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Abstract The antimicrobial potential of chitosan (CHT), banana peel vinegar (BPV) and plant-
derived extracts from basil leaves (BE), fingerroot (FRE), and mangosteen peel (MSE) was
evaluated against Diaporthe phaseolorum, Colletotrichum gloeosporioides, Fusarium
oxysporum, Curvularia sp., and Xanthomonas campestris pv. campestris (Xcc). Among these,
MSE and FRE exhibited the highest efficacy, with minimum inhibitory concentrations (MIC)
of 0.006 mg/ml and 0.048 mg/ml, respectively. Both extracts also inhibited Xcc, showing
partial synergistic effects with a fractional inhibitory concentration index (FICI) of 0.625.
These results highlight the antimicrobial potential of natural compounds, offering valuable
insights for developing sustainable strategies in plant disease management and biofungicide
formulation.
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Introduction

Plant diseases pose a significant threat to the agriculture sectors as a
considerable threat to farming production capacity. Pathogens cause various
important plant diseases resulting in crop yield and quality losses (Laura ef al.,
2017). Pathogenic fungi can also release metabolites and harmful toxins during
the infection process (Riseh et al., 2022). Therefore, effective management of
crop plant diseases is paramount to mitigate huge economic losses. Chemical
pesticides have been widely applied to control plant diseases due to their easy
application, broad spectrum of action, and relatively low investment (Kumar et
al., 2014). However, the overuse and misuse of synthetic pesticides to increase
plant productivity and resistance against agricultural pathogens have negatively
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impacted human health, the environment, and toxicity to non-target organisms
(Kumar and Gupta 2012, Lengai et al., 2020, Riseh et al., 2022).

Under the changing agriculture scenario, biological control agents have
attracted widespread interest as alternative pest management options (Lengai et
al., 2020). Natural substances as biocontrol agents are now extensively applied
in the plant diseases management and inhibit a wide range of plant pathogens.
Plant extracts, especially Thai herbal extracts, offer defense mechanisms against
pathogens and pests, with crude extracts applied successfully to inhibit fungal
and bacterial infections (Rueangrit et al., 2019). Alsultan et al. (2016) revealed
that antibacterial activity of mangosteen leaf extracts inhibited Pseudomonas
syringe pv. tomato and Xanthomonas oryzae pv. oryzae effectively, whereas
mangosteen (Garcinia mangostana L.) pericarp extracts also showed
antimicrobial potency to control Anthracnose, a postharvest disease in “Kluai
Hom Tong” banana (Musa (AAA group)) by the fungus Colletotrichum musae
(Montri et al., 2020). Fingerroot or Kachi was also found to be a powerful
fungicidal agent, showing inhibition of fungal plant pathogens
namely Colletotrichum  gloeosporioides,  Dothiorella sp.,  Lasiodiplodia
theobromae, Pythium sp. and Pestalotiopsis sp. (Rattanakreetakul et al., 2005).
Previous studies screened the antifungal activity of basil extract against
important phytogenic fungi, F. oxysporum f. sp. vasinfectum and Curvularia sp.
(Silva et al., 2023).

Besides plant extracts, other natural substances are also widely used for
plant disease management. Chitosan is gaining attention as an alternative
biocontrol agent that has a broad spectrum of antimicrobial properties with
various pathogens including Fusarium thiochromans (Hua-Li et al., 2017),
Alternaria solani  (Sathiyabama et al, 2014), Alternaria tenuissima
(Sathiyabama et al., 2014), Penicillium expansum (Wang et al., 2014) and
Aspergillus ochraceus (Huang et al., 2021). Chitosan also has excellent
properties of biodegradability and non-toxicity (Badawy and Rabea, 2011), can
regulate anti-oxidation and immune functions and has been widely applied in
the fields of medicine, food, pesticides, and plant protection (Wang et al., 2014,
Huang et al., 2021). Vinegar is also a powerful natural antimicrobial agent, with
applications mostly to inhibit food spoilage pathogens. However, information
concerning vinegar is unavailable for plant disease management.

The study assessed the antimicrobial properties of natural substances
against plant pathogenic fungi and bacteria that cause plant diseases.

Materials and methods

Preparation of natural antimicrobial substances
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Plant crude extracts

Two Thai local plants, Ocimum basilicum L. (sweet basil) and
Boesenbergia rotunda (L.) Mansf. (fingerroot) and one Thai fruit, Garcinia
mangostana L. (mangosteen) were collected as leaves and the whole peel (outer
and inner peels), respectively. The method was modified from Nifio et al.
(2012). The three samples were first cleaned and washed with water to remove
all impurities. After rinsing with distilled water, the mangosteen peel was
chopped into small pieces (1.0 x 1.0 cm?). Each plant sample was oven-dried at
50°C with forced air for 48 h. The dried samples were ground to a fine powder
and aliquots were extracted by 95% ethanolic maceration at a ratio of 1:3
(sample: ethanol) for 48 h at RT. Subsequently, all samples were filtrated with
Whatman No.1 filter paper to give ethanolic solutions and then evaporated
using a vacuum rotary evaporator (Heidolph Laborota 4000, Germany) to
collect crude ethanolic extracts of each plant. All the crude extracts were
weighed, dissolved in dimethylsulfoxide (DMSO), adjusted to 100 mg/ml, and
kept at 4°C until further study.

Chitosan

The shells of Penaeus monodon shrimp were thoroughly cleaned using
running tap water, followed by rinsing with distilled water to eliminate any
remaining impurities. After the washing step, the shells were chopped into
small pieces (0.5 x 0.5 cm?), then boiled in water for 30 minutes and
subsequently dried at 60°C for 4 hours. The extraction of chitosan was carried
out using a modified procedure based on the methods described by
Rakkhumkaew and Pengsuk (2018) and Yodsenee et al. (2020). During the
demineralization step, the shrimp shells were immersed in 2M hydrochloric
acid (HCl; QREC, New Zealand) at a 1:20 (w/v) ratio, with continuous stirring
for 30 minutes at room temperature. The decalcified shells were then filtered,
washed with ionized water until neutral pH was reached, and dried at 60°C
overnight. To remove proteins, the dried shells were treated with 2M sodium
hydroxide (NaOH; Sigma-Aldrich, Germany) at a 1:20 (w/v) ratio under
constant stirring for 2 hours at room temperature. Following this, the shells
were filtered, rinsed to neutrality with ionized water, and dried overnight at
60°C. For decolorization, the shrimp shells were treated with 95% (v/v) ethanol
for 10 minutes, followed by washing and drying at 60°C overnight. The
transformation of chitin into chitosan was achieved through deacetylation,
where chitin was exposed to 50% (w/w) NaOH at a 1:100 (w/v) ratio and
stirred at 100°C for 2 hours. The resulting product was filtered, washed with
distilled water until neutralized, and subsequently dried at 60°C for 24 hours.
The chitosan solution was then prepared following the protocol of
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Rakkhumkaew and Pengsuk (2018), wherein 1 mg of chitosan was dissolved in
1 ml of 0.1% (v/v) acetic acid and stored at 4°C for further analysis.

Banana peel vinegar

Banana peel vinegar was produced according to Byarugaba-Bazirake et
al. (2014) with slight modifications. Banana peels were cut into small pieces
and boiled in water at a ratio of 1:1 (w/v). After that, the mixture was cooled,
homogenized in an electric blender, filtrated into a sterilized glass bottle, and
added with 10% (v/v) of saccharomyces cerevisiae. The alcohol fermentation
process took 2 weeks at room temperature. Then, the banana peel wine from the
previous process was fermented again by Acetobacter aceti at a ratio of 1:1
(v/v) for 1 month at RT.

Antimicrobial activity

The antimicrobial activities of three ethanolic plant crude extracts,
chitosan and 4% acetic acid were evaluated by the spot culture growth
inhibition assay according to Espafia et al. (2017) and Rakkhumkaew and
Pengsuk (2018) with a slight modification.

All  tested plant pathogens, Curvularia sp., Colletotrichum
gloeosporioides, Fusarium oxysporum, Diaporthe phaseolorum, and
Xanthomonas campestris pv. campestris (Xcc), were obtained from the
Department of Entomology and Plant Pathology, Faculty of Agriculture, Khon
Kaen University, Thailand. The fungal inhibition activity was investigated
using 10 pl of natural antimicrobial substances consisting of mangosteen peel
crude extract (MSE; 100 mg/ml), basil crude extract (BE; 100 mg/ml), finger
root crude extract (FRE; 100 mg/ml), chitosan (CHT; 1 mg/ml) and 4% (v/v)
banana peel vinegar (BPV). They were separately spotted onto the surface of a
freshly prepared potato dextrose agar plate (PDA; TM Media, India), which
contained a mycelial piece of 6 mm in diameter, using a sterile cork borer from
a 7-day-old culture of C. gloeosporioides, Curvularia sp., D. phaseolorum and
F. oxysporum, whereas Xcc was used as the test microorganism for the
antibacterial assay. This strain was transferred into 10 ml of nutrient broth
(Merck, Germany) and incubated at 30°C overnight. In brief, 10 pl of each
natural antimicrobial substance was spotted onto the surface of nutrient agar
plates which were swabbed with freshly grown Xcc (107 CFU/ml) and
incubated at 30°C overnight. Then, the plates were investigated for fungal and
bacterial growth by the clear zone diameter of growth inhibition.
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Determination of the minimal inhibitory concentration (MIC)

The MIC values were carried out according to the modified method
explained by Sharma et al. (2020) and Roudbary et al. (2023). The MICs of
MSE (100 mg/ml) and FRE (100 mg/ml) were determined by the microdillution
method. Briefly, 100 ul of different concentrations of MSE and FRE were
serially diluted two-fold, and containing medium was put to separate wells of
sterile 96-well microtiter plates (Falcon, USA). The mixing wells of MSE and
FRE were spotted onto the surface of a PDA medium plate which already
contained a mycelial piece of C. gloeosporioides, Curvularia sp., D.
phaseolorum and F. oxysporum, and swabbed NA medium with Xcc. DMSO
solution without MSE and FRE was used as a negative control. The MIC was
read visually and recorded as the lowest concentration of MSE and FRE to
inhibit the tested microorganisms.

Evaluation of synergism in MSE and FRE

Different kinds of interactions (synergism, antagonism or additive
effect) between the plant crude extracts (MSE and FRE) and tested
microorganisms were determined using a checkerboard microdilution test
according to the modified method of Nikkhah et al. (2017). The assessed
concentrations of MSE (100 mg/ml) and FRE (100 mg/ml) were performed
using a two-fold serial dilution. The first well in each row of the sterile 96-well
microtiter plates contained MSE and FRE. Each test was performed in
duplicate, and the fractional inhibitory concentration index (FICI) was as
follows:

FICI = FICvsg) +FIC#rE)
Where FIC msgy = MIC of MSE in combination/MIC of MSE alone, FIC
#rey= MIC of FRE in combination/MIC of FRE alone, FICI was calculated as
the sum of FICwsk) + FICEre) for double combinations, with combinations
considered as follows: Synergy (FICI<0.5), addition (0.5 <FICI<1),
indifference (1 < FICI <4), and antagonism (FICI > 4).

Results

Antimicrobial effect of natural substances on plant pathogens

The antimicrobial capacity of natural extracts, comprising chitosan
(CHT), banana peel vinegar (BPV) and three herbal crude extracts of
mangosteen peel (MSE), basil leaves (BE) and fingerroot (FRE) were initially
investigated against different fungal strains and bacteria by the agar well
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diffusion method, as shown in Table 1. Our findings revealed that almost every
natural agent presented antimicrobial potency against both pathogenic fungi
and bacteria causing plant diseases. The MSE and FRE treatments showed the
broadest spectrum of action and exhibited growth of all tested organisms
including C. gloeosporioides, Curvularia sp., D. phaseolorum, F. oxysporum
and Xcc, whereas CHT showed antifungal capability to inhibit the growth of
Curvularia sp. and F. oxysporum. The plate of BPV treatment displayed an
inhibition zone for X. campestris, with BE appearing as a weak antimicrobial
substance, presenting no inhibition zones for all test organisms.

Table 1. Preliminary screening of antimicrobial activity using crude extracts of
Thai herbal plant, chitosan, and banana peel vinegar

Test organisms Antimicrobial substance
MSE BE FRE CHT BPV

Fungi

C. gloeosporioides + - + - -

Curvularia sp. ++ - + -+ -

D. phaseolorum + - + - -

F. oxysporum + - + + -
Bacteria

Xcc +++ - ++ - +

Results were interpreted as - no inhibition, + inhibition diameter between 1 and 3 mm, ++ inhibition
diameter between 4 and 6 mm, and +++ inhibition diameter of more than 7 mm. Each extract (10 pl /disk)
was tested in triplicate. Mangosteen peel extract (MSE), basil extract (BE), Fingerroot extract (FRE),
Chitosan (CHT), and Banana peel vinegar (BPV).

Determination of minimum inhibitory concentration (MIC)

MSE and FRE, which showed the most powerful antimicrobial
properties against all tested organisms, were selected to observe the minimum
inhibitory concentration (MIC) of antimicrobial agents. MIC values of MSE
against the plant pathogens ranged from 0.006-6.250 mg/ml (Table 2). Xcc
showed the highest susceptibility with MIC value 0.006 mg/ml, followed by
Curvularia sp. and D. phaseolorum with MIC values of 0.780 and 3.120
mg/ml, respectively whereas C. gloeosporioides and F. oxysporum were the
most resistant strains to MSE with the same MIC value of 6.250 mg/ml. For
FRE, MIC values ranged from 0.048 to 50.00 mg/ml, indicating lower
antimicrobial potency compared to MSE. X. campestris was still the most
sensitive strain to herbal plant extracts among the tested microorganisms with
MIC values of 0.048 mg/ml. By contrast, Curvularia sp., D. phaseolorum and
F. oxysporum were the most resistant photogenic fungi in the MSE treatment,
with MIC values of 50.00 mg/ml, followed by C. gloeosporioides at 25.00
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mg/ml. Overall, MSE was demonstrated as a stronger antimicrobial agent than
FRE.

Table 2. The minimum inhibitory concentration (MIC) of plant extracts against
the test microorganism

. MIC (mg /ml)

Test organisms MSE FRE
Fungi
C. gloeosporioides 6.250 25.00
Curvularia sp. 0.780 50.00
D. phaseolorum 3.120 50.00
F. oxysporum 6.250 50.00
Bacteria
Xce 0.006 0.048

Evaluation on the synergistic effect of MSE/FRE combination

The synergistic effect of MSE and FRE was determined in combination
with both crude extracts to evaluate the antimicrobial potency using FICI
indices. FICI scales were indicated as follows: synergy (FICI < 0.5), addition
(0.5 < FICI £ 1), indifference (1 < FICI < 4), and antagonism (FICI > 4). The
combination of MSE/FRE showed an antagonism effect for C. gloeosporioides,
D. phaseolorum and F. oxysporum, indicating low effectiveness for antifungal
substances with FICI values over 4 (Table 3). The plate of Curvularia sp. had
an indifferent result for FICI 2.125. Xcc was the only susceptible bacterial
strain to the MSE/FRE mixture, indicating partial synergy (FICI=0.625).

Table 3. The synergistic capacity of MSE and FRE against plant pathogens

Test organisms Treatme MIC MI.C mn FIC  FICI Inter action
nt alone combination
C MSE 6.25 25.0 4.0 4125 ‘ .
gloeosporioides FRE 25.0 3.125 0.25 7 AmAsonBm
) MSE 0.78 0.0976 0.125 o

Curvularia sp. FRE 50.00 100 20 2.125 indifference
MSE 3.13 12.5 4.0 .

D. phaseolorum FRE 50.00 5.0 05 4.50  antagonism
MSE 6.25 25.0 4.0 .

F. oxysporum FRE 50.00 5.0 05 4.50 antagonism
MSE 0.006 0.0031 0.5 partial

Xce FRE 0.049 0.006 0125 2925 neray

Interpretative criteria for the FIC index were as follows: synergy, FICI < or = 0.5, partial
synergy, FICI 0.51 to 0.75, indifference, FICI 0.76 to 4.0, and antagonism, FICI > 4.0 (Ko e?
al.,2017).
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Discussion

Crop plants are regularly targeted by several of pathogens and pests
during both pre- and post-harvest stages, resulting in significant food and
economic losses globally (Wang et al., 2017). Sustainable and organic
agriculture requires eco-friendly disease management approaches to improve
the quality of farm produce. Currently, various natural substances have been
used, with some contributing to the development of novel plant-based
biopesticides for agriculture production (Jamiolkowska, 2020). In this study,
we selected five natural materials comprising mangosteen peel (MSE), basil
leave (BE), fingerroot (FRE), chitosan (CHT), and banana peel vinegar (BPV)
based on ethnobotanical data and traditional uses for antimicrobial substances.
The antimicrobial activity of these natural substances was first screened using
simple agar-bioassays, with further analyses including MIC and the synergistic
effect. Among the selected biocontrol agents, MSE and FRE proved to be
superior inhibitors of all plant pathogens, whereas CHT effectively repressed
the growth of Curvularia sp. and D. phaseolorum and BPV showed
antibacterial potency only for Xcc. BE had no effect on the test microorganism
because aqueous extraction is less effective compared to other solvents such as
ethanol and methanol (Lima et al., 2019).

The mode of action for the antimicrobial potency of each natural material
has been previously explained. Lopez-Moya et al. (2019) pointed out that CHT
was a versatile compound with antimicrobial activity, and this polymer reduced
the germination of various plant pathogenic and mycoparasitic fungi (such as
Fusarium sp. and Colletotrichium sp.). CHT inhibited DNA/RNA synthesis and
interrupted protein synthesis of chitosan-sensitive fungi (Verlee ef al., 2017),
whereas BPV inhibited only gram-negative bacteria. This finding consistent
with previous studies which reported that acetic acid possessed high
antibacterial potency for gram-negative bacteria (Ryssel et al, 2009). The
antimicrobial activity of organic acids primarily arises from their undissociated
forms (Malicki et al., 2004) that diffuse through the bacterial cell wall, causing
a reduction in cytoplasmic pH (Plumridge et al., 2004) and inhibit nutrient
uptake of pathogen cells (Novodvorska et al., 2016). Various studies have
proved that weak acids are broad-spectrum antimicrobials, with effects on
different types of pathogenic microbes (Plumridge et al., 2004). BPV tends to
be fungistatic rather than fungicidal due to the low percentage of acetic acid.
For plant extracts, the highest antimicrobial activity of FRE and MSE
contributed to the activity of phenolic compounds with excellent biological
activities, especially antimicrobial properties. FRE contains at least 5
compounds as geraniol, camphor, ocimene, eucalyptol and camphene which act
against fungal plant pathogens including F. oxysporum and C. gloeosporioides
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(Eng-Chong et al., 2012). MSE is rich in xanthones, a class of polyphenolic
compounds, along with other bioactive substrances comprising tannins,
flavonoids, saponins and anthocyanins (Widyarman et al., 2019). Several
studies elucidated that xanthones from mangosteen pericarp crude extract
showed potential to inhibit phytogenic fungi such as F. oxysporum, Alternaria
tenuis and Drechslera oryzae (Moopayak and Tangboriboon, 2020). Flavonoid
compounds from mangosteen peel also had a strong inhibitory effect against
pathogens such as Xcc, Fusarium sp., phytophagous insects and nematodes
(Tran et al., 2021; Abate et al., 2022). Therefore, MSE and FRE were
considered the most effective antimicrobial agents to determine MIC, as shown
in Table 2. Our findings revealed that both extracts uniformly inhibited the
growth of most pathogens with MIC values 0.006-6.250 mg/ml and 0.048-
50.00 mg/ml, respectively. The MSE treatment showed the highest inhibition of
mycelial growth for all plant pathogens compared to FRE. Therefore, MSE and
FRE were combined to measure their synergistic effect. Synergism is a process
whereby some compounds of natural agents cooperate to achieve a combined
effect greater than the sum of their separate effects (Pezzani et al., 2019).

Many studies have recorded those combinations of plant extracts or plant
extracts combined with antibiosis revealed synergistic activity against
pathogens (Rueangrit et al., 2019). Hakalova et al. (2022) reported the
combined effect of thyme and clove against the seed-borne bacterium Xcc that
causes back rot disease in cabbage. Medina-Lopez et al. (2016) reported
synergistic activities of the combination of two antifungal fractions obtained
from Jacquinia macrocarpa extracts and Baccharisglutinosa against Fusarium
verticillioide Aspergillus flavus. In our study, the combination of FRE+MSE
showed antagonism in the inhibition of C. gloeosporioides, D. phaseolorum
and F. oxysporum, resulting in reduced additive effect (Caesar and Cech 2019).
Indifference was also observed for Curvularia sp. and partial synergy was
recorded in culture plates of Xcc, implying that the combination of both crude
extracts effectively repressed the growth of Xcc in vitro (Table 3). Previous
studies have revealed that Xcc was responsible for black rot in crucifers
(Fontana et al., 2021). This disease is one of the most widespread and difficult
to control because the bacterium has a single polar flagellum that can penetrate
the plant and reach the vascular system (Singh et al., 2018, Qi et al., 2020). The
effects of combinations of these two herbal extracts have not been previously
addressed. Our study reported the synergistic activity of FRE and MSE
combinations as beneficial information to further evaluate the use of these plant
extracts for plant disease management in greenhouse or field studies.
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