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SUMMARY

In the agricultural domain, the management of anthracnose, caused predominantly by Colletotrichum siamense,
poses a significant challenge to mango (Mangifera indica) production, globally recognized as a key tropical fruit
commodity. Amidst this agricultural problem, Bacillus antagonists emerge as promising biocontrol agents,
offering sustainable and environmentally friendly solutions to combat anthracnose incidence. In this study,
antifungal characteristics of Bacillus sp. TH5 against C. siamense were investigated. The result revealed that the
Bacillus sp. TH5 strain exhibited notable characteristics, including the presence of extracellular enzymes like
cellulase, protease, and chitinase which contributed to its capability to degrade fungal mycelia. Moreover, even
under high temperature conditions 60-90°C, the culture retained significant residual antifungal activity of about
50% after 15 minutes. Its activity also remained robust, with at least 71% efficacy after 2 hours of incubation
across a broad pH range of 3.0 to 10.0. In simulated mango conditions, the strain TH5 demonstrated remarkable
antagonistic efficacy, resulting in a reduction of anthracnose severity by over 95% and 69% after 4 and 6 days,
respectively. These promising results underscore the potential of Bacillus sp. TH5 as an effective biocontrol
agent against anthracnose in mango and other fruits, offering significant prospects for sustainable agricultural
practices in the future.
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INTRODUCTION

Anthracnose, a prevalent disease among mango trees, detrimentally affects the plant across its entire
developmental spectrum, from the emergence of leaves to fruit maturation. Fungi from the Colletotrichum genus,
notably strains of C. gloeosporioides, C. capsici, C. falcatum, C. truncatum, C. sansevieriae, C. acutatum, and C.
coccodes, are implicated as primary anthracnose culprits affecting mango crops in India (Ajay, 2014). C.
siamense, among five fungi identified within the C. gloeosporioides complex, has a broad host range, causing
anthracnose in various crops worldwide, such as citrus, tea, chili, rubber, onions, and strawberries (EFSA, ECDC,
2018). Moreover, C. siamense and C. asianum have been identified as novel species causing mango
anthracnose in Thailand (Rattanakreetakul et al., 2023).

Conventionally, chemical fungicides are employed to combat Colletotrichum-induced anthracnose. However, their
unmanageable use poses challenges, including the emergence of resistant pathogen strains and adverse health
and environmental effects. Consequently, alternative biological control methods have garnered attention.
Antagonistic microorganisms, such as Bacillus mycoides Al and Bacillus tequilensis A3, Bacillus subtilis GYUN-
2311, Bacillus altitudinis GS-16, have demonstrated efficacy against Colletotrichum-induced anthracnose in
various crops including avocado, apple and hot pepper, and tea tree, respectively (Guerrero-Barajas et al., 2020;
Heo et al., 2024; Wu et al., 2024).

Given Vietnam's expanding mango industry and its aspirations for increased exports, which reached over 600,000
tons of mangoes valued at 310 million USD to 53 countries and territories (VNS, 2022), the search for novel
biocontrol agents against mango anthracnose is of utmost importance. Therefore, the aim of this study is to
characterize antagonistic activity of the strain Bacillus sp. TH5, isolated from soil, against C. siamense-induced
anthracnose in mango fruits, thereby facilitating the sustainable growth of Vietham's mango sector.

MATERIAL AND METHODS

Microbial strains and culture conditions

Four bacterial strains, TH5, TH6, TH7, TH8, isolated from mango cultivation areas in rural regions, and the fungal
strain Colletotrichum siamense causing anthracnose disease, were preserved in the Collection of the
Microbiotechnology Laboratory, Industrial University of Ho Chi Minh city, at -70°C. The bacterial strains were
cultured overnight in Luria-Bertani broth (LB broth) at 37°C with agitation at 150 rpm, while the fungal strain was
cultured on Potato Glucose Agar (PGA) medium at room temperature for 5 days prior to subsequent studies.
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Screening of bacteria with antifungal activity

To evaluate the antagonistic activity of bacterial strains against C. siamense, a co-culture method was conducted.
Initially, a 5-day C. siamense PGA plate was prepared and cut into 5.0 mm diameter agar pieces. The fungal
mycelial piece was placed in the center of a new PGA Petri dish and incubated at 30+2°C for 2 days.
Subsequently, 10 pL of bacterial inoculate were spotted 1.0 cm from the plate's edge, and antifungal effect was
monitored daily as the plates were incubated at room temperature. Antifungal activity was determined by
measuring the inhibition zone around the bacterial inoculated spot.

Identification of fungal pathogen and Bacillus antagonists

The bacterial strain which displayed highest antifungal activity were identified based on physiological,
macroscopic, microscopic characteristics, and further confirmed by 16S rRNA gene amplification and sequencing
using the bacterial universal primer pair: 27mF (5'-AGAGTTTGTTTGATCMTGGCTCAG-3) and 1492mR (5'-
GGYTACCTTGTTACGACTT-3)).

Detection of putative antifungal hydrolytic enzyme production

The biosynthesis of putative enzymes involved in the hydrolysis of the mycelium cells such as chitinase, protease,
and cellulase was determined by culturing bacterial strains on LB agar supplemented with the respective
substrates such as chitin, casein, and carboxymethyl cellulose (10 g/L). Enzymatic activity was detected via the
substrate degradation zone after 3 days of incubation at 37°C. Lugol reagent was used to detect chitinase and
cellulase activity while protease activity was observed with trichloroacetic acid 10%.

Assay for hyphal growth inhibition

To examine the influence of bacterial strain TH5 on the fungal mycelia, a 5-day static co-incubation was
conducted. The bacteria were initially cultured in LB medium with agitation at 150 rpm at 37°C until the ODsgoonm
reached 0.6. The bacterial culture was then centrifuged for 15 minutes at 4000 rpm, and the supernatant was
filtered using a 0.45 ym membrane filter. Concurrently, the fungal mycelium was grown in potato glucose broth for
5 days. The fungal mycelium was harvested and exposed to the filtered bacterial culture that cultured in LB broth
at 37°C for 24 hours. Sterilized LB medium was used as a control. The fungal inhibitory effects were analyzed
microscopically by comparing the treated samples with the control.

Impact of temperature and pH on antagonistic activity of bacterial culture

Bacterial strain TH5 was cultured in LB broth at 37°C for 24 hours and collected cell-free bacterial supernatant by
centrifuge at 13000 rpm, 4°C for 10 min. The thermal stability of TH5 culture supernatant were assessed by
incubation at high temperature of 60-90°C for 5, 10 and15 minutes. Similarly, for the pH stability assessment, the
cultures were adjusted to pH values ranging from 3.0 to 10.0 and incubated at room temperature for 2 hours. The
residual antifungal activity following these treatments was measured using an agar-well diffusion assay and
expressed as a percentage compared to the untreated culture.

Disease suppression assay

Mango fruit models were employed to evaluate the biological control effect of bacterial strain TH5. The uninjured
and healthy mangoes were washed with sterile distilled water three times, treated with a 100 ppm chlorine
solution, then rinsed again with sterile distilled water, and disinfected with alcohol 70% as the final step. C.
siamense mycelia were prepared by growing them in PGB medium at room temperature for 5 days, while the
bacterial culture in LB medium was prepared after 16 hours of growth at 37°C. The bacterial culture and mycelium
suspension were mixed in a 1:1 ratio, with 10 L of this mixture being injected into the mango fruit (experimental
sample). The same treatment was done for the positive control sample with only the mycelium suspension and
the negative control sample with only sterilized LB medium. The mangoes were incubated in a sterile humidified
chamber for 6 days. The development of disease symptoms was recorded and quantified based on the lesion
surface area using QuPath v0.5.1 software.

Data analysis

The results of the experiments are an average of 3 replicates. The data were calculated and graphed on Microsoft
Excel 2013 and ANOVA statistical analyzed by Statgraphics Centurion 18 software.

RESULTS AND DISCUSSION

Antifungal activity of Bacillus strains against Colletotrichum siamense

The ability of four different bacterial strains to inhibit C. siamense, which causes anthracnose in mango, after 3
and 5 days of co-culture is shown in Figure 1. After only 3 days of incubation, the TH5 strain demonstrated a clear
inhibitory effect on the fungal hyphae with a distinct inhibition zone. In contrast, the TH8 strain showed less clear
inhibition, and no inhibition were observed in the case of TH6 and TH7 strains (Figure 1A).
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Figure 1. Antagonistic ability of Bacillus spp. after 3 days (A) and 5 days (B) of co-culture

The inhibitory effects of the bacterial strains were more pronounced after 5 days of incubation (Figure 1B). While
the TH6 and TH7 strains were covered by the fungal mycelia, the TH5 and TH8 strains exhibited a complete
inhibition zone around the bacterial inoculated spots, measuring 6.67 £ 0.72 mm and 6.0 + 0.47 mm, respectively.
Therefore, the TH5 bacterial strain with strongest antagonistic activity was selected for further studies, including in
trials to inhibit this fungal strain in post-harvest mango preservation.

Identification of the bacterial strain TH5

Regarding macroscopic morphology, when cultured in LB plate at pH 7.0 and 37°C, after 48 hours, the TH5 strain
formed colonies measuring 2-3 mm in diameter, with an opaque white color, raised surface, irregular edges, and
a characteristic wrinkled membrane as shown in Figure 2Aa. Gram staining and endospore staining results,
depicted in Figure 2Ab and Ac, indicate that the TH5 strain is a Gram-positive bacterium capable of producing
endospores, which tend to be positioned asymmetrically. The catalase production test revealed that upon
dissolving the colony in a drop of 3% H20;, bubbles were produced suggesting that this is a catalase producing
strain (data not shown). Additionally, the 16S rRNA gene of this strain was sequenced. BLAST comparison of this
sequence (1446 bp) with the GenBank database showed a 99.93% similarity to Bacillus velezensis Bac57
(CP033054.1). A phylogenetic tree with six taxa was constructed using Mega5 software with the UPGMA method
and 1000 bootstrap replicates. The results, presented in Figure 2B, show that the TH5 strain clusters with Bacillus
velezensis Bac57 with a bootstrap value of 90%, confirming that the TH5 strain is closely related to Bacillus
velezensis and has been designated as Bacillus sp. TH5.

Bacillus velezensis has been recognized as a potential research strain due to its ability to synthesize various
novel lipopeptides with surfactant properties and high antimicrobial activity (Ruiz-Garcia et al., 2005). In addition,
the B. velezensis G341 strain isolated by Lim et al. (2017) from 4-year-old ginseng was proved to synthesize both
volatile and soluble compounds, inhibiting Botrytis cinerea, the cause of gray mold in tomatoes, and Rhizoctonia
solani, the cause of sheath blight in rice (Lim et al., 2017).

' : g_b\) z (c) 0 Bacillus velezensis Bac57 (CP033054.1)
' ; -5 Bacillus sp. THS
. Bacillus oryzicola YC7007 (KP203693.1)
B I PR . 711 Bacillus vallismortis NBIF-001 (KP894551.1)
r . 5 ‘ 5 { Bacillus mojavensis UCMBS075 (CP051464.1)
\ 4 . 7 Bacillus axarquiensis GSO-604 (JQ945222.1)

B h 1942 (CP002207.1)

00035 00030 00025 00020 00015 00010 00005  0.0000

Figure 2. Identification of Bacillus sp. TH5. (A-a) Colony morphology, (A-b) Gram staining, (A-c) Endospore staining
and (B) Phylogenetic tree based on the 16S rRNA sequence region

Bacillus sp. TH5 production of enzymes related to cell wall degradation

In order to further explore the factors affecting the antifungal activity of Bacillus sp. TH5, the biosynthesis of
extracellular chitinase, protease and cellulase was investigated on culture medium corresponding substrates. The
presence of hydrolytic enzymes after 3 days of incubation is shown in Figure 3. Bacillus sp. TH5 produced strong
protease, cellulase and chitinase activity with zone of substrate hydrolysis of 3.6 + 0.2 cm, 1.8 + 0.2cm and 3.4 +
0.1 cm respectively. Compared to other studies, the extracellular protease from Bacillus sp. TH5 exhibited higher
activity than that from Paenibacillus polymyxa APEC128, which possesses antifungal activity against C.
gloeosporioides and C. acutatum (Kim et al., 2016). Biosynthesis of hydrolytic enzyme chitinase and protease of
Bacillus sp. TH5 are therefore consistent with the observed growth inhibition of C. siamense.
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C

Figure 3. Biosynthesis of (A) chitinase, (B) cellulase and (C) protease of Bacillus sp. TH5

Effect of Bacillus sp. TH5 culture on the mycelia of C. siamense

The results showed that the mycelia in the control test were uniform and healthy, with intact cell walls and normal
hyphal tips (Figure 4A). In contrast, mycelial samples incubated with bacterial culture exhibited abnormal
structures, including heterogeneous thickness, delicate and thin mycelium, and several signs of shrinkage,
swelling, and even disruption (Figure 4B-D). These effects are likely attributed to the hydrolytic action of
extracellular protease and particularly chitinase produced by Bacillus sp. TH5. Similar findings regarding

Colletotrichum mycelial damage have been reported in previous studies (Ashwini, Srividya, 2014; Nawaz et al.,
2018).

Figure 4. Antifungal effect of Bacillus sp. TH5 culture on fungal mycelia. (A) Healthy fungal mycelium in PGB; (B, C, D)
Mixture of fungal mycelia and bacterial culture; arrows: damaged sites; scale bar: 10 pm

Temperature and pH stability of antagonistic Bacillus sp. TH5 culture

Figure 5A illustrates the temperature stability of the antagonistic Bacillus sp. TH5 culture across different
temperature levels. The residual antifungal activity ranged from 66.67% to 73.33% with no significant difference
observed when bacterial cultures were treated for 5 minutes at 60-90°C (ANOVA, n = 3, p < 0.05). Although there
was no significant difference for the 10-minute and 15-minute treatments (ANOVA, n = 3, p < 0.05), the inhibitory
activity slightly decreased with increasing treatment time, showing 53.33-66.67% and 46.67-53.33% residual
activity for the 10-minute and 15-minute treatments, respectively. The maintenance of at least 50% antifungal
activity after up to 15 minutes of heat treatment indicates the heat stability of the cell-free bacterial culture of
Bacillus sp. TH5.The thermostability of antifungal activity in cell-free cultures has also been observed in the study
of Nawaz et al. (2018). Accordingly, partially purified biosurfactants from B. licheniformis OE-04 displayed
increased antagonistic activity against C. gossypii after treatment at 28-100°C (Nawaz et al., 2018). The culture
filtrate of B. subtilis B-FS06 was shown to maintain antagonistic activity against Aspergillus flavus after treatment
at 20-100°C for 30 minutes (Zhang et al., 2008). Taken altogether, our results suggest that the culture supernatant
of Bacillus sp. TH5 contains different components contributing to anti-C. siamense activity, with varying thermal
sensitivities under different temperature conditions and exposure times.
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Figure 5. (A) Thermal stability and (B) pH stability of bacterial culture on the inhibition of C. siamense.

2P pifferent letters indicate statistically significant differences (p<0.05)
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The data presented in Figure 5B demonstrate that the bacterial culture maintained robust antifungal activity over a
wide pH range of 3.0-10.0, with residual activity between 71% and 100%. The antifungal activity was fully stable
at pH levels of 7.0 and 8.0, while at other pH levels, it decreased by only about 20% with no statistical difference
(ANOVA, n = 3, p < 0.05). Similar pH stability has been observed in another study. For instance, B. licheniformis
OE-04 surfactants maintained stability against C. gossypii over the same pH range (Nawaz et al., 2018). These
findings indicate that the culture supernatant of Bacillus sp. TH5 is pH-stable across a broad spectrum,
suggesting its potential for use in both acidic and basic environments.

C. siamense anthracnose disease suppression assay on mango model
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Figure 6. Disease expression of C. siamense in mango model (A) after 1 day (Aa), 4 days (Ab), 6 days (Ac)
and the disease severity displayed in percentage (B). DC (-): sterilized LB medium; DC (+): C. siamense suspension;
(C) C-TH5: mixture of C. siamense and Bacillus sp. TH5

Disease symptoms, including color changes and soft rot, were monitored on mango fruit after 1, 4, and 6 days of
treatment (Figure 6). After the first day, there was minimal difference in disease severity between the samples
injected with the mold (Figure 6Aa). However, by the fourth and sixth days, the disease symptoms caused by C.
siamense were pronounced (Figure 6Ab-c). In the positive control sample, lesion area expanded significantly, by
1984.66% and 4735.48%, compared to the negative control after 4 and 6 days of incubation, respectively.
Additionally, severe lesions with extensive fungal mycelial growth and decay were observed in the positive control
sample after 6 days. In contrast, the test samples treated with a mixture of C. siamense and Bacillus sp. TH5
showed lesion area expansions of only 87.90% and 1454.75% after 4 and 6 days, respectively. This indicates that
Bacillus sp. TH5 reduced disease severity in mango fruit caused by C. siamense by 95.6% and 69.3% after 4 and
6 days, respectively (Figure 6B). In related post-harvest studies, B. amyloliquefaciens PMB04 strains was also
shown to reduce C. gloeosporioides anthracnose severity by 15-37.5%, Stenotrophomonas rhizophila decreased
disease severity by 85%, and Torulaspora indica DMKU-RP35 along with Pseudomonas aspenensis DMKU-SP67
reduced disease severity by 82.4-93.9% (Konsue et al., 2020; Liang et al., 2022; Reyes-Perez et al., 2019).
Overall, these findings suggest that Bacillus sp. TH5 is a promising biological control agent for managing
anthracnose caused by C. siamense on mango fruit.

CONCLUSION

Vietnam is one of the top mango-exporting countries in the world. Anthracnose disease, caused by Colletotrichum
siamense, poses significant economic losses to the mango cultivation and trade industry in Vietnam and globally.
In this present study, the bacterial strain Bacillus sp. TH5, isolated from mango-growing regions, demonstrated
strong antagonistic properties against C. siamense. The antifungal activity of the culture supernatant of Bacillus
sp. TH5 was shown to be stable across a wide range of temperatures and pH levels. With its ability to damage C.
siamense mycelium and inhibit anthracnose symptoms when applied in mango preservation, Bacillus sp. TH5 has
the potential to contribute significantly to the development of environmentally friendly biological control methods
for managing anthracnose in agriculture.
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KIEM SOAT SINH HOC Colletotrichum siamense GAY THAN THU
O XOAI BO! Bacillus sp. TH5

Pham Tan Viét*, Pham Péng Triéu, Nguyén Ngoc An, Nguyé&n Thij Diéu Hanh
Vién Cong nghé sinh hoc va Thuc phdm, Triong Pai hoc Céng nghiép Thanh phé HA Chi Minh

TOM TAT

Trong nbng nghiép, kiém soét bénh than thu, do Colletotrichum siamense gay ra, 1a thach thirc d6i véi quy trinh
san xuét xoai (Mangifera indica). Vi khuan Bacillus dugc xem nhu tic nhan kiém soét sinh hoc diy hira hen,
giai phap bén virng va than thién vai mdi truong dé chdng lai bénh than thu trong néng nghiép. Trong nghién
clru ndy, dic tinh khang ndm cua Bacillus sp. TH5 chong lai C. siamense da dwoc nghién ciru. Két qua cho thay
Bacillus sp. TH5 thé hién nhiing dic diém dang chu y, bao gom su hién dién cua cac enzyme ngoai bao nhu
cellulase, protease va chitinase gop phan lam ton thuong hé sm nim C. siamense. Hon nira, ‘ngay ca trong diéu
kién nhiét d6 cao 60°C-90°C, dich nudi ciy Bacillus sp. TH5 van git duoc hoat tinh khang nam khoang 50% sau
15 phut. Hoat tinh khang nim van duy tri véi 71% sau 2 gio 1 trong khoang pH tir 3,0-10,0. Trong mé hinh qua
x0ai, ching Bacillus sp. TH5 cho thay hiéu qua ddi khang vuot troi vai viéc giam mirc do gay bénh than thu 1an
luot trén 95% va 69% sau 4 va 6 ngay. Nhiing két qua day hua hen ndy nhan manh tiém niang cua Bacillus sp.
THS5 nhu mot tac nhan kiém soét sinh hoc hiéu qua chéng lai bénh than thu & xoai va cac loai trai cay khéc,
mang lai trién vong dang ké cho cac hoat dong ndng nghiép bén virng trong tuong lai.

Tir khoa: Bénh than thu, thudc khang ndm, Bacillus, Colletotrichum siamense, xoai.
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