (Fang et al, 2023) is an important component of
cell walls, and B-1,3-glucanase can catalyze its hydrolysis. With
the concentration of pB-1,3-glucanase as the abscissa and the
absorbance value as the ordinate, a standard curve y = 1.1523x-
0.0519 was obtained, with R* = 0.9979 (Figure 10B). Within 24-
120h (Figure 10D), the activities of glucanase in both control
group and treatment groups increased. At 24h, there was no
significant difference between control group and treatment groups.
Differences began to emerge at 48 h. At 72 h, the enzyme activities
in treatment groups were lower than those in control group. The
enzyme activities of osthole and carvacrol were 3.39 and 4.45 U/g,
respectively. At 96 h, both of them were also lower than those in
control group. These results indicated that osthole and carvacrol
had an inhibitory effect on 8-1,3-glucanase of N. ellipsospora.

3.9 Effect of carvacrol and osthole on SDH
and NAD-MDH enzyme activity in
N. ellipsospora

SDH and NAD-MDH are important indicators for evaluating
mitochondrial respiratory metabolism (Mo et al, 2021). The
Figure 11 showed that when N. ellipsospora was treated with
carvacrol within 120h, the activity of NAD-MDH was increased
and higher than that of control group from 0 to 72h, then
decreases after 72 h, and was lower than that of the control group
at 96 h. While the change trend of SDH activity was similar and
significantly higher than that of control group at multiple time
points, indicating that carvacrol increased the SDH and NAD-
MDH enzyme activities of N. ellipsospora. After treatment with
osthole, the SDH and NAD-MDH enzyme activities of the mycelia
were higher than those of control group before 72 h, and lower than
those of tcontrol group after 72 h, and the change trend was the
same as that of control group.

3.10 Effect of osthole and carvacrol on the
expression of cell wall-associated enzyme
activity in N. ellipsospora

To further verify the effects of carvacrol and osthole on the
cell wall of N. ellipsospora, we assessed their impact by measuring
changes in the expression of chitinase and $-1,3-glucanase genes.
Based on the transcriptome data previously obtained by our
research group, we selected 18 related genes (including GAPDH)
for qRT-PCR analysis.

Chitinase gene expression analysis (Figure 12A): After 48h
of carvacrol treatment, the expression levels of genes regulating
chitinase were significantly higher than those in control group.
Specifically, the expression levels of eight genes - Unigene0003399,
Unigene0003516, Unigene0005261, Unigene0005921,
Unigene0006638,  Unigene0011593,  Unigene0003517,
Unigene0005920 - were significantly upregulated, reaching 2.31-
fold, 2.14-fold, 3.85-fold, 2.88-fold, 1.69-fold, 2.87-fold, 2.86-fold,
and 4.37-fold of control group, respectively. In contrast, the effect

and
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Effect of carvacrol and osthole on membrane permeability of
N. ellipsospora.

of osthole on chitinase genes was relatively weaker. Although
a large number of genes showed upregulated expression, the
differences were not statistically significant. These results indicated
that both carvacrol and osthole could promote the expression of
chitinase genes in N. ellipsospora, and the gene expression levels
were consistent with changes in enzyme activity.

B-1,3-Glucanase gene expression analysis (Figure 12B): In
carvacrol treatment group, the expression levels of B-1,3-glucanase
genes Unigene0000571 and Unigene0010833 in N. ellipsospora
were significantly upregulated, reaching 4.98-fold and 2.76-
fold of control group, respectively, while the expression of
Unigene0000927 was downregulated by 91.00%. In osthole
treatment group, the expression levels of Unigene0000927
and Unigene0010833 were downregulated to 64.68%
71.58% of control group, respectively, while the expression of

and

Unigene0001384 was upregulated to 1.66-fold of control group.

In summary, both carvacrol and osthole significantly regulated
the expression of cell wall-related genes in N. ellipsospora, with
carvacrol showing a more pronounced promoting effect on the
expression of chitinase and f-1,3-glucanase genes.

4 Discussion

Tea, one of the world’s three major non-alcoholic beverages,
holds great economic significance (Chang et al., 2023). The young
leaves and buds of tea plants are highly valuable, but tea leaf diseases
burden tea planting and raise costs. For example, the tea gray blight
can cut production by 10-20% (Murugavel et al., 2024). Currently,
chemical control dominates in tea—growing areas. While it curbs
diseases, it causes severe issues (Rani et al., 2020; Sookhtanlou et al.,
2021; Zhang Z. et al., 2023) like pesticide residues, endangering
tea quality, consumer health, and reducing international market
competitiveness. Thus, exploring eco—friendly, safe, and efficient
plant disease control methods is imperative.
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Frontiers in Sustainable Food Systems

13

frontiersin.org


https://doi.org/10.3389/fsufs.2025.1591966
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

10.3389/fsufs.2025.1591966

Liu et al.
25000 ‘ . 8 180
®— CK ®  Carvacrol—4— Osthole m CK e Carvacrol 4 Osthole
©
20000 A 160 -
E
= ¢
=2 15000 ] E 140
2 . ° a 50
= 5 o
3 = A .
Z 10000 A A 1204 .
a - 3\ 7] - i
< n n /
- . . ps L]
5000 - N 004  wl t .
) |}
0 T T T T T T 80 T T T T T T
20 40 60 80 100 120 20 40 60 80 100 120
Time (h) Time (h)
FIGURE 11

Effects of osthole and carvacrol on energy metabolism of N. ellipsospora. (A) Effect of osthole and carvacrol on NAD-malate dehydrogenase
(NAD-MDH) activity. (B) Effect of osthole and carvacrol on succinate dehydrogenase (SDH) activity.
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(A) Effects of osthole and carvacrol on the expression of chitinase genes; (B) Effects of osthole and carvacrol on the expression of 8-1,3-glucanase
genes. Error bars denote standard error of the mean for three independent experiments.
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Schematic diagram of the mechanism of action of carvacrol and osthole against N. ellipsospora.

Plant extracts have attracted extensive attention as one of the
ideal alternatives to chemical pesticides due to their safe, green,
and efficient characteristics (Chemat et al., 2019). In this study,
the antifungal activities of 11 plant extracts against the tea gray
blight pathogen N. ellipsospora were screened. The results showed
that all 11 plant extracts exhibited good antifungal activities, with
ECso values ranging from 9.38 to 563.44 mg/L. Among them,
carvacrol, an essential oil extract, performed the best, with an ECsg
of 24.40 mg/L, and its ECs for indirect contact was 20.57 pL/mL.
This characteristic enables carvacrol to effectively inhibited the
accumulation of pathogen mycelia and significantly reduced the
incidence of tea gray blight on tea leaves, showing great potential
in the control of tea plant diseases.

Observation under an optical microscope revealed that the
mycelia treated with carvacrol and osthole showed abnormal
enlargement and invagination, and these results were corroborated
by the observation results of a scanning electron microscope.
Further observation with a transmission electron microscope
showed that the cell walls, cell membranes, and organelles of the
treatment groups were damaged to varying degrees, indicating that
the cell wall and membrane were likely to be the key targets for the
antifungal effects of carvacrol and osthole. To explore the action
mechanisms of these two substances more deeply, we used multiple
methods such as PI staining, relative conductivity measurement,
and extracellular nucleic acid and protein detection. The results
showed that the cell membrane could still maintain a relatively

Frontiers in Sustainable Food Systems

intact state at the ECsp concentration. Combined with the CFW
staining results, it was clear that carvacrol and osthole mainly
acted on the cell wall and damaged the integrity of cell wall of
N. ellipsospora.

The cell walls of most fungi are mainly composed of chitin and
B-glucan (Arroyo et al, 2016). Chitin, as a nitrogen-containing
polysaccharide, forms a fibrous structure in the fungal cell wall,
providing the necessary strength and toughness (Qinghui et al,
2024) for the cell wall and helping fungal cells maintain a
specific shape and structural stability. B-glucan forms a reticular
structure, giving the cell wall rigidity, enabling the cell to resist
external pressure and having a certain elasticity to buffer external
impacts (Osumi, 1998). Chitinase and glucanase (Adams, 2004) can
respectively decompose chitin and glucan in the cell wall. Once
their enzyme activities change abnormally, the dynamic balance of
the cell wall will be disrupted, and then the integrity of the cell wall
will be damaged. Under the action of carvacrol and osthole, the
chitinase activity of the cell wall showed a trend of first increasing
and then decreasing. It had a significant difference compared with
control group at 48h, and then decreased to a level close to that
of control group at 72h. This phenomenon might be the self-
regulation of the mycelium in response to external stimuli (Ayling
et al., 2000; Rui-Feng et al., 2021). In contrast, the activity of
B-1,3-glucanase was inhibited at different times, and this change
in enzyme activity disrupted the normal structure and function of
cell wall.
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To further reveal their molecular mechanisms of action, we
found through qRT-PCR analysis that carvacrol and osthole had
the same trend of influence on the expression levels of chitinase
and B-1,3-glucanase-related genes at 48h. This result indicated
that these two substances not only affected the synthesis and
decomposition of the cell wall at the enzyme activity level, but also
regulated it at the gene expression level, disrupting the integrity of
the cell wall from multiple levels.

According to existing research reports, carvacrol and osthole
can not only damage the cell membranes and cell walls of fungi
(Ayling et al.,, 2000; Hu et al., 2023; Rui-Feng et al., 2021), but
also some studies have shown that carvacrol can interfere with the
energy metabolism balance of mycelia (Barbosa et al.,, 2019). Based
on this, this study further explored the effects of carvacrol and
osthole on the enzyme activities of SDH (succinate dehydrogenase)
and NAD-MDH (malate dehydrogenase). The experimental results
showed that, carvacrol caused the activity of NAD-MDH to first
increase within 120h and then decreased. Its activity was higher
than that of control group from 0-72 h, started to decline after 72 h,
and was lower than that of control group at 96 h. The activity of
SDH also changed accordingly and was higher than that of control
group at multiple time points. After treatment with osthole, the
enzyme activities of SDH and NAD-MDH in mycelia were higher
than those of control group before 72h and lower than those
of control group after 72 h. These results fully demonstrated that
carvacrol and osthole could interfere with the normal respiratory
metabolism process of N. ellipsospora, and inhibit the growth
and reproduction of pathogens from the perspective of energy
metabolism (Figure 13).

5 Conclusion

In conclusion, this study comprehensively and deeply explored
the antifungal activities and action mechanisms of carvacrol and
osthole against the tea gray blight pathogen N. ellipsospora, clarified
the important roles of carvacrol and osthole in inhibiting the
growth of pathogens, and provided a solid theoretical basis and
rich experimental foundation for the development of new plant-
derived fungicides. However, the current research results were
still at the laboratory stage. In practical agricultural production
applications, their control effects and safety would still need
to be further verified through field tests. Future research could
focus on in-depth exploration of their molecular mechanisms of
action, such as clarifying the specific interaction methods between
carvacrol, osthole and related genes and proteins, and studying
their synergistic effects when used in combination with other
substances, so as to provide more powerful support for better
applying them to the control of diseases in agricultural production
and promoting the green and sustainable development of the
tea industry.
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