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ARTICLE INFO ABSTRACT

Although antagonistic Streptomyces are widely recognized for their antifungal
potential, trait-based selection of effective isolates remains insufficiently explored.
In this study, we recovered thirty-eight Strepfomyces-like actinomycete isolates from
agricultural soils and screened them for antifungal activity against Fusarium sp. using
a dual-culture assay. We further evaluated antagonistic isolates for chitinase activity,
total protein content, and Folin—Ciocalteu-reactive phenolic-equivalent content. We
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KE Y WORDS: L conducted correlation analyses to examine associations between these biochemical
Ar}qfungal activity, traits and fungal growth inhibition. Sixteen isolates (42%) exhibited antifungal
chlthase, ] activity, with inhibition values ranging from 1.84 to 69.20%, while isolates VAS10
functl(?nal screening, and VAS35 achieved at least 65% suppression. Among the measured traits, chitinase
Fusarium, activity showed the strongest positive association with fungal growth inhibition,
Streptomyces

followed by Folin—Ciocalteu-reactive phenolic-equivalent content. In contrast, total
protein content was not significantly associated with inhibition. These results suggest
that chitinase activity may serve as a preliminary screening indicator associated with
antifungal performance; however, the correlation analysis and limited biochemical
measurements do not establish causality or define the underlying antifungal
mechanism. Accordingly, the present findings support the prioritization of VAS10
and VAS3S5 for further validation but do not demonstrate their efficacy in planta or
establish them as validated biocontrol agents.

Copyright (c) 2026 @author(s).

1. Introduction further increased the incidence and severity of soil-
borne fungal diseases, particularly in tropical and

Soil-borne fungal diseases represent a major subtropical regions (Islam et al. 2024; Li et al. 2025).

constraint to crop productivity worldwide, particularly
in intensive vegetable production systems (Hossain
et al. 2025). Among these pathogens, Fusarium
species cause severe vascular wilt diseases, leading
to significant yield losses and reduced crop quality
(Li et al. 2025). Fusarium-induced wilt is especially
problematic because of the pathogen survives long-
term in soil and can infect hosts across multiple
developmental stages (Sarnaik et al. 2025). In recent
years, climate change, intensified monocropping, and
increased global movement of plant materials have
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Conventional disease management strategies still rely
heavily on chemical fungicides; however, their extensive
and prolonged use has raised serious concerns about
environmental contamination, pathogen resistance,
and adverse effects on non-target organisms (Islam
et al. 2024). These limitations have spurred growing
interest in sustainable, environmentally friendly
alternatives for disease control (Hossain et al. 2025).

Biological control using antagonistic
microorganisms has emerged as a promising approach
for managing soil-borne plant pathogens and reducing
reliance on chemical fungicides (Todorovi¢ et al
2023). Among beneficial microbes, members of the
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genus Streptomyces are of particular interest because of
their well-documented capacity to produce antifungal
enzymes and a wide array of secondary metabolites
(Van der Meij et al. 2017). Previous studies have
demonstrated that Streptomyces spp. suppress Fusarium
growth through multiple mechanisms, including the
production of hydrolytic enzymes such as chitinases,
synthesis of antifungal compounds, and competition
for nutrients and ecological niches (Pacios-Michelena
et al. 2021). Recent advances in microbial ecology
and genomics have further highlighted the ecological
adaptability and functional diversity of Streptomyces
spp., supporting their persistence and activity in
complex soil environments (Mispelaere et al. 2024).

Despite extensive reports on the antifungal potential
of Streptomyces, the relationship between specific
biochemical traits and effective disease suppression
remains insufficiently understood (Khan et al. 2023).
In particular, the relationships of chitinase activity, total
protein content, and Folin—Ciocalteu-reactive phenolic-
equivalent content with antifungal performance may
vary considerably among isolates and environmental
conditions (Khan et al. 2023; Davidova et al. 2024).
Recent studies have emphasized that antifungal efficacy
cannot be reliably inferred from individual biochemical
parameters alone, underscoring the need for integrative
analyses that link biochemical traits with biological
outcomes. Although genomic and comparative studies
have improved our understanding of functional
diversity  within  Streptomyces,  comprehensive
investigations integrating biochemical characterization,
molecular identification, and correlation analysis of
antifungal performance remain limited, particularly
in Fusarium pathosystems (Mispelaere et al. 2024).

Therefore, the objective of the present study was
to isolate and screen soil-derived Streptomyces-like
actinomycetes for antifungal activity against Fusarium
sp., quantify selected extracellular biochemical traits,
including chitinase activity, total protein content,
and Folin—Ciocalteu-reactive  phenolic-equivalent
content, and examine their statistical associations
with antifungal inhibition. The most effective isolates
were further identified at the genus level using 16S
rRNA gene sequencing. This study was a functional
screening and correlation analysis and did not aim
to identify individual antifungal metabolites or
establish a metabolite-specific mechanism of action.
By integrating in vitro antagonism assays, selected
extracellular biochemical measurements, and molecular
identification, this study provides a functional

framework for prioritizing Streptomyces isolates
for subsequent antifungal and in planta validation.

2. Materials and Methods

2.1. Soil Sampling

Soil samples were collected from agricultural
fields in An Giang province, Vietnam, during the dry
season. Sampling sites were selected based of ongoing
agricultural use and the availability of representative
rhizosphere/topsoil sampling points. Composite soil
samples were obtained from the rhizosphere/topsoil layer
at a depth of approximately 0—15 cm. Each composite
sample consisted of five subsamples collected randomly
within the same site to ensure representative sampling.
Soil samples were placed in sterile polyethylene bags,
transported to the laboratory under ambient conditions,
and processed within 24 h of collection to minimize
changes in microbial composition.

2.2. Isolation of Streptomyces-Like Actinomycete
Isolates from Soil

We obtained actinomycete-like isolates with
Streptomyces-type colony morphology using serial
dilution plating. Briefly, 10 g of each soil sample was
suspended in 90 mL of sterile saline solution (0.85%
NaCl) and homogenized by shaking at 150 rpm for 30
min. The suspension was serially diluted up to 103,
and 100 pL aliquots from appropriate dilutions were
spread onto Gause’s No. 1 agar medium (soluble starch
20.0 g/L, KNO, 1.0 g/, NaCl10.5 g/L, K,HPO, 0.5 g/L,
MgSO,*7H,0 0.5 g/L, FeSO,*7H,0 0.01 g/L; agar 20.0
g/L; pH 7.3) for primary isolation of actinomycete-like
colonies (Zhang et al. 2026). Plates were incubated
at 28-30°C for 7-10 d. Colonies exhibiting typical
Streptomyces-like morphology, including a dry or
chalky appearance and pigmented aerial mycelia, were
selected and purified by repeated streaking on the same
medium until pure cultures were obtained. We coded
pure isolates and maintained them on Gause’s No. 1 agar
slants at 4°C for short-term storage and preserved them
in 20% (v/v) glycerol stocks at —80°C for long-term
storage.

Following purification, the isolates were point-
inoculated onto fresh Gause’s No. 1 agar plates and
incubated at 28-30°C for 96 h. Macroscopic colony
characteristics, including colony color, surface
appearance, margin, and elevation, were then recorded,
and representative colonies were photographed.
These observations served as preliminary phenotypic
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characterization, while taxonomic assignment of the two
most active isolates was supported by 16S rRNA gene
sequencing.

2.3. Primary Screening for Antifungal Activity
against Fusarium

The antifungal activity of putative Streptomyces
isolates was evaluated using a dual-culture assay on
potato dextrose agar (PDA), following Amini et al.
(2016) with minor modifications. The fungal isolate
used as the target pathogen was obtained from our
previous work and maintained in the laboratory. Its ITS
sequence had previously been generated and deposited in
GenBank under accession no. PX745173.1. Additional
sequence comparison based on the EF-1a/TEF-la
region supported its putative assignment to Fusarium
hainanense. In this study, the isolate was used as the
representative Fusarium sp. target for antifungal
screening.

A 5-mm mycelial plug taken from the actively
growing margin of a 5-day-old Fusarium culture was
placed at the center of each PDA plate. Each putative
Streptomyces isolate was inoculated at four equidistant
points surrounding the fungal plug, approximately 25
mm from the center. Control plates contained only the
fungal plug. Plates were incubated at 28°C for 96 h,
after which radial fungal growth was measured along
four perpendicular axes and averaged for each plate.
Antifungal inhibition was calculated as inhibition (%)
=100 x (Rc — Rt) / Rc, where Rc is the mean radial
growth of the fungus on control plates, and Rt is the
mean radial growth in the presence of the Streptomyces
isolate. Isolates showing measurable inhibition were
considered antagonistic and were selected for subsequent
biochemical analyses.

2.4. Preparation of Cell-Free Culture
Supernatants and Measurement of Selected
Extracellular Biochemical Traits

Antagonistic isolates were cultivated in the
corresponding liquid formulation of Gause’s No. 1
medium under shaking conditions (30°C, 180 rpm) for
7 d. Following incubation, cultures were centrifuged at
8,000 x g for 10 min to remove cells and mycelia. We
collected the resulting cell-free culture supernatants
of measure selected extracellular biochemical traits.
We conducted all assays using three independent
biological replicates. Biochemical measurements were
expressed on a culture-volume basis per milliliter of
cell-free culture supernatant and were not normalized
to culture biomass, dry cell weight, or optical density.

Therefore, the reported values represent volumetric
extracellular activities or concentrations under the
culture conditions used rather than biomass-specific
production. We determined chitinolytic activity
in the cell-free culture supernatants, operationally
reported as chitinase activity under the specified
assay conditions, using a colloidal chitin-based
assay. We quantified the released reducing sugars
colorimetrically using the 3,5-dinitrosalicylic acid
method, with N-acetylglucosamine as the standard
(Subramanian et al. 2020). One unit of chitinase
activity was defined as the amount of enzyme required
to release 1 pmol of reducing sugar per minute under
assay conditions. Total protein content was quantified
using a colorimetric Bradford assay with bovine serum
albumin as the standard (Bradford 1976). Folin—
Ciocalteu-reactive phenolic-equivalent content was
determined using the Folin—Ciocalteu method with
gallic acid as the standard, and results were expressed
as ug gallic acid equivalents per mL (ug GAE/mL)
(Dominguez-Lopez et al. 2024). These assays were
intended as comparative screening measurements of
selected extracellular traits. They did not evaluate
enzyme specificity toward alternative substrates,
enzyme or metabolite stability, extracellular metabolite
composition, or production kinetics over the course of
cultivation.

2.5. Molecular Identification of Selected
Isolates Based on 16S rRNA Gene Sequencing
We selected two isolates with the strongest
antifungal activity for molecular identification. We
extracted genomic DNA from bacterial biomass using
a standard bacterial DNA extraction protocol. The
16S rRNA gene was amplified by polymerase chain
reaction (PCR) using universal primers 27F and 1492R,
covering a nearly full-length region of the 16S rRNA
gene (Palkova et al. 2021). PCR products were verified
by agarose gel electrophoresis, purified, and subjected
to Sanger sequencing. The obtained 16S rRNA gene
sequences were compared with sequences available
in the NCBI nucleotide database using BLASTn.
The nearly full-length 16S rRNA gene sequences of
Streptomyces sp. VAS10 and Streptomyces sp. VAS35
were deposited in GenBank under accession numbers
PZ770648 and PZ770649, respectively. Closely related
and taxonomically relevant reference sequences were
selected from GenBank based on BLASTn results.
Sequences were aligned using MUSCLE in MEGA 12,
and non-overlapping terminal regions were removed.
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The maximum-likelihood tree was reconstructed using
the best-fit HKY+I model selected according to the
Bayesian information criterion. Complete deletion was
applied, resulting in 1,336 aligned positions, and branch
support was assessed using 1,000 standard bootstrap
replicates. We used Kitasatospora herbariicolor NRRL
B-3299T (NR_115776.1) as the outgroup.

2.6. Statistical Analysis

All experiments were conducted with three
independent biological replicates, and results were
expressed as mean + standard deviation. Normality of
model residuals and homogeneity of variances were
assessed separately for each response variable using
the Shapiro—Wilk test and the Brown—Forsythe test
(median-centered Levene test), respectively. Variables
satisfying both assumptions were analyzed using one-
way ANOVA followed by Duncan’s multiple range
test. Variables showing significant departures from
normality were analyzed using the Kruskal-Wallis
test followed by Dunn’s multiple-comparison test
with Holm adjustment. Pearson correlation analysis
was used to evaluate associations between antifungal
inhibition and the measured extracellular biochemical
traits.

3. Results

3.1. Isolation and Primary Screening of
Streptomyces-Like Actinomycete Isolates

A total of 38 actinomycete-like isolates with
Streptomyces-type morphology were recovered
from agricultural soil samples. Colony morphology
on Gause’s No. 1 agar revealed clear phenotypic
diversity among the isolates, which were grouped
into 13 colony morphotypes based on colony color,
surface appearance, margin, and elevation (Table 1).
Colony colors included ivory-white, opaque white,
cream—pale yellow, yellowish cream, milky white,
yellowish white, pale yellow, and pale orange. Surface
appearances included smooth, velvety, powdery,
cottony, dry, rough, and wrinkled forms, whereas
colony margins ranged from entire to filamentous,
fimbriate, lobate, undulate, diffuse, or irregular. Most
isolates formed raised colonies, while seven isolates
exhibited flat colonies. Gram staining showed that
the recovered isolates were Gram-positive. Together
with their colony characteristics, these observations
supported their preliminary classification as
Streptomyces-like actinomycetes, while 16S rRNA

Table 1. Colony morphotypes of Streptomyces-like actinomycete isolates recovered from agricultural soils on Gause’s No. 1 agar

Morphotype Colony color Surface appearance Margin Elevation  Representative isolates iIs\]o(;;l‘?et;
Ml Ivory-white Velvety to wrinkled Filamentous to lobate Raised VASI, VAS6, VASS, 6
VAS21, VAS36, VAS63
M2 Ivory-white Smooth Entire Flat VAS7 1
M3 Cream-—pale yellow Velvety to powdery, Filamentous to fimbriate Raised VAS10, VAS18, VAS27,
radially furrowed VAS28, VAS30, VAS43,
VAS46, VAS49, VAS67
M4 Opaque white Smooth Entire Flat VAS4, VAS14 2
M5 Yellowish cream Wrinkled to powdery Lobate to filamentous Raised VASS5, VAS25, VAS26, 6
VASS55, VAS68, VAS69
M6 Milky white Dry, rough, and wrinkled Undulate to irregular Flat  VAS22, VAS24 2
M7 Ivory-white Velvety to powdery, Filamentous Raised VAS23, VAS35 2
radially furrowed
M8 Yellowish white Velvety, radially striated Filamentous to irregular Raised VASS53 1
M9 Pale yellow Smooth Entire Raised VASI11, VAS32, VAS41,
VAS52, VAS72
M10 Pale orange Smooth Entire Raised VAS3 1
M1l Pale yellow—milky white Cottony to velvety Diffuse to irregular Flat VAS19 1
Mi12 Pale yellow—opaque white Wrinkled, concentrically Lobate to irregular Flat VAS70 1
zoned
M13 Ivory-white Velvety to powdery Diffuse to filamentous Raised VAS45 1

Morphotypes were defined based on colony color, surface appearance, margin, and elevation after 96 h of incubation on Gause’s No. 1 agar
at 28-30°C. All isolates exhibited a Gram-positive reaction under light microscopy. We used these characteristics only for preliminary

phenotypic grouping
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gene sequencing later supported the genus-level
assignment of VAS10 and VAS35.

Primary dual-culture screening against the
tested Fusarium isolate (GenBank accession no.
PX745173.1) revealed that 16 of the 38 isolates
(42%) exhibited measurable antagonistic activity
and were therefore selected for further analyses.
Quantitative assessment of fungal growth inhibition
demonstrated substantial variability among the
antagonistic isolates (Figure 1A). Inhibition values
ranged from 1.84 to 69.20%, indicating marked

A

80 ~

abc
60 - abc abc  APC abc

50

Antifungal inhibition (%)

heterogeneity in antifungal performance among the
recovered putative Streptomyces isolates. Isolate
VAS10 exhibited the strongest antifungal activity,
achieving 69.20% inhibition of fungal growth,
followed by VAS35 (67.33%) and VAS6 (61.24%).
In contrast, several isolates displayed only marginal
inhibitory effects, particularly VAS25 and VAS23,
which showed less than 5% inhibition. The Kruskal—
Wallis test indicated significant differences in
antifungal inhibition among the isolates (p<0.05).
Pairwise comparisons were subsequently performed

abc abc .

abc

abc
abc

abc

Figure 1. Antifungal activity of Streptomyces-like actinomycete isolates against Fusarium sp. (A) Quantitative inhibition of fungal growth.
Values are presented as mean + standard deviation from three independent biological replicates (n = 3). Bars sharing at least one
lowercase letter are not significantly different. In contrast, bars with no letter in common differ significantly according to the
Kruskal-Wallis test followed by Dunn’s multiple-comparison test with Holm adjustment at p<0.05. Representative photographs
recorded after 96 h of incubation show (B) the Fusarium-only control, (C) dual culture with Streptomyces sp. VAS10, and (D) dual
culture with Streptomyces sp. VAS35. The photographs illustrate restricted fungal colony expansion in the presence of VAS10 and
VAS35 relative to the control
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using Dunn’s test with Holm adjustment. Based on
these results, isolates demonstrating high inhibition
levels were prioritized for subsequent biochemical
and molecular characterization.

Representative dual-culture photographs
supported the quantitative inhibition results. In the
Fusarium-only control, the fungal colony expanded
broadly across the agar surface. In contrast, fungal
colony expansion was markedly restricted in the
presence of VAS10 and VAS35, with altered radial
growth at the confrontation region (Figure 1B-D).
These observations were qualitative and were not
used to infer direct overgrowth, hyphal damage, or
mycoparasitism.
3.2. Selected

Extracellular Biochemical

Traits of Antagonistic Streptomyces-Like
Actinomycete Isolates
Table 2 summarizes selected extracellular

biochemical measurements from the cell-free culture
supernatants of the 16 antagonistic isolates. Isolates

Table 2. Selected extracellular biochemical measurements in cell-
free culture supernatants of antagonistic Streptomyces-like
actinomycete isolates

Folin—Ciocalteu-reactive

Isolate C hitinase Total protein phenolic-equivalent
activity (U/mL)  (ug/mL) content (1ig GAE/mL)
VAS5 0.63+0.07¢*  51.67+0.42%° 6.63+0.21f
VAS6 0.61+0.01¢¢  57.25+0.42%¢ 8.01+0.44%
VASI0  0.88+0.06*  63.38+0.21* 8.23+0.55%
VAS19  0.4140.06%"  54.75+2.08%¢ 5.26+0.58¢
VAS21  0.30+0.04"  47.04+2.29*° 5.98+0.51f
VAS23  0.44+0.14°  43.53+2 55%° 3.83£0.13"
VAS24  0.61+0.01¢  53.13+0.63%*° 5.70+0.22¢
VAS25  0.38+0.08%"  26.52+0.23%° 4.46+0.35"
VAS26  0.78+0.03*  49.67+2.08** 8.40+0.35¢
VAS35  0.54+0.07%  38.92+4.17%¢ 12.36+0.02°
VAS45  0.55+0.02¢  58.08+0.42® 10.24+0.14¢
VAS53  0.80+0.07®  24.21+0.63** 7.62+0.62¢
VAS63  0.72+0.09*  7.67+1.04° 11.28+0.39°
VAS69  0.5240.03%  16.04+2.08" 5.43+0.60¢
VAS70  0.38+0.038"  21.78+1.06** 4.36+0.24"
VAS72  0.82+0.01*  28.46+1.04** 7.92+0.48%

Values are presented as mean + SD from three independent biological
replicates (n = 3). Within each column, values sharing at least
one lowercase superscript letter are not significantly different,
whereas means with no letter in common differ significantly at p
< 0.05. Chitinase activity and Folin—Ciocalteu-reactive phenolic-

equivalent content were analyzed using one-way ANOVA

followed by Duncan’s multiple range test. Total protein content
was analyzed using the Kruskal-Wallis test followed by Dunn’s
multiple-comparison test with Holm adjustment. Values are
expressed per milliliter of cell-free culture supernatant and were
not normalized to culture biomass or density

showed considerable variation in chitinase activity,
total protein content, and Folin—Ciocalteu-reactive
phenolic-equivalent content. Chitinase activity ranged
from 0.30 to 0.88 U/mL across the tested isolates.
Isolate VAS10 exhibited the highest chitinase activity
(0.88+0.06 U/mL), followed by VAS72 (0.82+0.01
U/mL) and VASS53 (0.80+0.07 U/mL). In contrast,
isolate VAS21 displayed the lowest chitinase activity
(0.30£0.04 U/mL). Overall, isolates with higher
antifungal activity in the primary screening tended to
show higher chitinase activity.

Total protein content also varied markedly
among isolates, ranging from 7.67 to 63.38 pug/mL.
The highest protein concentration was detected in
isolate VAS10 (63.38+0.21 pg/mL), whereas isolate
VAS63 showed the lowest protein level (7.67+1.04
ug/mL). However, no clear trend emerged between
total protein concentration and antifungal inhibition
across isolates. Similarly, Folin—Ciocalteu-reactive
phenolic-equivalent content differed substantially
among isolates, with values ranging from 3.83 to
12.36 pg GAE/mL. Isolate VAS35 exhibited the
highest value, followed by VAS63 and VASA45,
indicating variation in this measured trait among the
antagonistic isolates.

3.3. Relationship between Antifungal Activity
and Biochemical Traits

To examine the statistical relationships between
antifungal inhibition and the measured extracellular
biochemical traits, Pearson correlation analysis was
performed for chitinase activity, total protein content,
and Folin—Ciocalteu-reactive phenolic-equivalent content
(Figure 2A-C).

Chitinase activity was strongly and positively associated
with antifungal inhibition (r = 0.77, p<0.001; Figure
2A), with higher measured chitinase activity generally
occurring in isolates that exhibited greater suppression
of Fusarium growth. In contrast, total protein content
showed only a very weak, non-significant correlation
with antifungal activity (r=0.14, p=0.596; Figure 2B),
suggesting that overall extracellular protein concentration
alone was not a reliable predictor of antifungal efficacy.

Folin—Ciocalteu-reactive phenolic-equivalent content
was positively associated with antifungal inhibition (r
= 0.73, p = 0.001; Figure 2C). Among the measured
traits, chitinase activity showed the strongest statistical
association with antifungal inhibition, followed by
Folin—Ciocalteu-reactive phenolic-equivalent content,
whereas total protein content showed no significant
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Figure 2. Correlation between antifungal activity against Fusarium sp. and biochemical traits of antagonistic Streptomyces-like actinomycete
isolates: (A) chitinase activity (r = 0.77, p<0.001), (B) protein content (r = 0.14, p = 0.596), and (C) Folin—Ciocalteu-reactive
phenolic-equivalent content (r = 0.73, p = 0.001). Dotted lines represent fitted linear regression lines

association. These correlations describe relationships
among the measured variables and do not demonstrate
causal contributions to antifungal activity.

3.4. Molecular Identification and Phylogenetic
Placement of Selected Isolates

Based on their high antifungal activity, we selected
isolates VAS10 and VAS35 for molecular identification
using 16S rRNA gene sequencing. The 16S rRNA
gene sequences of VAS10 and VAS35 were deposited
in GenBank under accession numbers PZ770648
and PZ770649, respectively. BLASTn analysis
showed that VAS10 exhibited the highest sequence
similarities to Streptomyces globosus LMG 19896T
(99.57%) and Streptomyces toxytricini NBRC 12823T
(99.56%). VAS35 shared 99.71% sequence identity
with several closely related Streptomyces strains,
including Streptomyces globosus LMG 19896T and
Streptomyces toxytricini NBRC 12823T. Because
multiple closely related taxa showed highly similar
16S rRNA gene sequences, BLASTn analysis alone
did not allow reliable species-level identification of
either isolate (Table 3).

Given the limited discriminatory power of the
16S rRNA gene for resolving closely related species
within the genus Strepfomyces and the high sequence
similarity observed, we conservatively assigned both
isolates to the genus Streptomyces and designated
them as Streptomyces sp. VAS10 and Streptomyces
sp. VAS35, respectively. Maximum-likelihood
phylogenetic analysis placed VAS10 and VAS35
within a clade containing Streptomyces globosus and
Streptomyces toxytricini (Figure 3). However, the
moderate bootstrap support and limited discriminatory
resolution of the 16S rRNA gene did not permit
reliable species-level assignment.

Representative macroscopic colony and Gram-
staining characteristics of Streptomyces sp. VAS10
and Streptomyces sp. VAS35 are shown in Figure
4. Both isolates formed dry, powdery-to-velvety
colonies with visible aerial mycelium on Gause’s
No. 1 agar. Gram-stained preparations showed
Gram-positive, actinomycete-like cellular elements.
However, the available light-microscopy preparations
could not resolve detailed filament organization and
spore-chain morphology. These observations provided
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Table 3. BLASTn-based comparison of the 16S rRNA gene sequences of Streptomyces sp. VAS10 and Streptomyces sp. VAS35 with closely
related reference strains

Sequence GenBank . Reference Query Sequence
Isolate length (bp) accession no. Closest related reference strain accession no. coverage (%) identity (%)
Streptomyces sp. VAS10 1,386 PZ770648  Streptomyces globosus LMG 19896" NR 042295.1 99 99.57
Streptomyces toxytricini NBRC 128237 NR_112291.1 99 99.56
Streptomyces amritsarensis 2AT NR 126204.1 100 98.99
Streptomyces sp. VAS35 1,364 PZ770649  Streptomyces globosus LMG 19896" NR 042295.1 100 99.71
Streptomyces toxytricini NBRC 128237 NR_112291.1 100 99.71
Streptomyces globosus LMG 19896T (NR_042295.1)
70 Streptomyces sp. VAS10 (PZ770648)
Streptomyces sp. VAS35 (PZ770649)
67 Streptomyces toxytricini NBRC 128237 (NR_112291.1)

Streptomyces amritsarensis 2AT (NR_126204.1)

Streptomyces flavotricini NBRC 127707 (NR_112268.1)
Streptomyces viridobrunneus NBRC 159027 (AB184714)

100 L Streptomyces showdoensis NBRC 134177 (AB184389)

Streptomyces katrae NBRC 134477 (NR_041136.1)

— Kitasatospora herbaricolor NRRL B-3299T (NR_115776.1)

0.01

Figure 3. Maximum-likelihood phylogenetic tree based on nearly full-length 16S rRNA gene sequences showing the phylogenetic
placement of Streptomyces sp. VAS10 (GenBank accession no. PZ770648) and Streptomyces sp. VAS35 (GenBank accession no.
PZ770649) among closely related Streptomyces reference strains. Multiple-sequence alignment was performed using MUSCLE
implemented in MEGA 12, and the phylogenetic tree was reconstructed in MEGA 12 using the Hasegawa—Kishino—Yano
model with invariant sites (HKY+I). Branch support values represent bootstrap percentages based on 1,000 replicates; values
below 50% are not shown. Kitasatospora herbariicolor NRRL B-3299T (NR_115776.1) was used as the outgroup. The scale bar
represents 0.01 nucleotide substitutions per site. The isolates obtained in the present study are indicated in bold

Figure 4. Representative macroscopic and microscopic characteristics of the two selected isolates. (A) Colony morphology of Streptomyces
sp. VAS10 and (B) Streptomyces sp. VAS35 on Gause’s No. 1 agar after 96 h of incubation at 28-30°C. (C) Gram-stained
preparation of VAS10 and (D) Gram-stained preparation of VAS35 observed using a 100x oil-immersion objective. Both isolates
exhibited Gram-positive actinomycete-like cellular elements. Detailed spore-chain morphology was not resolved in the available
preparations
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preliminary phenotypic support for their classification
as Streptomyces-like actinomycetes.

4. Discussion

The present study showed that soil-derived
actinomycete-like isolates selected based of Streptomyces-
type colony morphology exhibited substantial variation
in in vitro antagonistic activity against Fusarium sp.
Among the 38 morphologically selected isolates obtained
from soil samples, 42% showed antagonistic activity,
indicating that antifungal traits were relatively common
among the recovered Streptomyces-like actinomycete
isolates. However, inhibition varied considerably among
isolates, suggesting marked functional diversity, consistent
with previous reports of strain-dependent antifungal
performance in Streptomyces species (Khan et al. 2023).
Under the dual-culture conditions used in this study,
Streptomyces sp. VAS10 and Streptomyces sp. VAS35
exhibited the highest levels of fungal growth inhibition
among the tested isolates. Such variability in inhibition
capacity has been attributed to differences in secondary
metabolite profiles and enzymatic activities among
Streptomyces strains (Ma et al. 2026). This variation
supports the use of systematic in vitro screening to
prioritize isolates for subsequent validation rather than
relying on genus-level classification alone (Khan et
al. 2023). Molecular identification based on BLASTn
comparison and maximum-likelihood phylogenetic
analysis supported the placement of VAS10 and VAS35
within the genus Streptomyces. Both isolates clustered
near the Streptomyces globosus—Streptomyces toxytricini
clade, consistent with their high 16S rRNA gene sequence
similarity. We deposited their sequences in GenBank under
accession numbers PZ770648 and PZ770649, respectively.
Nevertheless, the highly conserved nature of the 16S rRNA
gene and the limited phylogenetic separation among closely
related Streptomyces taxa prevented reliable species-level
assignment. Accordingly, the isolates were conservatively
designated as Streptomyces sp. VAS10 and Streptomyces
sp. VAS35. Multilocus sequence analysis or genome-based
taxonomic approaches would be required for definitive
species-level resolution (Komaki 2022; Mispelaere et al.
2024). Overall, the combined morphological, 16S rRNA
sequence similarity, and phylogenetic evidence supports
their genus-level classification and permits comparison
with other antagonistic members of Streptomyces (Khan
et al. 2023).

Selected extracellular biochemical measurements varied
among the antagonistic isolates. Chitinase activity showed
the closest association with in vitro fungal inhibition and

may serve as a preliminary screening indicator. Chitin-
degrading enzymes have been reported to contribute to
fungal antagonism in other experimental systems (Umar
et al. 2021); however, the present association does not
demonstrate that chitinase caused the observed inhibition.
The assay measured chitinolytic activity toward colloidal
chitin under one defined condition and did not resolve
enzyme specificity, isoenzyme composition, or catalytic
properties. Folin—Ciocalteu-reactive phenolic-equivalent
content was also associated with inhibition; however,
this nonspecific assay reflects overall reducing capacity
rather than identified phenolic compounds (Dominguez-
Lopez et al. 2024). Total extracellular protein showed no
significant association. These findings support trait-based
screening but not a defined biochemical mechanism, and
other extracellular products, nutrient competition, and
direct microbial interactions may also have contributed
(Khan et al. 2023).

The present findings should be interpreted in light
of several methodological limitations. The extracellular
biochemical measurements were obtained at a single
harvest point and expressed per milliliter of culture
supernatant without normalization to biomass or culture
density. Enzyme specificity, extracellular metabolite
composition, compound stability, and production kinetics
were not assessed. Moreover, the Folin—Ciocalteu assay
was nonspecific, and correlation analysis did not establish
causality. Consequently, differences among isolates may
reflect variation in both culture growth and extracellular
production, and the biochemical data provide limited
mechanistic insight.

Antifungal activity was evaluated only using an in vitro
dual-culture assay. Direct antifungal activity of the cell-
free supernatants or solvent-derived extracts, minimum
inhibitory concentration, spore-germination inhibition,
and greenhouse, pot, or field efficacy were not assessed. In
addition, the fungal-bacterial confrontation interface was
not examined by scanning electron microscopy or high-
resolution microscopy; therefore, the present data do not
support conclusions about hyphal damage, overgrowth,
or mycoparasitism. These endpoints require independent
validation.

In conclusion, the present functional screening
prioritized Streptomyces sp. VAS10 and Streptomyces sp.
VAS35 for subsequent investigation. Chitinase activity and
Folin—Ciocalteu-reactive phenolic-equivalent content were
positively associated with in vitro antifungal inhibition;
however, these relationships do not establish causality.
Further studies using cell-free culture supernatants
or extracts, metabolite characterization, and in planta
assays are required to clarify the underlying antifungal
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mechanisms and validate the biocontrol potential of these
isolates.
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