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Abstract

Mango anthracnose, caused by Colletotrichum gloeosporioides, is a significant disease affecting mango
production. This study aimed to develop and evaluate a bio-formulation of Serratia nematodiphila GCSR38
for controlling mango anthracnose. The antagonistic activity of S. nematodiphila GCSR38 was tested
using the dual culture method, achieving a 40.21% inhibition rate against C. gloeosporioides. Three
powder formulations were developed using a low-heat drying process, differing in their composition of
corn starch, talcum, calcium carbonate, and carboxymethyl cellulose (CMC). The formulations exhibited
varying physical characteristics, water solubility, and moisture stability, with pH values ranging from
7.90 to 8.00. The survival of S. nematodiphila GCSR38 in the powder formulations remained substantial
over 120 days, with final bacterial counts between 2.50 x 10’ and 5.10 x 10’ CFU/g. Efficacy testing on
mango leaves showed that Bio-Formulation 3 provided the highest inhibition of C. gloeosporioides,
achieving 51.00% inhibition in preventive application and 48.30% in curative application. These results
were comparable to the chemical fungicide Carbendazim (56.11% and 49.31%, respectively), with no
significant differences observed. Preventive application proved more effective than curative treatment.
Overall, S. nematodiphila GCSR38 shows promise as a biocontrol agent for mango anthracnose, offering
an eco-friendly alternative to chemical fungicides.
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INTRODUCTION

Anthracnose, caused by fungi of
the Colletotrichum genus, is a major plant
disease affecting a wide range of economically
important crops, including mango (Mangifera
indica), chili (Capsicum annuum), papaya (Carica
papaya) and pitaya (Hylocereus spp.).»? The
disease is characterized by dark, sunken lesions on
fruits, leaves, and stems, leading to severe yield
losses and reduced market value.** Conventional
management strategies primarily rely on synthetic
fungicides; however, their excessive use poses
several challenges, including environmental
contamination, chemical residues in food, and the
emergence of fungicide-resistant Colletotrichum
strains.>® These concerns have led to an increasing
demand for environmentally friendly and
sustainable disease management alternatives,
such as biocontrol agents.

Biological control using antagonistic
bacteria has gained attention as a promising
alternative to synthetic fungicides. Various bacterial
species, including Bacillus spp., Pseudomonas spp.,
and Serratia spp., exhibit strong antifungal activity
against Colletotrichum spp. through multiple
mechanisms, such as competition, antibiosis,
and induced systemic resistance.”® Among
these, Serratia nematodiphila has been identified
as a potential biocontrol agent due to its ability to
inhibit fungal pathogens through the production of
secondary metabolites and hydrolytic enzymes.®
Furthermore, Sutthisa®® evaluated the efficacy
of antagonistic microorganisms and secondary
metabolites of the entomopathogenic bacterium
S. nematodiphila GCSR38 against Xanthomonas
oryzae pv. oryzae (Xoo), the causal agent of rice
bacterial leaf blight. The agar well diffusion assay
demonstrated that S. nematodiphila GCSR38
effectively inhibited Xoo, with a 19.15 mm
inhibition zone when using a cell suspensionand a
17.60 mm inhibition zone when using 2,000 pg/ml
of secondary metabolite crude extracts. However,
for successful application in agricultural fields, the
formulation and stability of biocontrol agents must
be optimized to ensure their long-term viability
and efficacy.™*

This study aims to develop a stable bio-
product formulation of S. nematodiphila GCSR38
and evaluate its effectiveness in controlling

anthracnose disease. The efficacy of the bacterial
strain was assessed through dual culture assays
against C. gloeosporioides, followed by the
development of three bio-product formulations
using different ratio of carrier materials. The
study further examined the survival of S.
nematodiphila GCSR38 in the formulations over
four months of storage. The results of this research
contribute to the development of an eco-friendly
and sustainable alternative for anthracnose
management, reducing reliance on chemical
fungicides and promoting environmental safety.

MATERIALS AND METHODS

Testing the efficacy of Serratia nematodiphila
GCSR38 in inhibiting Colletotrichum
gloeosporioides using the dual-culture technique

Serratia nematodiphila GCSR38
and Colletotrichum gloeosporioides were
obtained from the Microbiology Laboratory,
Department of Biology, Faculty of Science,
Mahasarakham University. The antagonistic
activity of S. nematodiphila GCSR38 against C.
gloeosporioides was assessed using the dual-
culture method. A 0.8 cm agar plug from a 7-day-
old C. gloeosporioides PDA culture was placed at
the center of a fresh PDA plate. S. nematodiphila
GCSR38, grown in nutrient broth (NB) for 24 h,
was streaked in four directions 3 cm away from
the fungal plug using a sterile loop. Plates were
incubated at 28 + 2 °C for 5 days in triplicate.
Fungal radial growth was measured on both test
(with antagonist) and control (without antagonist)
plates. The percentage inhibition of fungal growth
was calculated as follows™?:

% inhibition=[(C - T)/C] x 100
Where,
C = Diameter of the fungal colony in the control
plate
T = Diameter of the fungal colony in the test plate

Development of Serratia nematodiphila GCSR38
powder bio-products

S. nematodiphila GCSR38 was cultured
on nutrient agar (NA) at 28 £ 2 °C for 24 h. A
single colony was inoculated into 100 mL NB and
incubated at 150 rpm, 28 + 2 °C for 24 h. A 10%
inoculum was then transferred to 500 mL fresh
NB and incubated under the same conditions.
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Table 1. Composition and ratio of powdered bio-products formulations

Formula Composition Ratio

1 Corn starch:Talcum:Calcium carbonate:Carboxyl methyl cellulose (CMC) 10:87.5:1.5:1
2 Corn starch:Talcum:Calcium carbonate:Carboxyl methyl cellulose (CMC) 20:77.5:1.5:1
3 Talcum:Calcium carbonate:Carboxyl methyl cellulose (CMC) 97.5:1.5:1

Bacterial cells were harvested by centrifugation at
7,000 rpm for 10 min, washed twice with 0.85%
NaCl, and adjusted to 10® CFU/mL (0D, = 0.2).
Powdered formulations were prepared by mixing
900 g sterilized carrier with 100 mL bacterial
suspension (Table 1). The mixture was dried at 45
°C for 4 days and stored in aluminum foil bags at
room temperature.

Evaluation of the efficiency of Serratia
nematodiphila GCSR38 powder bio-products
Water solubility test

Water solubility was determined by
dissolving 1 g of each formulation in 99 mL
distilled water under magnetic stirring (200 rpm).
Dissolution time was recorded and classified into
five levels: (1) 1-5 min, (2) 6-10 min, (3) 11-30
min, (4) 31-60 min, and (5) not dissolved. All tests
were conducted in triplicate.

Bacterial viability

Survival of S. nematodiphila GCSR38 in
powder formulations was determined using the
dilution plate count method.'? Samples were
serially diluted (10° to 107), and 0.1 mL of each
dilution was plated onto NA in triplicate. Plates
were incubated at 28 2 °C for 24-48 h. Colony
counts were recorded on day 0, day 30, and after
4 months of storage.

Moisture content

Moisture content was measured by
drying samples at 105 °C for 5 h. Each sample was
weighed in aluminum cups before and after drying.
The moisture percentage was calculated as*:

Moisture content (%) = [(W,-W,) - (W,-W,)/
(W,-W,)] x 100

Where,
W, = Weight of the aluminum foil cup (g)
W, = Weight of the biological product before

drying (g)

W, = Weight of the aluminum foil cup +
dried biological product (g)

pH measurement

To measure pH, 1 g of powdered
formulation was suspended in 100 mL distilled
water (1% w/v). pH was measured using a pH
meter (AB33PH-F, OHAUS, USA) and recorded as
an average of three replicates.™

Evaluation of the efficacy of Serratia
nematodiphila GCSR38 powder bio-products
in inhibiting Colletotrichum gloeosporioides on
test plants
Plant and pathogen preparation

Mango leaves were cleaned with 70%
ethanol. Stalks were wrapped in sterile cotton,
dipped in sterile water, and sealed with foil. C.
gloeosporioides was cultured on PDA for 7 days.
A 0.8 cm plug from the actively growing edge was
used for inoculation.

Treatment methods

Method 1 (Preventive): Bio-products and
carbendazim were applied to wounded leaves. After
24 h in a humidified box, C. gloeosporioides was
inoculated.

Method 2 (Curative): C.
gloeosporioides was inoculated first; after 24
h, bio-products or carbendazim were applied.
All treatments used 80 g/20 L water, applying
50 pL per leaf. Each treatment included three
replications:

1. Formula 1 (corn starch, talcum, calcium
carbonate, CMC, 10:87.5:1.5:1)

2. Formula 2 (corn starch, talcum, calcium
carbonate, CMC, 20:77.5:1.5:1)

3. Formula 3 (talcum, calcium carbonate, CMC,
97.5:1.5:1)

4. Carbendazim (chemical fungicide, 30 g/20 L
water)

5. Control (dH,0)
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Leaves were incubated for 14 days under
high humidity. Disease severity was evaluated
daily, and disease reduction was calculated using**:

Disease reduction (%) = ((A-B)/A) x 100
Where,

A = Disease severity in the control
B = Disease severity in the treatment

RESULTS

Efficacy testing of S. nematodiphila GCSR38
against anthracnose fungi using the dual culture
method

The efficacy of the antagonistic
bacterium S. nematodiphila GCSR38 in inhibiting
the growth of anthracnose fungi in mango was
evaluated using the dual culture method. After a
7-day incubation period, S. nematodiphila GCSR38
demonstrated an inhibitory effect on the hyphal
growth of the anthracnose fungi, achieving
a 40.21% inhibition rate (Figure 1).

Development of S. nematodiphila GCSR38
powder bio-products

Three formulations of S. nematodiphila
GCSR38-based bio-products were developed
using a low-heat drying process: Formula 1 (corn
starch: talcum: calcium carbonate: CMC at a ratio
of 10:87.5:1.5:1), Formula 2 (corn starch: talcum:
calcium carbonate: CMCat a ratio of 20:77.5:1.5:1),
and Formula 3 (talcum: calcium carbonate: CMC
at a ratio of 97.5:1.5:1). The resulting powders
exhibited distinct physical characteristics: Formula
1 was a fine white powder, Formula 2 formed a
white powder with some clumping, and Formula

3 exhibited significant clumping. The formulations
were then packaged in aluminum foil bags and
stored at room temperature for further evaluation
(Figure 2).

Efficiency of S. nematodiphila GCSR38 powder
bio-products

The powdered formulations were
evaluated for physical and microbiological
parameters to assess their efficiency. All three
formulations demonstrated rapid water solubility,
classified as Level 1 (1-5 min). Formula 2 exhibited
the least precipitation upon standing, followed
by Formulas 1 and 3. The pH values were similar
across formulations, with Formulas 1 and 2
measuring 7.90, and Formula 3 at 8.00 (Table 2).
Moisture content across all formulations remained
relatively stable over a four-month storage
period, with no statistically significant changes
observed (Table 3). Initially, Formula 1 had the
highest bacterial count at 1.50 x 108 CFU/g, but all
formulations experienced a decline in viability over
120 days. After four months, viable counts ranged
between 2.50 x 107 and 5.10 x 10’ CFU/g, and the
differences among them were not statistically
significant.

Table 2. Water solubility and pH of S. nematodiphila
GCSR38 powder bio-products

Bio-product Dissolution  pH
Formula level

1 1 7.90
2 1 7.90
3 1 8.00

Figure 1. Efficacy testing of antagonistic bacterium Serratia nematodiphila GCSR38 in controlling anthracnose fungi:
(a) test plate with S. nematodiphila GCSR38; (b) control plate without S. nematodiphila GCSR38
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Testing the efficacy of S. nematodiphila GCSR38
powder bio-products in inhibiting
C. gloeosporioides on test plants

The bio-products were tested on
mango leaves using two application methods:
preventive and curative. Bio-formulation 3

showed the highest inhibitory effect among
all formulations, with 51.00% inhibition in the
preventive method and 48.30% in the curative
method. This was comparable to the chemical
fungicide Carbendazim, which showed 56.11%
and 49.31% inhibition in the preventive and

Table 3. Moisture content of S. nematodiphila GCSR38 powder bio-products after storage

Bio-product Moisture content (%) S. nematodiphila
Formula GCSR38 (CFU/g)

1 Day 120 Days 1 Day 120 Days
1 13.02 £ 0.45™ 12.35+0.07™ 1.50 x 10%™  2.50 x 107
2 12.70 £ 3.39 14.01+£0.31 1.00 x 108 5.10 x 107
3 12.31+0.59 11.29+£0.25 1.10 x 108 5.10 x 107

ns = no statistically significant difference

Table 4. Efficacy of powder bio-products of S.
nematodiphila GCSR38 in inhibiting anthracnose
pathogen

Bio-product Inhibition (%)
Formula
Method 1 Method 2
Preventive Curative
Application Application
1 31.27 +0.84° 29.42 +0.63°
2 31.93 + 2.60° 30.08 +1.01°
3 51.00 + 2.442 48.30+2.32°
Carbendazim  56.11 + 5.90° 49.31 +5.82°
(30g/20L)

Means followed by different letters (a, b) indicate significant
differences based on the Least Significant Difference (LSD)
method

curative methods, respectively. No statistically
significant difference was observed between bio-
formulation 3 and Carbendazim. In contrast, bio-
formulations 1 and 2 exhibited significantly lower
inhibition rates, around 30-32% in both methods.
Preventive treatment consistently resulted in
slightly higher inhibition percentages than curative
application, suggesting that early application of
the bio-products enhances effectiveness against C.
gloeosporioides infection (Figure 3, Table 4).

DISCUSSION
The development of S. nematodiphila

GCSR38-based bioproducts in this study aimed to
provide an environmentally friendly alternative

Figure 2. Biological characteristics of S. nematodiphila GCSR38 in powder form: (a) Formula 1 (corn starch:talcum:
calcium carbonate:CMC in the ratio of 10:87.5:1.5:1); (b) Formula 2 (corn starch:talcum:calcium carbonate:CMC in
the ratio of 20:77.5:1.5:1); (c) Formula 3 (talcum:calcium carbonate:CMC in the ratio of 97.5:1.5:1).
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to chemical control for anthracnose disease
in mango caused by C. gloeosporioides. The
dual culture method demonstrated that S.
nematodiphila GCSR38 achieved a40.21% inhibition
rate against the growth of C. gloeosporioides,
highlighting its potential as an effective biocontrol
agent. This finding is consistent with previous
studies showing that S. nematodiphila and
other Serratia species exhibit antagonistic
properties against various plant pathogens,
including fungi such as Colletotrichum.*®

The development of three different
formulations of S. nematodiphila GCSR38
powder was successful, with distinct physical
characteristics. The formulations varied in their
composition, which influenced their appearance,
with Formula 1 being a fine white powder and
Formula 3 exhibiting significant clumping. This
variation in formulation could potentially influence
the stability and release rate of the biological
agent. Similar formulations using corn starch,
talcum powder, calcium carbonate, and CMC
have been used for the formulation of biocontrol
agents, where the stability and ease of handling
are essential for field application.®

The solubility tests indicated that all
three formulations dissolved quickly in water,

which is essential for field application. The rapid
dissolution ensures that the bioagent can be
efficiently dispersed during application. These
results are consistent with the findings of Elnahal
etal.,”” who reported that rapid solubility is crucial
for the practical application of biocontrol agents,
enabling faster establishment of the biocontrol
agent on the plant surface.

In terms of pH, all three formulations
exhibited near-neutral pH values (around 7.9-8.0),
which is advantageous since neutral pH conditions
are typically optimal for the growth of many plant-
associated microorganisms, including Serratia
species.'® Furthermore, the moisture content
analysis revealed that the formulations maintained
stable moisture levels over four months of storage,
indicating that the bioproducts were stable
under standard storage conditions. This result is
significant for the commercialization of biocontrol
agents, as stability during storage is a key factor
for product shelf life.*

The survival and viability of S.
nematodiphila GCSR38 in powdered bio-products
were evaluated over a storage period of 120
days. The results indicated that all three bio-
formulations (Formula 1, Formula 2, and Formula
3) maintained a substantial bacterial population

Figure 3. Efficacy of powder bio-products of S. nematodiphila GCSR38 in inhibiting anthracnose pathogen on mango
leaves (a-d) Method 1: Preventive application; (a) Formula 1; (b) Formula 2; (c) Formula 3; (d) Carbendazim; (e-h)
Method 2: Curative application; (e) Formula 1; (f) Formula 2; (g) Formula 3; (h) Carbendazim
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throughout the storage period, though a decline
in bacterial counts was observed. This is consistent
with previous studies that have reported a
decrease in the survival of microbial populations
in bio-formulations during storage, attributed
to various factors such as environmental stress,
nutrient depletion, and unfavorable conditions
like temperature or humidity.2%2!

At the beginning of the study, Formula
1 exhibited the highest bacterial count (1.50 x 108
CFU/g), followed by Formula 3 (1.10 x 108 CFU/g)
and Formula 2 (1.00 x 108 CFU/g). This initial
difference in bacterial populations could be due
to variations in the formulation’s composition,
including the choice of carrier materials, stabilizers,
and the method of product preparation.?> Formula
1 may have contained components that provided
better protection or more suitable conditions
for bacterial survival compared to the other two
formulations. After four months of storage, a
general decline in bacterial counts was observed
in all formulations, with Formula 1 showing a final
count of 2.50 x 107 CFU/g, and Formulas 2 and
3 showing 5.10 x 107 CFU/g. While the bacterial
population significantly decreased over time, the
levels remained relatively high in comparison to
other studies on microbial bio-formulations. For
example, studies on the survival of beneficial
bacteria in powdered formulations have reported
similar survival trends, where bacterial populations
often decrease but remain viable enough to exhibit
biological activity.?® Notably, the differences in
survival rates among the three formulations were
not statistically significant. This suggests that while
there were variations in initial bacterial counts,
the formulations provided similar environments
for the survival of S. nematodiphila GCSR38 over
time. The lack of significant differences might
also indicate that other factors, such as the
microbial strain’s inherent robustness, could have
played a more significant role in survival than the
formulation itself.'®* However, the overall trend
indicates that the formulation’s composition did
impact the initial survival, even if the differences
became less pronounced after storage.

The ability of S. nematodiphila GCSR38
to maintain viable populations in powdered
form for four months is a promising feature for
its potential use as a bio-control agent. Several
studies have emphasized the importance of

formulation stability for long-term storage and
effectiveness of microbial inoculants. Research
has shown that microbial viability is a crucial
factor for ensuring the efficacy of bio-products,
as low survival rates can directly reduce their
biological control potential.?* For instance,
formulations incorporating appropriate carriers
such as starch or clay minerals have been shown to
offer better protection for microbial populations.?
The findings from this study suggest that S.
nematodiphila GCSR38 retains sufficient viability
even after prolonged storage, making it a potential
candidate for development into a stable, long-
lasting bio-product.

The efficacy of S. nematodiphila GCSR38
powder bio-product in inhibiting C.
gloeosporioides was evaluated using both
preventive and curative application methods.
The results indicate that bio-formulation 3
demonstrated the highest inhibitory effect
among the three formulations, with 51.00%
inhibition in the preventive method and 48.30%
inhibition in the curative method. Although
slightly lower than Carbendazim, a conventional
fungicide, bio-formulation 3 showed no statistically
significant difference in efficacy, suggesting
its potential as an eco-friendly alternative to
chemical treatments. The higher efficacy of bio-
formulation 3 in the preventive method aligns with
previous studies indicating that early intervention
with biocontrol agents enhances their ability
to suppress fungal pathogens before infection
establishes.? Preventive application allows for
better colonization of beneficial microorganisms
on the plant surface, creating a protective barrier
that inhibits pathogen invasion.? This finding
supports the concept that biocontrol products,
when applied before infection, can effectively
outcompete pathogens for nutrients and space,
thereby reducing disease incidence.”

On the other hand, the slightly lower
inhibition percentages observed in the curative
method suggest that the bio-product may not
be as effective once the pathogen has already
established itself in plant tissues. This is consistent
with findings from Palmieri et al.,”® who reported
that biocontrol agents tend to perform better as
preventive rather than curative treatments, as they
act primarily by preventing pathogen colonization
rather than eradicating established infections.
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Despite the promising results of bio-formulation 3,
the significantly lower inhibition rates observed in
bio-formulations 1 and 2 (approximately 30-32%)
which highlight the importance of formulation
composition in biocontrol efficacy. Variability in
bio-formulation effectiveness could be attributed
to differences in microbial viability, carrier
materials, or the presence of additional bioactive
compounds that enhance antagonistic activity.?
Furthermore, while Carbendazim achieved slightly
higher inhibition rates (56.11% preventive, 49.31%
curative), concerns over fungicide resistance and
environmental impact necessitate the exploration
of biocontrol alternatives. Previous studies have
reported that excessive reliance on chemical
fungicides can lead to the development of resistant
fungal strains, reducing long-term disease control
efficacy.®® Therefore, integrating biocontrol
agents such as S. nematodiphila GCSR38 into
disease management programs could serve as a
sustainable approach to anthracnose control in
mango leaves.

CONCLUSION

This study demonstrated the efficacy
of S. nematodiphila GCSR38 as a biocontrol
agent against C. gloeosporioides, the causal
pathogen of mango anthracnose. The dual culture
method confirmed its antagonistic potential,
with a 40.21% inhibition rate. Among the three
bio-formulations developed, bio-formulation 3
exhibited the highest efficacy, achieving over 50%
inhibition in preventive applications. While its
effectiveness was slightly lower than Carbendazim,
the lack of statistical difference suggests that S.
nematodiphila GCSR38 could serve as a viable
eco-friendly alternative to chemical fungicides. The
preventive application method was slightly more
effective than the curative method, highlighting
the importance of early intervention for optimal
disease control. Additionally, all formulations
maintained substantial bacterial viability over
a four-month storage period, ensuring product
stability. Future research should focus on improving
formulation stability, evaluating field efficacy, and
investigating potential synergistic effects with
other biocontrol or chemical agents to enhance
the management of mango anthracnose.
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