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Abstract

Anthracnose is a leaf fungal disease caused by multiple Colletotrichum species. Currently,
the predominant deployment of chemical agents for anthracnose control increases ecologi-
cal pollution risks and potential food safety concerns. The comprehension of the pathogenic
mechanism and physicochemical properties of anthracnose is, therefore, essential for effec-
tive prevention and control. In this study, the pathogenic strain (pathogen) was isolated
from the infected tea plant (Camellia sinensis) leaves and was identified as Colletotrichum
gloeosporioides based on microscope observations and gene sequences. This fungus exhib-
ited optimal growth at 28 ◦C and a pH of 6, with a lethal temperature threshold of 53 ◦C on
PDA plate medium. The 80% tea saponin and 10% polymycin B could effectively inhibit its
mycelium growth. Notably, the 10% polyoxin B exhibits a stronger inhibitory effect with an
EC50 value of 1.07 mg mL−1. Following infection with Colletotrichum gloeosporioides, the
resistant cultivar ‘Zhongcha 108’ exhibited higher levels of H2O2 and O2

− than the suscep-
tible ‘Longjing 43’, with later symptom onset and slower disease progression. Although the
exogenous treatment of methyl jasmonate (MeJA) did not inhibit C. gloeosporioides directly,
it significantly reduced lesion areas in ‘Longjing 43’ leaves caused by C. gloeosporioides. This
treatment increased peroxidase and superoxide dismutase activities, but limited malondi-
aldehyde content, thereby enhancing ‘Longjing 43’ resistance to the pathogen. The findings
provide scientific guidance for the anthracnose prevention and control in tea gardens.

Keywords: Colletotrichum gloeosporioides; MeJA; Camellia sinensis; tea saponin; polyoxin B

1. Introduction
Tea plant anthracnose is a leaf fungal disease caused by Colletotrichum and occurs

across major tea-producing regions worldwide [1]. Anthracnose causes damage to impor-
tant tea-producing areas worldwide. As one of the most serious diseases of tea leaves,
anthracnose was found in all southern provinces suitable for tea planting in China [2]. In
warm tea-producing areas, such as southwestern Japan, anthracnose outbreaks commonly
recur from summer to autumn; prevention and control typically involve more than four
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fungicide applications per year [3,4]. Among about 14–50% crop losses caused annually by
pests and plant pathogens in Assam State tea-producing areas of India, tea anthracnose
is one of the most serious leaf diseases [5]. Anthracnose is also a major leaf disease in tea
plantations off the coast of South Korea [6].

The clarification of pathogenic characteristics is crucial for determining the etiology of
the disease, comprehending its occurrence patterns, and formulating effective prevention
and control strategies. The morphological and molecular biological methods were used
for anthracnose identification. Anthracnose is caused by various pathogens, each with
distinct characteristics when affecting tea trees [7]. It is generally believed that there are a
total of 20 species of anthracnose fungi on tea trees, of which three are compound species,
namely C. gloeosporioides (including C. siamense, C. aenigma, and C. fructicola), C. acutatum
(including C. fioriniae) and C. boninense (including C. karstii), and the fourth category does
not contain the compound species, which are C. truncatum, C. cliviae, C. crassipes, C. camelliae,
C. jiangxiense, C. wuxiense, C. henanense, C. endophytica, C. carveri, C. majus, C. chongqingense,
and C. alienum, and individual unnamed ones are not counted [8–16].

To manage these outbreaks, integrated programs combine cultural practices and
fungicide applications; several management measures have been proposed. Therefore,
fungicide treatment is the most effective measure to protect plants from Colletotrichum
infection. Concretely, chlorothalonil, carbendazim, and difenoconazole all have inhibitory
effects on the development of anthracnose [17]. Extended or improper chemical control
may drive resistance, disrupt benefits, and increase residue and environmental burdens,
underscoring the need for integrated management. Therefore, it is imperative to adopt more
optimal measures for anthracnose control. A variety of synthesized secondary metabolites
in tea plants, including caffeine, tea polyphenols, and tea saponins, exhibit significant
antibacterial properties. For instance, exogenous caffeine can stimulate the elevation of
endogenous jasmonic acid levels in tea plants, thereby augmenting the disease resistance
of tea plants and inhibiting the invasion of anthracnose [18]. In vitro antifungal tests
demonstrated that caffeine exhibited a more potent inhibitory effect on the growth of
Colletotrichum compared to tea polyphenols and catechins [19]. The effective utilization of
tea plant metabolites for the control of fungal diseases is both intriguing and promising.

Here, a tea-derived C. gloeosporioides isolate was recovered from symptomatic leaves,
identified by morphological traits and molecular markers, and characterized to establish
in vitro benchmarks for growth and antifungal sensitivity (tea saponin, polyoxin B). In
parallel, the potential of methyl jasmonate (MeJA) to prime leaf-level resistance in tea was
assessed by comparing disease progression between the resistant ‘Zhongcha 108’ and the
susceptible ‘Longjing 43’, examining the direct in vitro activity of MeJA across practical
concentrations, and quantifying the effects of MeJA pretreatment on lesion development
together with peroxidase (POD) and superoxide dismutase (SOD) activities. Collectively,
these pathogen- and host-focused assessments provide parameters to inform anthracnose
prevention and control in tea production and a basis for the breeding and deployment of
anthracnose-resistant cultivars.

2. Materials and Methods
2.1. Isolation and Identification of Pathogen

The diseased leaves of ‘Longjing 43’ that exhibit typical symptoms of anthracnose were
collected. According to established research protocols, a pathogenic fungus was isolated
by using the conventional tissue isolation method to obtain pure culture strains through
subsequent single-spore isolation [7,20].

The isolated and purified strains were cultured in PDA medium for approximately
7 days to collect desiccated mycelium. The pathogenic DNA was extracted by Ezup
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column fungal genomic DNA extraction kit based on the manufacturer’s instructions.
The ribosomal intergenic spacer sequence (rDNA-ITS), Glutamine synthetase (GS), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were amplified by using universal
primers ITS1 (TCCGTAGGTGAACCTGCGG)/ITS4 (TCCTCCGCTTATTGATATGC), GS
(ATGGCCGAGTACATCTGG/GAACCGTCGAAGTTCCAC) and GAPDH (GCCGTCAAC-
GACCCCTTCATTGA/GGGTGGAGTCGTACTTGAGCATGT) [21–23]. The PCR products
were analyzed and sequenced for molecular biological identification.

2.2. Characteristics of C. gloeosporioides

After culturing on a PDA plate medium for 5 days, a 6 mm fungal disk was carefully
transferred to the center of a fresh PDA plate medium for morphological identification and
characteristic observation of relevant pathogens. The fungus was then incubated at 28 ◦C
to observe and record its growth condition every 24 h. The spore suspension was collected
using established methods, followed by microscopic examination to observe and measure
the morphology and dimensions of conidia [24].

The 6 mm fungal disks were cultured in a constant temperature incubator under dark
conditions at temperatures of 5 ◦C, 10 ◦C, 15 ◦C, 20 ◦C, 25 ◦C, 28 ◦C, 30 ◦C, 35 ◦C, and 40 ◦C.
After five days’ culture, the colony diameter was measured to calculate the growth rate
at different temperatures, and sporulation was evaluated [25,26]. The fungus disks were
placed into a sterile 10 mL centrifuge tube and overlaid with sterile water. The tube was
incubated in a water bath at 45, 47, 49, 51, 53, or 55 ◦C for 10 min. After cooling to room
temperature, the fungus disks were aseptically transferred to the center of the PDA plate
and incubated at 28 ◦C for 5 days. Then, the growth and development of hyphae were
carefully observed and recorded. Each temperature was set to 3 repeats.

The 6 mm fungal disks were transferred on PDA plate medium with varying pH (i.e.,
4, 5, 6, 7, 8, 9, 10, and 11) and cultured in darkness at 28 ◦C in the incubator [25]. After
5 days’ culture, the colony diameter was measured to calculate the growth rate, as well as
the conidia yield and the germination rate on the PDA plate medium with different pH
values. The pH value of each PDA medium was set to 3 replicates.

2.3. The In Vitro Antifungal Activity Tests

The antifungal activity of the 80% tea saponin and 10% polyoxin B formulations
against C. gloeosporioides was assessed by measuring inhibition of mycelial growth. For
tea saponin, 4.00 g of the 80% formulation was dissolved in sterile water to a final volume
of 25 mL to obtain a 160 mg mL−1 stock, which was diluted to working solutions of 80,
40, 20, and 10 mg mL−1. For polyoxin B, 500 mg of the 10% formulation was dissolved
in sterile water to 25 mL to obtain a 20 mg mL−1 stock, which was diluted to 10, 12.5, 15,
and 17.5 mg mL−1. Then, 5 mL of each working solution was added to 50 mL of molten
PDA to prepare drug-amended media containing 80% tea saponin at final concentrations of
16, 8, 4, 2, and 1 mg mL−1 and 10% polyoxin B at 1, 1.25, 1.50, 1.75, and 2 mg mL−1. PDA
supplemented with sterile water only served as the control. The 6 mm fungal disks were
placed in the center of the drug-containing and control mediums, respectively, and then
invertedly incubated at 28 ◦C in darkness for 5 days to measure and record the diameter of
colonies [27]. Each group was treated with 3 replicates.

2.4. Infection and Histochemical Staining of Tea Plant Leaves

Two contrasting cultivars were selected to anchor the assay pipeline: ‘Zhongcha
108’ (resistant) and ‘Longjing 43’ (susceptible). This pairing provided a high-contrast
reference under standardized conditions (uniform leaf age, identical inoculation, and MeJA
pretreatment). After disinfection with a 75% (v/v) ethanol solution, the inoculation method
employed was based on previous research [24]. The inoculated leaves were cultured in a
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controlled chamber set at 25 ◦C, with a relative humidity of 95% and a light–dark cycle
of 12 h. The symptoms of the leaves were observed and measured through DAB and
NBT staining methods as described in a previous study [28]. The leaves of ‘Longjing 43’
were sampled at 2, 4, 12, and 24 h after inoculation with C. gloeosporioides to investigate its
infection process using trypan blue and aniline blue staining methods [29]. Each group
was treated with 3 replicates.

2.5. Exogenous Methyl Jasmonate Treatment

The exogenous methyl jasmonate (MeJA) solution was dissolved in PDA medium
following the established method to obtain PDA medium with varying concentrations
of MeJA, aiming to gain a preliminary understanding of the direct impact of MeJA on C.
gloeosporioides [19]. The inhibitory effect of MeJA on the mycelial growth of C. gloeospori-
oides was assessed using the mycelial growth rate method. Each group was treated with
3 replicates.

Subsequently, the MeJA effect on the resistance of tea plant leaves to anthracnose was
studied through gradient concentrations (i.e., 0.01, 0.05, 0.1, 0.5, 1 mmol L−1). The leaves of
‘Longjing 43’ were treated with 20 µL of MeJA solution at various concentrations for 6 h,
while sterile water was used as the control treatment. Following the 6 h treatment period, a
spore suspension with a concentration of about 1.0 × 105 CFU mL−1 was introduced to
the stab wound site. The inoculated leaves were cultured in a controlled chamber at 25 ◦C,
with a relative humidity of 95% and a light–dark cycle of 12 h. Each group was treated
with 3 replicates.

2.6. Enzyme Activity

The ‘Longjing 43’ leaves were treated with an exogenous hormone solution containing
0.1 mmol L−1 MeJA, while sterile water was used as the control treatment. The samples
were collected at 0, 2, 4, 6, and 8 days after inoculation with C. gloeosporioides for the
determination of resistance physiological indices. The peroxidase (POD), superoxide
dismutase (SOD), and malondialdehyde (MDA) enzyme activities were determined in
accordance with the instructions provided by the manufacturer (BC0095, BC0170, BC0025,
Solarbio, Beijing, China).

2.7. Data Statistical Analysis

All assays were performed with a single tea-derived C. gloeosporioides isolate
to standardize growth and sensitivity measurements across experiments. GraphPad
Prism 8.0.2 software was used for statistical analysis of the data. Calculations followed the
manufacturer’s instructions, and statistical analyses were performed using Student’s t-test
(* 0.01 < p < 0.05, ** p < 0.01).

3. Results
3.1. Characteristics of C. gloeosporioides Strains

The pathogenic strain was isolated from the anthracnose-infected leaves collected from
Zhongshanling tea plantations in Nanjing, Jiangsu Province (Figure 1A). The multilocus
phylogenetic analysis of the concatenated sequences of ITS, GS, and GAPDH genes placed
the isolates described as C. gloeosporioides through DNAMAN 7 BLAST homology analysis
(Figure S1), and identified C. gloeosporioides with a 97.50% for the ITS, 94.12% for the
GAPDH, and 93.1% for the GS, supporting the isolate’s identification as C. gloeosporioides.
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Figure 1. Characteristics of Colletotrichum gloeosporioides strains. (A) Healthy and anthracnose-
infected tea plants. (B) Colony, upper and reverse, hypha, and conidia. (C) The development progress
of Colletotrichum gloeosporioides in tea plant leaves. The arrows indicate the representation of the
following: C, conidium; GT, germ tubes; H, hyphae; and A, appressorium. Scar bar = 10 µm.

This strain was purified and cultured to observe its morphological characteristics.
Along with the growth on the PDA plate medium, the colony gradually turned into gray
from the initial white after 3–4 days of continuous culture. The aerial hyphae appeared
dense and grayish-white with yellowish-white on the opposite side of the colony after
culture for 7 days (Figure 1B). The hyphae exhibit a curved morphology without any
branching. The conidium has a colorless single-celled, rod-shaped structure and measures
11.34 ± 1.31 × 4.35 ± 0.51 µm in size (Figure 1B). Therefore, combined with morpho-
logical characteristics and microscopic structure, the isolated fungus was identified as
C. gloeosporioides.

The purified pathogenic fungus was inoculated onto the ‘Longjing43’ leaves to observe
the subsequent development of the infection process on the tea tree leaves using aniline
blue staining. The results demonstrated the presence of rod-shaped spores at 4 hpi. Spore
germination tubes were observed at 8 hpi, followed by the appearance of hyphae after
12 hpi. The formation of appressorium was detected at 24 hpi (Figure 1C).
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3.2. Effects of Environment and Fungicides on C. gloeosporioides Growth

Using this isolate as a reference, in vitro growth responses, lethal temperature, and
EC50 values were determined under harmonized conditions. Culture temperature effect
on C. gloeosporioides was investigated, which demonstrated the normal growth of mycelia
within a temperature range of 5–40 ◦C. Among these, the optimal growth was observed at
28 ◦C, with a colony diameter reaching 64.3 mm, an average growth rate of 12.86 mm d−1,
and the maximum spore production of about 8.53 × 105 mL−1. However, the temperatures
of 5 ◦C and 40 ◦C both significantly impair the mycelial activity and growth, resulting in the
slowest rates of colony expansion. After culturing for 5 days, the respective colony diame-
ters measured 8.33 mm and 6.67 mm, with average growth rates recorded as 1.67 mm d−1

and 1.33 mm d−1, respectively. Furthermore, when cultured at 5 ◦C, the strain exhibited
no spore production, while at 40 ◦C, spore production was found to be minimal and was
only about 8.7 × 104 mL−1. The culture temperature below 20 ◦C or above 35 ◦C had a
significant inhibitory effect on strain sporulation. Sporulation showed an increase between
5 and 28 ◦C, but decreased between 28 and 40 ◦C (Figure 2A,B). The water bath at 53 ◦C
and 55 ◦C for 10 min impaired growth and development of the pathogen, which indicated
that temperatures of 53 ◦C and above possess lethal effects on C. gloeosporioides.

 

Figure 2. Effect of culture conditions on Colletotrichum gloeosporioides. (A) Effect of different tem-
peratures on mycelial growth of Colletotrichum gloeosporioides. (B) Effect of different temperatures
on spore production of Colletotrichum gloeosporioides. (C) Effect of different pH on mycelial growth
of Colletotrichum gloeosporioides. (D) Effect of different pH on spore production of Colletotrichum
gloeosporioides. (E) Inhibition of mycelial growth of Colletotrichum gloeosporioides by 80% tea saponin.
(F) Inhibition of mycelial growth of Colletotrichum gloeosporioides by 10% polyoxin B. Note: Data with
three biological replicates were introduced as mean values ± standard deviation (p < 0.05).
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The effect of pH value on C. gloeosporioides was investigated. The results demonstrated
that the mycelia exhibited normal growth within a pH range of 5–9, particularly with the
most rapid growth at pH 6. Its colony diameter reached 62.33 mm with an average growth
rate of about 12.47 mm d−1. However, the mycelial activity was found to be poor, and the
growth rate was slow under pH 10 and pH 11. After 5 days, the colony diameters measured
26.33 mm and 17.67 mm, with average growth rates of 5.27 mm d−1 and 3.53 mm d−1,
respectively (Figure 2C). The maximum spore yield reached 7.97 × 105 CFU mL−1 at pH 6,
while the sporulation of the strain significantly decreased after pH 9, with a minimum
sporulation of only 1.23 × 105 CFU mL−1 (Figure 2D).

Supplementary tests in medium with varying concentrations of 80% tea saponin and
10% polyoxin B revealed a positive correlation between the agent concentration and the
growth of C. gloeosporioides mycelium (Figure 2E,F). The relative antifungal rate reached
15.79% at 1 mg mL−1 of 80% tea saponin. Meanwhile, at a concentration of 2 mg mL−1 for
10% polyoxin B, the relative antifungal rate significantly increased to 71.83%. The virulence
analysis revealed that the EC50 values for 80% tea saponin and 10% polyoxin B against C.
gloeosporioides were determined to be 8.21 mg mL−1 (y = 1.1356x + 3.9615, R2 = 0.9695) and
1.07 mg mL−1 (y = 2.1338x + 4.9389, R2 0.9796), respectively, indicating that 10% polyoxin B
exhibited a superior direct antifungal effect.

3.3. Response of Different Resistant Tea Leaves to C. gloeosporioides

The C. gloeosporioides were inoculated onto ‘Longjing 43’ and ‘Zhongcha 108’ leaves,
aiming to investigate the response of different tea plant varieties with varying resistance
levels towards C. gloeosporioides.

‘Longjing 43’ leaves exhibited conspicuous lesions at 2 dpi (day post-inoculation).
The lesion diameter of ‘Longjing 43’ was significantly greater than that of ‘Zhongcha 108’
at 4 dpi. At 6–8 dpi, differences between the two cultivars were more pronounced. The
leaves of ‘Longjing 43’ showed large and concave lesions, resulting in lesions with circular
edges. The symptoms of ‘Zhongcha 108’ showed small spots and did not deteriorate
seriously (Figure 3A). Overall, ‘Zhongcha 108’ exhibited a higher level of resistance to C.
gloeosporioides infection compared to ‘Longjing 43’.

The growth and development of C. gloeosporioides in leaves of different resistant tea
plants were observed using aniline blue staining. The staining results revealed that the
development of C. gloeosporioides conidia on the leaves of ‘Longjing 43’ exhibited a higher
rate compared to that on ‘Zhongcha 108’. C. gloeosporioides initiated germination on the
leaves of both tea cultivars and developed germ tubes at 8 hpi; however, a lower number
of conidia germinated on the leaves of ‘Zhongcha 108’. The ‘Longjing 43’ leaves exhibited
hyphal growth at 12 hpi, whereas ‘Zhongcha 108’ continued to develop germ tubes. The hy-
phae on ‘Longjing 43’ leaves exhibited robust growth and developed appressoria, whereas
the hyphae of ‘Zhongcha 108’ showed less proliferation with some still in a germination
state, indicating potential hindrance at 24 to 48 hpi (Figure 3B).

The production and accumulation of H2O2 were observed by DAB staining. The results
demonstrated less H2O2 production in ‘Longjing 43’ upon attachment of C. gloeosporioides
at 24 hpi. In contrast, ‘Zhongcha 108’ exhibited evident oxidation as indicated by DAB
staining and displayed a yellowish-brown coloration. The ‘Longjing 43’ exhibited localized
DAB staining at 48 hpi, whereas ‘Zhongcha 108’ displayed a substantial area of yellowish-
brown discoloration. By 72 hpi, ‘Longjing 43’ demonstrated a higher accumulation of H2O2

(Figure 3C).
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Figure 3. Response of different resistant tea leaves to Colletotrichum gloeosporioides. (A) Disease
incidence on leaves of the susceptible variety ‘Longjing 43’ and the resistant variety ‘Zhongcha 108’
at 2, 4, 6, and 8 dpi. Scar bar = 1 cm. (B) Growth and development of Colletotrichum gloeosporioides
conidia on different resistant tea plant varieties. Scale bar = 10 µm. (C) H2O2 accumulation in tea
leaves intercropped with Colletotrichum gloeosporioides. Scale bar = 500 µm. The red arrows indicate
the accumulation sites. (D) O2

− accumulation in tea plant leaves intercropped with Colletotrichum
gloeosporioides. Scale bar = 500 µm.

The production and accumulation of O2
− were observed by NBT staining. The results

demonstrated that a substantial blue-purple lesion developed adjacent to the inoculation
site of ‘Zhongcha 108’, while only a limited light blue-purple discoloration appeared on
‘Longjing 43’ leaves after 24 h of the inoculation. After 48 h of inoculation, the intensity of
blue-purple discoloration surrounding the inoculation wounds in both varieties exhibited
a decrease. A greater number of blue-purple sites were observed outside the inoculation
site of ‘Zhongcha 108’, while fewer were found on the leaves of ‘Longjing 43’ at 72 hpi
(Figure 3D).

3.4. Effect of Exogenous Hormone Treatment on C. gloeosporioides

The application of MeJA significantly suppressed the spore germination, germ tube
elongation, and mycelial growth of C. acutatum [30]. Therefore, the direct effect of ex-
ogenous MeJA on C. gloeosporioides was evaluated through the inoculation of 6 mm C.
gloeosporioides fungal disks on the PDA plate medium with different concentrations of
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MeJA. After incubation at 28 ◦C for 5 days, the colony diameter in the control group
reached 61.17 mm. Compared to the control group, no significant difference in the colony
diameter was observed in the exogenous treatment group and among various MeJA con-
centrations (Figure 4A) on PDA plate medium treated with different concentrations of
MeJA, indicating that exogenous MeJA treatment did not exert direct inhibitory effects on
the growth of C. gloeosporioides.

 

Figure 4. Effect of exogenous hormone treatment on Colletotrichum gloeosporioides. (A) Effect of exoge-
nous MeJA on mycelial growth of Colletotrichum gloeosporioides. (B) Leaf phenotypes at 5 d exogenous
MeJA treatment followed by inoculation with Colletotrichum gloeosporioides. (C) Peroxidase (POD)
activity of ‘Longjing 43’ leaves after inoculation with Colletotrichum gloeosporioides. (D) Superoxide
dismutase (SOD) activity of ‘Longjing 43’ leaves after inoculation with Colletotrichum gloeosporioides.
(E) Malondialdehyde (MDA) content of ‘Longjing 43’ leaves after inoculation with Colletotrichum
gloeosporioides. Note: Data with three biological replicates were introduced as mean values ± standard
deviation (*, p < 0.05; **, p < 0.01), “ns” means no difference.

To investigate the impact of exogenous hormones on tea plant leaf defense against C.
gloeosporioides, various concentrations of MeJA were applied for the exogenous treatment
of leaves 6 h before the infection. The lesion area expanded to the leaf margins along with
the leaf decay in the control at 5 dpi with C. gloeosporioides. The exogenous application
of MeJA significantly reduced the area of leaf lesions. Notably, a concentration of 1 mM
MeJA effectively inhibited pathogen expansion without virtual leaf rot (Figure 4B), which
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indicated that exogenous MeJA induced resistance of ‘Longjing 43’ against C. gloeospori-
oides and inhibited the infection spread on leaves. The positive correlation was observed
with increasing hormone concentrations. The inhibitory effect was most pronounced at a
concentration of 1 mM MeJA, while it was least significant at a concentration of 0.01 mM
(Figure 4B).

3.5. Changes in Antioxidant Enzyme Activity in Tea Plant Leaves Under Exogenous
MeJA Treatment

A concentration of 0.1 mM MeJA was chosen for the treatment of ‘Longjing 43’
leaves [31]. After inoculation with C. gloeosporioides, the POD activity was measured.
The POD activity in the exogenous treatment group of 0.1 mM MeJA exhibited a sharp
increase, reaching its peak at 2 dpi. Subsequently, there was a significant decline in enzyme
activity at 4 dpi, returning to levels similar to those observed at 0 hpi. However, it remained
consistently high at both 6 dpi and 8 dpi. The POD activity in the control exhibited a
relatively gradual change, with a slight increase observed at 2 dpi. Subsequently, almost no
significant alterations in POD activity were found at both 4 dpi and 6 dpi. However, after
6 dpi, a notable upward trend in POD activity was observed (Figure 4C).

The SOD activity treated with 0.1 mM MeJA exhibited a similar trend to that of the
control at 0 dpi, but it displayed a rapid increase at 2 dpi and subsequently surged to its
peak at 4 dpi. Then, the enzyme activity declined to the same level as the control at 6 dpi.
At 8 dpi, the SOD activity decreased to a level lower than that of the control. The change in
SOD activity in the control was relatively gradual, with a slight increase observed at 2 dpi.
Subsequently, there was a continuous rise in SOD enzyme activity, reaching its peak at
4 dpi. However, at 6 dpi, there was a decline in SOD activity followed by another increase
until 8 dpi, when it surpassed that of the 0.1 mM MeJA treatment group (Figure 4D).

The MDA content in the 0.1 mM MeJA group exhibited minimal changes following
inoculation, with the highest level observed at 0 hpi, which was subsequently maintained
at a stable level from 2 dpi to 8 dpi. A slight increase was observed at 6 dpi, followed by a
subsequent decline. The MDA content in the control exhibited an initial increase followed
by a subsequent decrease. Following inoculation, the MDA content was consistently higher
compared to the 0.1 mM MeJA treatment at almost all time points. At 2 dpi and 8 dpi, both
groups reached a similar level (Figure 4E).

4. Discussion
C. gloeosporioides strain was obtained from tea plant leaves infected with anthrac-

nose through molecular biological and morphological identification of pathogens. Its
colony characteristics observed on the PDA plate medium were consistent with previous
studies [12,15].

According to histopathological observation, although Colletotrichum has a variety of
pathogens causing tea anthracnose, its conidia germination and infection on tea leaves
are roughly the same. Firstly, when the mycelia or conidia fall on the lower epidermis
of leaves, they adhere to the trichome of tea leaves and then germinate to form germ
tubes [32]. During germination, conidia produce one or more germ tubes. The top of
the germ tube contacts the epidermal cell, thickening the cell wall [33,34]. Colletotrichum
can invade directly through the cuticle on the leaf surface regardless of the appressorium.
After the appressorium matures, the infection nail penetrates the host stratum corneum to
complete the colonization [33]. In this study, we observed a similar development process in
tea plant leaves after infection with C. gloeosporioides (Figure 1C).

Temperature is another important factor affecting fungi’s growth; for instance, unac-
ceptable temperatures decrease or stop their growth [2]. The conidia germinate in distilled
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water after 48 h with a rate of about 45.4% at 22 ◦C and 44.1% at 27 ◦C, respectively. The low
temperatures at −2 to 4 ◦C hinder germination ability only with a 1.3% germination rate in
5 days [35]. Various studies have demonstrated that spores exhibit germination within the
temperature range of 12–40 ◦C, with an optimal temperature for germination at 24~28 ◦C.
However, certain regions also display a germination rate exceeding 50% at temperatures as
low as 20 ◦C and as high as 32 ◦C. Furthermore, it has been observed that the mycelium
exhibits its most rapid growth within the temperature range of 25~28 ◦C [26,36]. Different
Colletotrichum species show various tolerances to temperature. For example, C. fruticola
grows in a wide temperature range of 15 ◦C to 30 ◦C, with a significant decrease in growth
rate at 35 ◦C and growth stopping at 40 ◦C. On the other hand, C. camelliae stops growing
when the temperature exceeds 35 ◦C, and its optimal temperature is 25 ◦C [26]. For C.
siamense, C. fioriniae, and C. Karstii, the optimal temperature range is 26 ◦C to 28 ◦C [37].
Our study indicated that C. gloeosporioides exhibited normal growth across a temperature
range of 5–40 ◦C, with the optimal growth temperature being 28 ◦C. The temperature below
5 ◦C or above 40 ◦C significantly restricts the spore growth and production. The lethal
temperature of C. gloeosporioides was 53 ◦C, which effectively eliminated the pathogen after
a 10 min treatment in a water bath (Figure 2A,B).

The pH value is another critical factor in fungal–host interactions as it can change the
activities of polygalacturonase (PG) and pectinase (PL), which alter pathogen virulence [38].
Both C. camelliae and C. fructicola grow in acidic to weakly alkaline environments, with no
significant difference in growth between pH 5 and pH 8. However, C. camelliae showed a
downward trend at pH 9 [26]. The initial pH of the medium was reported to be alkaline,
and after 4 days of culture, the mycelium exhibited a slight shift towards neutrality [25]. In
this study, C. gloeosporioides exhibits a broad adaptability to variations in culture pH, can
grow and develop optimally within a pH range of 4 to 11. The mycelium demonstrates
its highest growth rate and spore production at pH 6; however, the high pH levels at 10
and 11 diminish the mycelium’s activity, thus slowing growth rates and reducing spore
production (Figure 2C,D).

Fungicide treatment is the most effective measure to protect plants from Colletotrichum
infection. Chlorothalonil, carbendazim, and difenoconazole have inhibitory effects on
anthracnose [17]. Screening and toxicity tests of nine chemical fungicides found that 40%
prochloraz water emulsion at a concentration of 0.1 µg mL−1 is the most effective method
to control anthracnose [16]. A total of 80% tea saponin, a plant-derived saponin preparation
that has shown antifungal effects in vitro (including against Colletotrichum), has been used
in some systems as a biobased antifungal or adjuvant [39]; and 10% polyoxin B is a member
of the polyoxin group used in crop disease control and is reported to provide preventive
activity in other host–pathogen systems [40]. Reports from fruit, vegetables, and ornamen-
tal crops indicate that tea saponin can reduce mycelial growth and/or sporulation and
may improve spray performance, whereas polyoxin products can limit lesion development
and sporulation when applied at appropriate doses and timings; however, performance
is context-dependent across species and environments [41,42]. The mycelium growth rate
method confirmed that both 80% tea saponin and 10% polyoxin B exhibited significant
inhibition against the growth of C. gloeosporioides mycelium (Figure 2E,F). These obser-
vations justified our in vitro concentration-response comparison as a necessary first step
before detached-leaf and greenhouse inoculation trials in the tea and before considering
integration into Integrated Pest Management (IPM) programs.

The resistance to anthracnose of different tea plant cultivars was evaluated for breeding.
Many tea cultivars have varying degrees of resistance to anthracnose pathogens. A major
green tea cultivar, ‘Yabukita’, is susceptible to anthracnose in more than 70% of tea fields
in Japan [3]. Most Assam varieties are resistant or highly resistant to anthracnose in



Microbiol. Res. 2025, 16, 220 12 of 17

Japan [43–45]. Green tea cultivars introduced from China, such as ‘Chin Shin daah Pan’
and ‘Ying Jy Horong Shin’, show moderate resistance to this disease [3]. Additionally,
‘Yun Kang 10’ is resistant to anthracnose [46], while ‘Zhenong 139’ and Taiwan ‘Chin-shin
Oolong Tea’ are susceptible [47,48]. Anthocyanin-rich tea cultivar ‘Sunrouge’ is screened
from the natural cross population of ‘Cha Chuukanbohon Nou 6’ (C. taliensis × C. sinensis),
with slight resistance to anthracnose [49,50]. ‘Zhongcha 108’ (ZC108) is a disease-resistant
tea cultivar developed from ‘Longjing 43’ (LJ43) by radiation-induced mutagenesis, whereas
LJ43 is susceptible to anthracnose [19,51,52]. Compared to ‘Zhongcha 108’ leaves, a more
rapid and earlier progression of anthracnose was observed on ‘Longjing 43’ leaves in our
study (Figure 3A,B).

Reactive oxygen species (ROS)-mediated defense against fungal pathogens is an
important component of the plant immune system. Overexpression of grape VqWRKY56
led to increased ROS accumulation and enhanced resistance against E. necator [53]. Previous
studies have demonstrated that ROS play a pivotal role in conferring resistance to P. theae
in tea plants [54]. As one of the most valuable and stable ROS, the compound H2O2 exerts
inhibitory effects on the germination of various pathogenic fungal spores, and also actively
participates in the oxidative cross-linking process of cell wall glycoproteins to reinforce their
structure, which leads to the induction of allergic necrosis reactions, ultimately enhancing
disease resistance in plants [55–58]. The conversion of O2

− into H2O2 and O2 serves
as a protective mechanism against oxidative damage in cells [59]. According to Wang
et al. (2018), the marked accumulation of H2O2 at infection sites in the resistant cultivar
‘Zhongcha 108’ implicates H2O2 in defense against C. fructicola [58]. In line with previous
studies, the levels of H2O2 and O2

− in the leaves of ‘Zhongcha 108’ were significantly higher
than those observed in ‘Longjing 43’ at 24–72 hpi following C. gloeosporioides inoculation
(Figure 3C,D). These findings confirm that ROS play a pivotal role in determining the
variations in resistance to anthracnose among different tea plant cultivars.

The inhibitory effects of MeJA on spore germination and mycelial growth of Alternaria
alternata have been documented in previous studies [60]. In vitro antifungal experiments
showed that MeJA treatment significantly inhibited spore germination, germ tube elon-
gation, and hyphal growth of C. acutatum [30]. Reported in vitro effective concentrations
vary with pathogen and assay format: for Alternaria alternata, MeJA at 100–500 µL L−1

(and as low as 50–150 µL L−1 in another study) inhibited mycelial growth and spore ger-
mination [61]; for Colletotrichum (including C. acutatum), 1–10 mM MeJA reduced spore
germination and hyphal growth [62]; and for Aspergillus flavus, 10−3–10−8 M MeJA sup-
pressed aflatoxin production and altered fungal development [63]. However, this study
revealed no significant disparity in C. gloeosporioides mycelium growth on PDA plate
medium containing varying concentrations of MeJA compared to the control (Figure 4A),
which indicates that MeJA itself has no toxic effect on C. gloeosporioides and does not affect
the normal growth of mycelium.

A plethora of studies have demonstrated that exogenous application of MeJA can
elicit disease resistance in plants. For instance, the application of MeJA through spraying
on banana (Musa nana Lour.) fruits has been shown to significantly reduce lesion diameter
and disease index, thereby activating the endogenous defense system of bananas [64].
Treatment with 0.1 mmol·L−1 MeJA could improve the susceptibility of avocado (Persea
americana) fruit to anthracnose and reduce the incidence rate [31]. The application of
MeJA can advantageously enhance post-harvest disease resistance in kiwifruit (Actinidia
chinensis), significantly reduce lesion diameter following inoculation with Botryosphaeria
dothidea, and control the occurrence of soft rot [65]. The present study revealed that
the exogenous application of MeJA on the leaves of ‘Longjing 43’ effectively suppressed
the growth and dissemination of C. gloeosporioides, with obvious dose relations, thereby
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enhancing the concentration-dependent disease resistance in ‘Longjing 43’ (Figure 4B).
Additionally, studies have reported that MeJA exhibits no in vitro antifungal activity
against Botrytis cinerea but demonstrates the ability to mitigate disease severity and impede
lesion development caused by Botrytis cinerea infection in freesia (Freesia hybrida) through
exogenous treatment [66]. The findings of this study are in line with the obtained results that
MeJA effectively inhibits pathogen infection, spreads to leaves, and alleviates associated
symptoms. Moreover, this study also found that the degree of symptom alleviation is
positively correlated with the concentration of exogenously applied MeJA within a specific
range. These observations suggest that MeJA induces defense responses in ‘Longjing 43’,
thereby enhancing its resistance against C. gloeosporioides.

The peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT) are crucial an-
tioxidant enzymes responsible for scavenging or utilizing reactive oxygen species (ROS). As
pivotal components of plant defense, alterations in the activity of ROS-scavenging enzymes
have been demonstrated to respond to a diverse array of environmental stresses [59]. The
malondialdehyde (MDA) generated from the peroxidation of membrane lipids due to ROS
in plants has been commonly employed as an indicator for assessing plant stress resistance.
The increase in MDA content signifies severe damage to the plant’s membranes [67]. The
exogenous treatment of MeJA enhanced the activities of defense-related enzymes POD,
CAT, and PPO in banana fruits following inoculation with the pathogen C. musae [64].
The treatment of kiwifruit with 0.1 mmol L−1 MeJA significantly augmented the activities
of relevant antioxidant enzymes, such as CAT, POD, SOD, PPO, etc., while concurrently
diminishing the extent of membrane lipid peroxidation [65]. This study revealed that
exogenous treatment with 0.1 mM MeJA significantly augmented the activities of POD and
SOD enzymes in the leaves of ‘Longjing 43’ compared to the control, while concurrently
restraining the elevation in MDA content to a certain extent (Figure 4C–E). The application
of MeJA enhances the anthracnose resistance of ‘Longjing 43’ by effectively reducing the
excessive accumulation of ROS in this cultivar. The application of exogenous MeJA can thus
serve as an environmentally friendly, safe, and efficacious control strategy for safeguarding
tea plants against C. gloeosporioides. The antioxidant/oxidative damage panel (POD, SOD,
and MDA) was chosen to provide robust, comparable readouts under MeJA pretreatment;
it does not encompass all defense pathways. Future studies will extend the panel to catalase
(CAT), PR genes, and structural/chemical defenses (lignin, callose, and phytoalexins) to
better resolve resistance mechanisms.

Findings represent reference benchmarks for this isolate under defined conditions and
should not be over-generalized to the species complex; broader representativeness will
require the same standardized pipeline applied across multiple tea-derived isolates from
different regions.

5. Conclusions
In this study, C. gloeosporioides was isolated and identified from the infected tea plant

leaves with anthracnose, and its biological characteristics and infection process were
clarified. The responses of different tea varieties with resistance to anthracnose were
investigated after inoculations into ‘Longjing 43’ and ‘Zhongcha 108’ leaves to elucidate the
crucial role of ROS accumulation in the tea tree’s defense against anthracnose. The present
study also determined the antifungal effects of 80% tea saponin and 10% polyoxin B against
C. gloeosporioides, highlighting their potential for further utilization in field-based prevention
and control strategies against tea tree anthracnose. It is recommended to develop rational
and effective measures for prevention and control. The application of exogenous hormone
MeJA additionally enhanced the resistance of ‘Longjing 43’ leaves to anthracnose, thereby
providing significant support for anthracnose prevention and control.
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