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Agro-industrial wastes, including palm oil mill effluent (POME) and tuna condensate, represent underutilized
substrates for sustainable production of bioactive metabolites. Here, Streptomyces philanthi RM-1-138 was eval-
uated as a genome-guided biocatalyst for antifungal metabolite production against phytopathogenic fungi.
Whole-genome sequencing revealed a 6.53 Mb high-GC genome (72.43%) with 30 biosynthetic gene clusters
(BGCs), indicating substantial secondary metabolic potential. Optimization of culture conditions (C:N ratio 25:1,
25% substrate) enhanced antifungal activity, achieving 75.8% inhibition of Schizophyllum commune and anti-
fungal activity against multiple phytopathogenic fungi. In an oil palm seed model, culture filtrates reduced
disease incidence from 76.6% to 39.2% (48.8% disease control), comparable to commercial fungicides.
LC-QTOF-MS profiling revealed a chemically diverse metabolite profile and provided putative support for
genome-predicted biosynthetic potential. Mechanistic analyses suggest that antifungal activity may involve
oxidative stress induction, disruption of fungal antioxidant defenses, and possible utilization of fungal biomass.
These findings indicate that RM-1-138 employs a multifactorial, metabolite-associated antifungal strategy and

highlight its potential for sustainable waste valorization and biological control of fungal plant diseases.

1. Introduction

Thailand is one of the world's leading producers and exporters of
palm oil, generating substantial amounts of agro-industrial by-products,
particularly palm oil mill effluent (POME). POME is a high-strength
organic wastewater rich in carbohydrates, proteins, lipids, and min-
erals, making it a promising substrate for microbial cultivation [1].
However, if discharged without proper treatment, POME can cause
serious environmental problems, including water pollution, oxygen
depletion, and greenhouse gas emissions due to its high organic load [2].
These challenges highlight the need for sustainable strategies to manage
and valorize POME.

The conversion of POME into value-added products has therefore
attracted increasing attention. Its nutrient-rich composition enables its
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use as a low-cost medium for microbial growth and the production of
bioactive compounds, including enzymes, biosurfactants, biofuels, and
antimicrobial metabolites [3,4]. Such waste-to-value approaches offer
dual benefits by reducing environmental impact while generating
economically valuable products.

In parallel, the seafood processing industry generates large quantities
of organic waste, particularly from tuna processing. Tuna condensate, a
liquid by-product generated during steaming, is rich in proteins, amino
acids, and minerals, making it an attractive nitrogen source for micro-
bial fermentation [5,6]. The combination of carbon-rich POME with
nitrogen-rich tuna condensate provides a complementary nutrient pro-
file. This may improve the carbon-to-nitrogen balance, enhance micro-
bial growth, and promote secondary metabolite production. Such
integration of agro-industrial wastes represents a promising strategy for
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optimizing fermentation performance while promoting circular bio-
economy practices.

Among microbial producers, Streptomyces species are well known for
their ability to synthesize diverse secondary metabolites, including an-
tibiotics and antifungal compounds [7,8]. These metabolites play
important roles in the biological control of plant pathogens and have
been widely explored as eco-friendly alternatives to chemical fungi-
cides. In particular, Streptomyces philanthi strains have demonstrated
strong antifungal activity and the ability to produce bioactive com-
pounds under waste-based cultivation conditions [9-11].

Schizophyllum commune, a wood-decay basidiomycete, has emerged
as a pathogen causing seed rot and reduced germination in oil palm,
leading to significant economic losses in nursery production [12]. Cur-
rent management strategies rely largely on chemical fungicides, which
may have environmental impacts and contribute to resistance develop-
ment. Therefore, the development of sustainable, microbially derived
antifungal strategies is of considerable interest.

Previous studies have demonstrated that S. philanthi strains can grow
in various waste-based media, including POME and tuna-derived sub-
strates, and produce metabolites with antifungal activity against several
plant pathogens [9-11]. However, these studies have primarily focused
on cultivation performance and bioactivity, while the underlying
biosynthetic potential and genetic basis of metabolite production remain
largely unexplored. In particular, genome-level information for
S. philanthi RM-1-138 has not been previously reported, limiting our
understanding of its secondary metabolite capacity. Moreover, the
integration of agro-industrial waste streams with complementary
nutrient profiles, such as POME and tuna condensate, has not been
systematically evaluated for enhancing metabolite diversity and anti-
fungal efficacy.

Despite increasing research on waste-based fermentation and mi-
crobial antifungal metabolites, studies integrating genome mining,
metabolite profiling, and mechanistic interpretation remain limited. A
comprehensive understanding of how biosynthetic gene clusters are
translated into metabolite production and antifungal activity is essential
for the rational development of microbial biocontrol systems.

Therefore, this study aims to develop a waste-based cultivation sys-
tem using a combination of POME and tuna condensate for antifungal
metabolite production by S. philanthi RM-1-138. Specifically, the ob-
jectives were to (i) develop and evaluate mixed agro-industrial sub-
strates for microbial growth and antifungal activity, (ii) assess
antifungal efficacy against S. commune and other phytopathogenic fungi,
(iii) compare the performance of culture filtrates with commercial fun-
gicides, and (iv) integrate genome mining and metabolite profiling to
elucidate the potential mechanisms underlying antifungal activity. This
work provides a genome-informed and metabolite-driven framework for
sustainable waste valorization and biological control of fungal plant
diseases.

2. Materials and methods
2.1. Sources of materials

2.1.1. Microorganisms and inoculum preparation

The antagonistic strain Streptomyces philanthi RM-1-138, originally
isolated by Boukaew et al. [13], was cultured on GYM agar medium
composed of 0.4% glucose, 0.4% yeast extract, and 1.0% malt extract,
and incubated at 30°C for 10 days before experimental use.

The brown germ and seed rot pathogen of oil palm, Schizophyllum
commune, was isolated from defective, rotten, and abnormally germi-
nated oil palm seeds [14]. Rhizoctonia solani (AG-1 IA) was obtained
from the Phatthalung Rice Research Center, while the fruit rot pathogen
Lasiodiplodia theobromae [15] was isolated from infected nutmeg (Myr-
istica fragrans) fruits. Peniophora salaccae was isolated from snake fruit
rot (Salacca zalacca) [16]. Curvularia oryzae, causing severe diseases in
oil palm, was obtained from the Suratthani Oil Palm Research Center.
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Aflatoxin-producing Aspergillus parasiticus TISTR 3276 and A. flavus
PSRDC-4 were sourced from Prince of Songkla University and the
Phitsanulok Seed Research and Development Center, respectively.
Sclerotium rolfsii, Corynespora casiicola, and Fusarium incarnatum were
provided by Professor Dr. Sophon Boonlue (Mycorrhiza and Myco-
technology Laboratory, Khon Kaen University) and Professor Dr. Anurag
Sunpapao (Agricultural Innovation and Management Division, Prince of
Songkla University), respectively.

2.1.2. Palm oil mill effluent and tuna condensate

Palm oil mill effluent (POME) was obtained from Satun Palm Oil
Industry Co., Ltd., La-ngu, Satun Province, Thailand, and stored at
—20°C until use. Tuna condensate, sourced from Chotiwat
Manufacturing Public Co., Ltd., Hatyai, Songkhla Province, Thailand,
was also stored at —20°C until use. Both materials were filtered through
cheesecloth prior to use.

2.1.3. Commercial fungicides

A total of twelve commercial fungicides were used in this study,
including: thiram (80% WG), propiconazole (25% w/v), azoxystrobin
(25% w/v), prochloraz (45% w/v), metalaxyl (25% WP), carbendazim
(50% w/v), difenoconazole + propiconazole (15% + 15% w/v), chlor-
othalonil + azoxystrobin (50% + 6% w/v), pyraclostrobin (25% w/v),
copper hydroxide (77% WP), fosetyl-aluminium (80% WP), and man-
cozeb (80% WP). All fungicides used in this study are approved for use
and commercially available in Thailand. Each fungicide was applied
according to the manufacturer's recommended concentration and
guidelines. The recommended dosages used in this study, expressed as
final concentrations in PDA (ppm), were as follows: thiram (800 ppm),
propiconazole (250 ppm), azoxystrobin (250 ppm), prochloraz
(675 ppm), metalaxyl (500 ppm), carbendazim (750 ppm), difenoco-
nazole + propiconazole (300 ppm), chlorothalonil + azoxystrobin
(560 ppm), pyraclostrobin (250 ppm), copper hydroxide (1540 ppm),
fosetyl-aluminium (2000 ppm), and mancozeb (1200 ppm).

2.1.4. Germinated oil palm seed samples

Germinated oil palm seeds (Tenera hybrid, cv. Golden Tenera Cativa)
with radicles about 2 cm long were obtained from Golden Tenera Public
Company Limited, Mueang District, Krabi Province, Thailand. The seeds
were disinfected by soaking in 2% (v/v) sodium hypochlorite for 3 min,
then rinsed three times with sterile distilled water. After sterilization,
they were air-dried in a laminar flow cabinet for 30 min under sterile
conditions.

2.2. Analytical characteristics of POME and tuna condensate

The chemical characteristics of POME and tuna condensate were
analyzed, including chemical oxygen demand (COD), total solids (TS),
total suspended solids (TSS), total volatile solids (VS), total volatile
suspended solids (VSS), and total phosphorus (TP), following standard
methods [17]. Total Kjeldahl Nitrogen (TKN) and total protein were
determined using the Kjeldahl method [17] and an N/protein analyzer,
respectively. Magnesium Mg), total phosphate, and
ammonium-nitrogen (NH4-N) were measured using an Inductively
Coupled Plasma-Optical Emission Spectrometer (ICP-OES). Chloride
and salinity were determined using photometric methods and a salinity
meter, respectively. The pH was measured with a pH meter.

Glucose, xylose, and arabinose were quantified by high-performance
liquid chromatography (HPLC; Agilent 1200 series) equipped with an
Aminex HPX-87H (300 mm x 7.8 mm) ion exclusion column (Bio-Rad,
Hercules, CA) and a refractive index (RI) detector. Samples were diluted
with HPLC-grade deionized water, filtered through a 0.22 pm, 13 mm
Nylon membrane filter (Sartorius, Goettingen, Germany), and injected
into the chromatograph under the following conditions: column tem-
perature of 65°C, 5 mM sulfuric acid as the mobile phase at a flow rate of
0.6 mL/min, and an injection volume of 20 pL. Concentrations were
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Table 1

Characteristics of raw materials (tuna condensate and palm oil mill effluent,
POME) used for the production of antifungal compounds by S. philanthi RM-1-
138.

Parameter Unit Tuna POME

condensate

pH 5.89 4.52

Total nitrogen (TKN) mg/L 6800 + 170 1250 + 37

Total protein % (w/ 4.15 + 0.10 0.72 +£ 0.02

w)

Chemical oxygen demand COD mg/L 54,950 + 137 69,350 + 173
Total phosphorus mg/L 59.13 + 147 17.33 £ 43
Ammonium-nitrogen (NH4-N) mg/L 20 + 0.5 80 + 2.0
Total Phosphate mg/L 2580 + 64.5 756 + 18.9
Chloride mg/L 10,600 + 265 4000 + 89

Magnesium (Mg) mg/L 2596 + 64 6794 £+ 169
Salinity ppt 19.15 + 0.48 7.23 +£0.21

Total solids (TS) mg/L 66,038 + 819 59,933 + 134

Total Volatile (VS) mg/L 55,728 + 194 49,860 + 536

Total suspended solids (TSS) mg/L 750 + 28 26,620 + 501

Total Volatile suspended solids mg/L 912 + 3.6 24,180 + 424
(VSS)

Glucose g/L 0.80 + 0.02 4.22 +0.21

Xylose g/L 0.24 + 0.02 3.07 = 0.05

Arabinose g/L ND 0.34 + 0.04

Note: Values are expressed as mean + SD (n = 3).

Table 2

Genomic features and chromosomal characteristics of S. philanthi RM-1-138.
Feature Value
Genome size (Mb) 6.53
GC content (%) 72.43
Number of contigs 641
Contig N50 (bp) 18,383
Sequencing depth (x) 142.2
BUSCO completeness (%) 94.8
BUSCO fragmented (%) 2.5
BUSCO missing (%) 2.7
Number of CDSs 5855
Number of tRNA genes 85
Number of rRNA genes 3
Average gene length (bp) 904
Secondary metabolite biosynthetic gene clusters 30

calculated using calibration curves generated from standard solutions
[18]. All experiments were conducted using three independent biolog-
ical replicates (n = 3), each with three technical replicates per
treatment.

2.3. Genome sequencing and annotation of S. philanthi RM-1-138

The whole genome of S. philanthi RM-1-138 was sequenced using an
[llumina sequencing platform. Clean reads were de novo assembled using
Unicycler in short-read assembly mode [19]. Gene prediction and
genome annotation were conducted using PROKKA for protein-coding
sequences (CDSs), tRNAscan-SE v2.0 for transfer RNA (tRNA) genes,
and Barrnap for ribosomal RNA (rRNA) gene identification [20].

Biosynthetic gene clusters (BGCs) associated with secondary
metabolite production were predicted using antiSMASH v6.0.1. The
identified BGCs were annotated and compared with experimentally
characterized clusters deposited in the MIBiG database. Percent simi-
larity values were assigned based on concordance in gene content,
synteny, and overall cluster architecture as defined by the antiSMASH
output.

2.4. Antagonistic activity of S. philanthi RM-1-138 against S. commune

In vitro confrontation assays were conducted according to Mannaa
et al. [21], with slight modifications. A loopful of S. philanthi RM-1-138
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was streaked onto PDA plates and incubated at 30°C for 10 days. After
the pre-incubation period, a 5-mm mycelial plug from a 3-day-old
S. commune colony was inoculated either on the opposite side of the
plate (setup I) or at the center between two streaks of RM-1-138 (setup
ID). Plates inoculated with S. commune alone served as the control. All
plates were incubated at 28 + 2°C for 5 days. Colony diameters were
measured, and the percentage of mycelial growth inhibition was
calculated according to Boukaew et al. [13] as follows: Percentage of
inhibition (%) = [(Control — Treatment)/Control] x 100. All experi-
ments were conducted using three independent biological replicates
(n = 3), each with three technical replicates per treatment.

2.5. Optimization of C:N ratios in tuna condensate and POME for
antifungal metabolite production by S. philanthi RM-1-138 against
S. commune

2.5.1. Medium preparation

Culture media were prepared to optimize C:N ratios in POME and
tuna condensate for enhanced growth of S. philanthi RM-1-138 and
production of antifungal metabolites against S. commune. POME served
as the carbon source and tuna condensate as the nitrogen source, based
on their biochemical composition. C:N ratios of 20:1, 25:1, 30:1, and
35:1 were tested. For each ratio, four effluent concentrations were
prepared: 100% (undiluted), 75%, 50%, and 25%, diluted with sterile
distilled water. The initial pH of all media was adjusted to 7.0 and
sterilized by autoclaving at 121°C for 15 min.

2.5.2. Preparation of seed culture and inoculation

A seed culture of S. philanthi RM-1-138 was prepared by submerged
cultivation in GYM broth (100 mL in 250 mL flasks) at 28 + 2°C on a
rotary shaker (150 rpm), with the medium adjusted to pH 7.0 prior to
autoclaving. After 3 days, 5 mL aliquots were transferred into fresh GYM
broth (100 mL) and incubated for another 3 days. The culture was
centrifuged (5000 x g, 15 min), the supernatant discarded, and the
pellet resuspended in sterile distilled water and adjusted to 10’ CFU/mL.

The seed suspension (5% v/v) of the strain RM-1-138 was inoculated
into the medium prepared as described in section 2.5.1. Immediately
after inoculation, a 1 mL aliquot was collected as the time-zero sample
for the determination of initial COD. The cultures were then incubated
on a rotary shaker at 150 rpm for 10 days. Upon completion of the
cultivation period, the broth was evenly divided into two portions: one
portion was used for COD measurement, while the other was subjected
to antifungal activity assays.

2.5.3. COD measurement and antifungal assay

COD was analyzed according to APHA standard methods [16]. The
COD removal efficiency (%) was calculated as follows: COD removal
efficiency (%) = [(COD(initial) — COD(final))/COD(initial)] x 100. Ex-
periments were performed in three independent biological replicates
(n = 3), each consisting of three technical replicates per treatment.

For antifungal activity, the culture broth was first filtered through
filter paper, then centrifuged at 5000 x g for 15 min, and finally passed
through a 0.22 pm Millipore membrane to obtain culture filtrates (CFs).
Each CF was mixed with sterile PDA at a 1:1 ratio (5 mL CFs + 5 mL PDA;
final volume 10 mL). PDA mixed with the optimized medium (without
inoculum) at the same ratio served as the control. A 5-mm mycelial plug
from a 3-day-old.

S. commune colony was placed at the center of each plate, and the
cultures were incubated at 28 + 2°C for 5 days. Colony diameters were
measured, and the percentage of inhibition was calculated as described
above. All experiments were conducted using three independent bio-
logical replicates (n = 3), each with three technical replicates per
treatment.
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Table 3
Prediction of biosynthetic gene clusters (BGCs) of secondary metabolites in S. philanthi RM-1-138 using antiSMASH v6.0.1.
Region Type From To Most similar known cluster BGC/Metabolite class Similarity
(%)

Region 2.1 CDPS, arylpolyene 1 53,383  hygromycin A Saccharide 93%

Region 5.1 NRPS,T1PKS 9839 60,286  bacillibactin NRP 38%

Region 6.1 T1PKS 8599 56,098

Region 9.1 NRPS-like 22,615 49,436  sporolide A/sporolide B NRP + Polyketide:Enediyne type I 21%

Region 13.1 NAPAA, 13,990 45,550  lactonamycin Polyketide 3%

butyrolactone

Region 21.1 terpene 2053 24,299  geosmin Terpene 100%

Region 25.1  T2PKS 1 32,514  spore pigment Polyketide 66%

Region 45.1  NRPS 1 25,613  paromomycin Saccharide 10%

Region 59.1  PKS-like, 1 24,986  kirromycin NRP + Polyketide:Modular type I + Polyketide: 3%

butyrolactone Trans-AT type I

Region 71.1 NRPS-like, NRPS 1 23,338 anisomycin Other 53%

Region 73.1  butyrolactone 15,809 23,136

Region 76.1  other 1 22,945

Region 82.1  RiPP-like 1 9254

Region 96.1 lanthipeptide-class-i 1 18,822  mycotrienin I NRP + Polyketide 7%

Region NRPS 1 18,516
109.1

Region terpene 1 16,313  5-isoprenylindole-3-carboxylate -D- Other 14%
130.1 glycosyl ester

Region ectoine 2443 12,847  ectoine Other 100%
135.1

Region terpene 1 15,720  hopene Terpene 46%
136.1

Region T3PKS 1 14,635  herboxidiene Polyketide 2%
146.1

Region ectoine 1544 11,930  netropsin NRP 13%
155.1

Region NRPS 1 13,717
161.1

Region T1PKS, NRPS 1 13,237  rakicidin A/rakicidin B NRP:Cyclic depsipeptide + Polyketide:Modular type I 44%
167.1

Region NRPS-like 1 12,638
174.1

Region blactam 1 12,511  valclavam/(—)-2-(2-hydroxyethyl) clavam Other:Non-NRP beta-lactam 57%
175.1

Region siderophore 2775 12,166
179.1

Region terpene 1 10,979  ebelactone Polyketide 5%
180.1

Region NRPS 1 11,103
197.1

Region T1PKS 1 9283
239.1

Region arylpolyene, 1 3973 atratumycin NRP 10%
413.1 ladderane

Region T1PKS 1 1070
624.1

2.6. Effect of seed inoculum size of S. philanthi RM-1-138 on antifungal
metabolite production against S. commune

The effect of seed inoculum size of RM-1-138 in the optimized me-
dium (C:N = 25:1, 25% diluted) on antifungal metabolite production
against S. commune was investigated. Seed inoculum sizes of 1%, 2%,
5%, 10%, and 15% (v/v) were inoculated into the optimized medium.
Immediately after inoculation, 1 mL of broth culture was collected as a
time-zero sample for initial COD determination. The cultures were
incubated on a rotary shaker (150 rpm) at 28 + 2°C for 10 days. At the
end of cultivation, the broth was divided into two portions: one for COD
measurement and the other for antifungal activity assays, as described
above.

For the antifungal assay, each CF was combined with sterile PDB in a
1:1 proportion (10 mL CFs + 10 mL PDB; total volume 20 mL). The
control treatment consisted of PDB mixed with the uninoculated opti-
mized medium in the same ratio. Subsequently, a 5-mm mycelial disc
obtained from a 3-day-old S. commune culture was transferred into each
flask and incubated on a rotary shaker at 150 rpm and 28 + 2°C for 5
days. After incubation, the fungal biomass was harvested using pre-

weighed dried filter paper, oven-dried at 60°C for 3 days, and
weighed. Mycelial growth inhibition was calculated as previously
described. All experiments were conducted using three independent
biological replicates (n = 3), each with three technical replicates per
treatment.

2.7. Effect of different concentrations of antifungal metabolites produced
by S. philanthi RM-1-138 in optimized medium on the inhibition of
S. commune

The CFs of S. philanthi RM-1-138 were prepared as described above
and sterilized by filtration through a 0.22 pm membrane filter before
use. To evaluate the antifungal activity at different concentrations,
culture filtrates were incorporated into molten sterile double-strength
PDA, which was used to compensate for dilution and maintain
nutrient concentrations equivalent to those of standard PDA. Final CFs
concentrations of 10%, 15%, 30%, 45%, and 60% (v/v) were prepared
by adjusting the total medium volume to 10 mL per Petri dish. In the
control treatment, PDA without CFs was used. A 5-mm mycelial plug
taken from a 3-day-old culture of S. commune was placed at the center of
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Fig. 1. The map of the complete chromosome of S. philanthi RM-1-138.

each Petri dish. Plates were incubated at 28 + 2°C for 5 days. Colony
diameters were measured, and percentage inhibition was calculated as
described previously. All experiments were conducted using three in-
dependent biological replicates (n = 3), each with three technical rep-
licates per treatment.

2.8. Comparative evaluation of the in vitro antifungal efficacy of
S. philanthi RM-1-138 culture filtrates and commercial fungicides

The antifungal activity of RM-1-138 CFs from the optimized medium
was compared with twelve commercial fungicides—thiram, propicona-
zole, azoxystrobin, prochloraz, metalaxyl, carbendazim, difenoconazole
+ propiconazole, chlorothalonil + azoxystrobin, pyraclostrobin, copper
hydroxide, fosetyl-aluminium, and mancozeb—against S. commune on
PDA. Each fungicide was incorporated into sterile PDA at its recom-
mended final concentrations (ppm) as described in Section 2.1.3. The
control treatment did not receive any application of CFs or fungicide. A
5-mm mycelial plug from a 3-day-old S. commune culture was placed at
the center of each plate. Plates were incubated at 28 + 2°C for 5 days.
Colony diameters were recorded, and inhibition (%) was calculated as
described above. All experiments were conducted using three indepen-
dent biological replicates (n = 3), each with three technical replicates
per treatment.

2.9. Antifungal activity of S. philanthi RM-1-138 culture filtrates against
multiple plant pathogenic fungi

The antifungal activity of RM-1-138 CFs from the optimized medium
was evaluated against nine phytopathogenic fungi: R. solani,
L. theobromae, P. salaccae, C. oryzae, A. parasiticus, A. flavus, S. rolfsii,
C. cassiicola, and F. incarnatum in PDB. The CFs were mixed with sterile
PDB at a 1:1 ratio (10 mL filtrate + 10 mL PDB; final volume 20 mL). In
the control treatment, no CFs were applied. A 5-mm mycelial plug from
a 3-day-old colony was inoculated into each flask for R. solani,
L. theobromae, P. salaccae, C. oryzae, S. rolfsii, C. cassiicola, and
F. incarnatum. For A. parasiticus TISTR 3276 and A. flavus PSRDC-4,
50 pL of a spore suspension (107 spores/mL) was added to each flask.
All cultures were incubated at 28 + 2°C on a rotary shaker (150 rpm) for
a duration depending on the growth rate of each pathogen. Mycelial
mats were collected on pre-weighed filter paper, dried at 60°C for 3
days, and weighed. The percentage of growth inhibition was calculated
as described above. All experiments were conducted using three inde-
pendent biological replicates (n = 3), each with three technical repli-
cates per treatment.
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Fig. 2. Antifungal activity of S. philanthi RM-1-138 against S. commune evaluated using a dual culture assay after 5 days of incubation at 28 + 2°C. (A) Single

inoculation of RM-1-138 and (B) double inoculum of RM-1-138.

2.10. Comparative assessment of S. philanthi RM-1-138 culture filtrates
and commercial fungicides against S. commune infection in an oil palm
seed model

The effectiveness of RM-1-138 CFs was compared with four com-
mercial fungicides—propiconazole, difenoconazole + propiconazole,
copper hydroxide, and mancozeb—that had previously demonstrated
more than 80% inhibition on PDA. Germinated oil palm seeds were
surface-sterilized and immersed in either the CFs or fungicide solutions
prepared at the manufacturer's recommended concentrations for 10 min.
The treated seeds were air-dried, and a 5 mm mycelial disc of
S. commune was positioned adjacent to the radicle of each seed. For the
negative control, seeds were neither inoculated with the pathogen nor
treated, while in the positive control, seeds were inoculated with the
fungus but received no treatment. All treated and control seeds were
placed on sterile metal racks inside sealed plastic containers maintained
at 90% relative humidity and incubated at 28 + 2°C for 20 days. After
incubation, the seeds were examined for disease symptoms such as
brown discoloration and mycelial coverage on the germ or radicle,
indicative of seed rot. Disease incidence was determined according to
Petlamul et al. [14] using the following formula: Disease incidence (%)
= (Number of infected seeds/Total number of seeds) x 100. All exper-
iments were conducted using three independent biological replicates
(n = 3), each consisting of 10 germinated seeds per treatment.

2.11. LC-QTOF-MS-based metabolite profiling of culture filtrates of
S. philanthi RM-1-138

Metabolite profiling of culture filtrates produced by S. philanthi RM-
1-138 grown in the optimized medium was carried out using liquid
chromatography coupled with quadrupole time-of-flight mass spec-
trometry (LC-QTOF-MS). Analyses were performed on an Agilent 1290

Infinity II ultra-high-performance liquid chromatography (UHPLC)
system interfaced with an Agilent 6545 Q-TOF mass spectrometer
(Agilent Technologies, USA). Culture filtrate samples were prepared
following the same procedure described for antifungal activity assays
and were subjected to LC-MS analysis without further modification.
Chromatographic separation was achieved on a Zorbax Eclipse Plus C18
Rapid Resolution HD column (150 x 2.1 mm, 1.8 pm particle size),
which was maintained at 25°C throughout the analysis. The mobile
phase comprised water containing 0.1% acetic acid (solvent A) and
LC-MS-grade methanol (solvent B), delivered at a constant flow rate of
0.2 mL/min. The gradient program was initiated with 95% solvent A for
2 min, followed by a gradual decrease to 0% solvent A over 40 min. This
composition was maintained until 45 min before re-equilibration to the
initial conditions. A sample volume of 10 pL was injected for each run.

Mass spectrometry was performed in both positive (+ESI) and
negative (—ESI) electrospray ionization modes using automated data-
dependent MS/MS acquisition (AutoMS/MS). Full-scan MS spectra
were acquired over an m/z range of 100-1200, while MS/MS spectra
were collected in the range of m/z 50-1200 with stepped collision en-
ergies of 10, 20, and 40 V. Continuous internal mass calibration was
applied using reference ions at m/z 121.0509 and 922.0098 for positive
ion mode and m/z 112.9856 and 1033.9881 for negative ion mode to
ensure mass accuracy. Putative annotation of detected metabolites was
performed based on accurate mass measurements and MS/MS frag-
mentation patterns by comparison with the METLIN metabolite data-
base using MassHunter PCD/PCDL software (version 8.0, Agilent
Technologies). The resulting metabolite annotations were therefore
considered putative (MSI levels 2-3), as identification was not
confirmed using authentic reference standards or retention time
matching.
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Fig. 3. Effect of seed inoculum size (1% to 15% v/v) of S. philanthi RM-1-138
on (A) mycelial growth, (B) inhibition percentage of S. commune after 5 days of
incubation at 28 + 2°C, and (C) COD removal. Data are presented as mean + SD
(n = 3). Bars sharing the same letter are significantly different (Tukey's HSD
test, p < 0.05).

2.12. Mycolytic assay and interaction analysis of S. philanthi RM-1-138
against S. commune

To evaluate potential interactions between S. philanthi RM-1-138 and
S. commune, including possible utilization of fungal biomass, several in
vitro assays were performed.

2.12.1. Mycolytic assay

The ability of RM-1-138 to utilize S. commune mycelial biomass was
assessed using a mycolytic assay [21,22]. Fungal biomass was produced
by cultivating S. commune in PDB at 28 + 2°C with continuous agitation
at 150 rpm for 48 h. After incubation, the fungal mycelia were
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aseptically harvested, rinsed twice with sterile distilled water to remove
residual extracellular compounds, and weighed.

The bacterial inoculum was prepared from 3-day-old cultures and
adjusted to an optical density of 0.6 at 600 nm (OD600). The assay was
carried out in GYM medium diluted 1000-fold (v/v) with sterile distilled
water. Two experimental setups were established: bacterial cultures
supplemented with fungal mycelia (+fungi) and bacterial cultures
without fungal material (—fungi). Each 3-mL reaction mixture contained
6 mg of fungal biomass and 100 pL of bacterial suspension. Cultures
were incubated at 28 + 2°C with shaking at 150 rpm for 3 days. Bacterial
growth was quantified by viable plate counts (CFU determination). Al-
iquots (200 pL) from serial dilutions were plated onto GYM agar and
incubated for 48 h at 28 + 2°C before enumeration. All experiments
were conducted using three independent biological replicates (n = 3),
each with three technical replicates per treatment.

2.12.2. Oxidative stress-related assays

Oxidative stress-related parameters in S. commune were analyzed
following exposure to CFs of S. philanthi RM-1-138. Actively growing
mycelia of S. commune were obtained by transferring a 5-mm agar plug
from the colony margin of a 3-day-old culture into 100 mL of PDB.
Cultures were incubated at 28 + 2°C with shaking at 150 rpm for 3 days
to allow sufficient mycelial development. After incubation, the mycelial
biomass was collected, rinsed with sterile distilled water, and weighed.
One gram (fresh weight) of washed mycelia was transferred into 10 mL
of PDB supplemented with 60% (v/v) CFs of RM-1-138. Control samples
contained PDB without CFs supplementation. All treatments were
incubated under identical conditions for an additional 3 days.

Following exposure, mycelia from treated and control groups were
harvested and processed for biochemical analyses. Samples were ho-
mogenized in phosphate-buffered saline (PBS; 100 mM, pH 7.4) and
centrifuged at 8000 rpm for 10 min at 4°C. The resulting supernatants
were collected for determination of oxidative stress-related parameters.

Intracellular oxidative status was evaluated by measuring reactive
oxygen species (ROS), catalase (CAT) activity, superoxide dismutase
(SOD) activity, and glutathione redox balance (GSH and GSSG). These
parameters are commonly used as indicators of cellular oxidative status
in fungi [23,24].

ROS accumulation was assessed using 2,7-dichlorodihydro-
fluorescein diacetate (DCFH-DA), with fluorescence measured at exci-
tation/emission wavelengths of 485/530 nm [25,26]. Catalase activity
was determined by monitoring hydrogen peroxide decomposition
following Beers and Sizer [27] and expressed as units per minute per
milligram protein. Superoxide dismutase activity was measured based
on inhibition of quercetin auto-oxidation [28].

For glutathione analysis, samples were extracted in phosphate buffer
containing EDTA and metaphosphoric acid. Reduced glutathione (GSH)
and oxidized glutathione (GSSG) were quantified fluorometrically
following derivatization methods described previously [28]. Total pro-
tein content was determined using the Lowry assay [29].

All experiments were conducted using three independent biological
replicates (n = 3), each with three technical replicates per treatment.

2.13. Statistical analysis

Data involving multiple treatments were analyzed using one-way
analysis of variance (ANOVA), followed by Tukey's Honestly Signifi-
cant Difference (HSD) test for multiple comparisons at p < 0.05. Com-
parisons between two groups were performed using an independent-
samples t-test at p < 0.05. All statistical analyses were performed
using IBM SPSS Statistics version 26 (IBM Corp., Armonk, NY, USA).
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Table 4
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Effect of different concentrations (1-60% v/v) of S. philanthi RM-1-138 culture filtrates (RM-1-138 CFs) in an effluent-based medium under optimized conditions (C:N
ratio of 25:1, 25% dilution) on S. commune growth on PDA after incubation at 28 + 2°C for 5 days.

Parameters Concentrations of RM-1-138 CFs (% v/v)

Control 1 15 30 45 60
Radial growth (cm) 9.00% + 0.00 8.84* +0.15 6.60° + 0.21 3.70° + 0.34 2.46% + 0.71 0.91° + 0.04
Inhibition (%) - 58.90¢ & 1.04 72.67° + 0.02 89.85° 4 0.05

1.82°+0.13
Colony morphology ——

26.709 + 1.34

Note: Values are expressed as mean + SD (n = 3). Means followed by the same letter within each row are significantly different according to Tukey's HSD test (ANOVA,

p < 0.05).
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Fig. 4. Comparative antifungal efficacy of S. philanthi RM-1-138 culture filtrates from the optimized medium and twelve commercial fungicides on (A) radial
mycelial growth, (B) inhibition percentage, and (C) colony morphology of S. commune after 5 days of incubation at 28 + 2°C. Data are presented as mean + SD
(n = 3). Bars sharing the same letter are significantly different (Tukey's HSD test, p < 0.05). Note: (1) Control, (2) RM-1-138 CFs, (3) Thiram, (4) Propiconazole, (5)
Azoxystrobin, (6) Prochloraz, (7) Metalaxyl, (8) Carbendazim, (9) Difenoconazole + Propiconazole, (10) Chlorothalonil + Azoxystrobin, (11) Pyraclostrobin, (12)

Copper hydroxide, (13) Fosetyl-aluminium, (14) Mancozeb.

3. Results
3.1. Analytical characteristics of POME and tuna condensate

The chemical characteristics of tuna condensate and POME used as
substrates for antifungal compound production by S. philanthi RM-1-138
are summarized in Table 1. Tuna condensate exhibited a higher pH
(5.89) than POME (4.52) and was markedly richer in nitrogenous
components, including total Kjeldahl nitrogen (6800 vs. 1250 mg/L) and
total protein (4.15% vs. 0.72%). In contrast, POME contained higher
levels of chemical oxygen demand (69,350 vs. 54,950 mg/L) and
ammonium nitrogen (80 vs. 20 mg/L). Differences in mineral compo-
sition were also evident, with tuna condensate having a higher chloride

concentration (10,600 mg/L), whereas POME contained greater
amounts of magnesium (6794 vs. 2596 mg/L) and exhibited higher
salinity (19.15 vs. 7.23 ppt). In terms of solid fractions, tuna condensate
showed higher total solids (66,038 mg/L) and volatile solids
(55,728 mg/L), while POME was characterized by substantially higher
total suspended solids (26,620 mg/L) and volatile suspended solids
(24,180 mg/L). The sugar profiles further distinguished the two sub-
strates. POME contained higher concentrations of glucose (4.22 g/L),
xylose (3.07 g/L), and arabinose (0.34 g/L), whereas these sugars were
present at much lower levels in tuna condensate (0.80 and 0.24 g/L for
glucose and xylose, respectively, with arabinose not detected). Collec-
tively, these compositional differences suggest distinct carbon and ni-
trogen availability between the two substrates, which may play a key



W. Petlamul et al.

Physiological and Molecular Plant Pathology 146 (2026) 103441

90.0 T a
80.0 + b
70.0
~ d
X 60.0 d d
5500 <
S 40.0
=
= 30.0
20.0
10.0
0.0 : : ; : : :
F ¢ ¢ & & F & ¢ &
S N & NG & & R & S
< S ¢ ™ &° & & & P
< S < < N
v < Vv

Plant pathogenic fungi

Fig. 5. Antifungal activity of S. philanthi RM-1-138 culture filtrates from the optimized medium against multiple plant pathogenic fungi after 3-7 days of incubation
at 28 + 2°C. Data are presented as mean + SD (n = 3). Bars sharing the same letter are significantly different (Tukey's HSD test, p < 0.05).

role in regulating the biosynthesis of antifungal metabolites by
S. philanthi RM-1-138.

3.2. General genomic features of S. philanthi RM-1-138

Whole-genome sequencing of S. philanthi RM-1-138 generated a draft
genome assembly of 6.53 Mb with a high GC content of 72.43%, which is
characteristic of metabolically versatile Streptomyces species (Table 2).
The genome assembly was obtained with an average sequencing depth
of 142.2x, resulting in 641 contigs with a contig N50 of 18,383 bp.
Genome completeness assessment using BUSCO indicated 94.8% com-
plete, 2.5% fragmented, and 2.7% missing BUSCO genes, supporting the
overall quality and completeness of the genome assembly (Table 2). The
whole-genome shotgun project has been deposited in the GenBank
database under the accession number JCANQV000000000.

Genome annotation identified 5855 predicted coding sequences
(CDSs) with an average gene length of 904 bp, together with 85 tRNA
genes and three rRNA genes, indicating a well-equipped translational
system required for active growth and metabolite production. Genome
mining using antiSMASH predicted 30 biosynthetic gene clusters
(BGCs), highlighting the substantial genetic potential of strain RM-1-
138 for secondary metabolite biosynthesis (Table 2). Collectively,
these genomic features indicate that S. philanthi RM-1-138 possesses
considerable metabolic and biosynthetic versatility, supporting its po-
tential as a producer of antifungal compounds.

3.3. Biosynthetic gene cluster analysis of S. philanthi RM-1-138

Genome mining using antiSMASH v6.0.1 identified 30 BGCs
distributed across the chromosome of S. philanthi RM-1-138, represent-
ing a wide range of secondary metabolite classes (Table 3; Fig. 1). These
included NRPS, PKS, hybrid NRPS-PKS systems, terpenes, RiPPs, side-
rophores, and other metabolite-associated clusters, reflecting substan-
tial biosynthetic diversity. Several BGCs exhibited high similarity to
well-characterized clusters in the MIBiG database. For example, a
terpene cluster (Region 21.1) showed 100% similarity to the geosmin
biosynthetic cluster, while an ectoine cluster (Region 135.1) also dis-
played complete conservation with known reference sequences
(Table 3). Additional clusters, including a CDPS/arylpolyene-associated
region (Region 2.1), shared high similarity (93%) with the hygromycin

A biosynthetic cluster.

In contrast, a large proportion of BGCs displayed low similarity
(<20%) to known clusters, including those related to lactonamycin,
kirromycin, herboxidiene, mycotrienin I, and atratumycin. Several
NRPS- and PKS-containing clusters lacked close homologs in the MIBiG
database, suggesting the presence of potentially novel or previously
uncharacterized biosynthetic gene clusters that may encode previously
uncharacterized secondary metabolites. Hybrid systems were also
detected, including NRPS-PKS clusters with moderate to low similarity
to rakicidin A/B, sporolide A/B, and kirromycin-associated pathways.
Notably, the coexistence of highly conserved clusters and numerous low-
similarity BGCs highlights both the functional versatility and the unex-
plored biosynthetic potential of strain RM-1-138. These genome mining
results indicate that RM-1-138 harbors substantial biosynthetic poten-
tial. However, experimental characterization is required to identify the
metabolites encoded by these predicted gene clusters and to verify their
biological activities.

3.4. Antagonistic activity of S. philanthi RM-1-138 against S. commune

The antifungal activity of S. philanthi RM-1-138 against the fungal
S. commune was assessed using a dual culture assay (Fig. 2). S. philanthi
RM-1-138 was streaked on PDA, and a plug of S. commune was placed
1 cm from the opposite edge. Single inoculation of RM-1-138 inhibited
S. commune growth by 54.07% (Fig. 2A), whereas doubling the RM-1-
138 inoculum resulted in complete inhibition (100%) (Fig. 2B).

3.5. Optimization of C:N ratios in tuna condensate and POME for
antifungal metabolite production by S. philanthi RM-1-138 against
S. commune

The effects of C:N ratio and substrate concentration on antifungal
metabolite production by S. philanthi RM-1-138 are summarized in
Table S1 (Supplementary Data). Culture media formulated from POME
(carbon source) and tuna condensate (nitrogen source) revealed a strong
interactive effect between nutrient balance and metabolic output. No
antifungal activity was detected at high substrate concentrations (100%
and 75%) across all C:N ratios, indicating that excessive nutrient
availability may suppress secondary metabolite production. At a C:N
ratio of 20:1, only moderate inhibition of S. commune (35.5%) was
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Fig. 6. Efficacy comparison of S. philanthi RM-1-138 culture filtrates produced
from the optimized medium and four chemical fungicides (propiconazole,
difenoconazole + propiconazole, copper hydroxide, and mancozeb) in con-
trolling S. commune infection in germinated oil palm seeds after 20 days of
incubation at 30°C under humid conditions. (A) Disease incidence (%) and (B)
Disease control (%). Data are presented as mean + SD (n = 3). Bars sharing the
same letter are significantly different (Tukey's HSD test, p < 0.05). Note: Dis-
ease incidence was assessed based on the presence of brown discoloration or
seed rot symptoms characterized by mycelial growth covering the germ
or radicle.

observed at 50% concentration.

In contrast, a C:N ratio of 25:1 markedly enhanced antifungal ac-
tivity. The highest inhibition (75.8%) was achieved at 25% substrate
concentration, coinciding with the maximum COD removal efficiency
(45.13%). Even at 50% concentration, this ratio maintained substantial
activity (54.6%) with 32.26% COD reduction.

Further increases in the C:N ratio (30:1 and 35:1) resulted in negli-
gible antifungal activity (<5%), suggesting that nitrogen limitation
beyond an optimal threshold adversely affects metabolite biosynthesis.
These results demonstrate that a balanced C:N ratio is critical for trig-
gering secondary metabolism in strain RM-1-138. The optimal condition
(25:1 at 25% concentration) provided maximal antifungal activity
alongside efficient substrate utilization, and was therefore selected for
subsequent experiments.

3.6. Effect of seed inoculum size of S. philanthi RM-1-138 on antifungal
metabolite production against S. commune

The effect of inoculum size of S. philanthi RM-1-138 on antifungal
metabolite production and COD removal is shown in Fig. 3. In the

10

Physiological and Molecular Plant Pathology 146 (2026) 103441

untreated control, S. commune exhibited normal growth with a biomass
of 80.33 mg (Fig. 3A). Increasing inoculum size significantly reduced
fungal growth (one-way ANOVA, Fs12 = 3629.79, p < 0.001) and
significantly enhanced mycelial growth inhibition (one-way ANOVA,
F410 = 1068.77, p < 0.001). At 1% inoculum, inhibition was 39.0%,
increasing to 66.1% at 2%, and reaching strong suppression at 5%
(93.5%) and 10% (95.4%). Maximum inhibition (99.3%) was achieved
at 15%, where fungal growth was nearly completely suppressed
(Fig. 3B). COD removal was significantly affected by inoculum size (one-
way ANOVA, F410 = 4.861, p = 0.019), increasing from 35.76% at 1%
inoculum to 52.65% at 15% inoculum (Fig. 3C). The highest COD
reduction at 15% inoculum indicates that higher cell density enhances
both antifungal metabolite production and substrate utilization.

3.7. Effect of different concentrations of S. philanthi RM-1-138 culture
filtrates on the inhibition of S. commune

The effects of different concentrations (1-60% v/v) of S. philanthi
RM-1-138 CFs on the radial growth and growth inhibition of S. commune
differed significantly among treatments (one-way ANOVA, radial
growth: F5 15 = 45.142, p < 0.001; growth inhibition: F4 19 = 424.329,
p < 0.001), as summarized in Table 4. The radial growth in the control
was 9.00 cm. At 1% CFs, growth was slightly inhibited (8.84 cm; 1.82%
inhibition). Increasing the concentration to 15%, 30%, 45%, and 60%
progressively reduced fungal growth, resulting in inhibition rates of
26.7%, 58.9%, 72.7%, and 89.9%, respectively. These results clearly
demonstrate a dose-dependent antifungal effect of RM-1-138 CFs against
S. commune.

3.8. Comparative evaluation of the in vitro antifungal efficacy of
S. philanthi RM-1-138 culture filtrates and commercial fungicides

The comparative antifungal efficacy of S. philanthi RM-1-138 CFs and
commercial fungicides against S. commune is shown in Fig. 4. Significant
differences in fungal radial growth (one-way ANOVA, F;3 25 = 432.738,
p < 0.001) and mycelial growth inhibition (one-way ANOVA,
F1226 = 285.735, p < 0.001) were observed among treatments. The
untreated control exhibited the highest radial growth (8.50 cm)
(Fig. 4A). In contrast, RM-1-138 CFs reduced growth to 2.46 cm, cor-
responding to 70.98% inhibition (Fig. 4B). This level of inhibition was
comparable to thiram (73.13%) and pyraclostrobin (72.74%), as well as
prochloraz and chlorothalonil + azoxystrobin (Fig. 4B). Propiconazole
and copper hydroxide completely inhibited fungal growth (100%),
while difenoconazole + propiconazole, fosetyl-aluminium, and man-
cozeb showed higher efficacy than RM-1-138 CFs (Fig. 4B). Conversely,
azoxystrobin, metalaxyl, and carbendazim exhibited low to moderate
antifungal activity (Fig. 4B). Colony morphology also differed among
treatments, with clear suppression of mycelial development observed in
RM-1-138 CFs and highly effective fungicides (Fig. 4C). Overall, RM-1-
138 CFs demonstrated strong antifungal activity comparable to several
commercial fungicides.

3.9. Antifungal activity of S. philanthi RM-1-138 culture filtrates against
multiple plant pathogenic fungi

The culture filtrates of S. philanthi RM-1-138 produced in the opti-
mized medium exhibited significantly different antifungal activities
against nine phytopathogenic fungi (one-way ANOVA, Fg 15 = 283.120,
p < 0.001) (Fig. 5). Inhibition ranged from 45.8% to 81.8%, depending
on the pathogen. The strongest effects were observed against A. flavus
(81.8%) and A. parasiticus (74.0%). Moderate inhibition was recorded
against C. oryzae (61.9%) and S. rolfsii (60.0%), whereas lower activity
was found against L. theobromae, P. salaccae, F. incarnatum, C. cassiicola,
and R. solani (45.8-56.3%) (Fig. 5). These results indicate that RM-1-138
metabolites exhibit differential antifungal activity against a range of
phytopathogenic fungi, with particularly strong efficacy against
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Fig. 7. Invitro mycolytic assay and the antifungal mechanism of S. philanthi RM-1-138 against S. commune. (A, B) Mycolytic assay; (C) intracellular reactive oxygen
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Aspergillus species.

3.10. Comparative assessment of S. philanthi RM-1-138 culture filtrates
and commercial fungicides against S. commune infection in an oil palm
seed model

The disease incidence (Fig. 6A) and control efficacy (Fig. 6B) of
S. philanthi RM-1-138 CFs and selected fungicides against S. commune in
germinated oil palm seeds are shown in Fig. 6. Disease incidence (one-
way ANOVA, F5 12 = 415.865, p < 0.001) and disease control efficacy
(one-way ANOVA, F410 = 105.703, p < 0.001) differed significantly
among treatments. The untreated control exhibited the highest disease
incidence (76.56%). RM-1-138 CFs reduced disease incidence to 39.2%,
corresponding to 48.8% disease control. Propiconazole and copper hy-
droxide showed the greatest efficacy, with disease incidences of 23.45%
and 25.23% and control levels of 69.38% and 67.08%, respectively.
Mancozeb and difenoconazole + propiconazole provided moderate
control (60.97% and 57.05%). Overall, RM-1-138 CFs effectively
reduced disease incidence, although their efficacy was lower than that of
propiconazole and copper hydroxide and comparable to those of man-
cozeb and difenoconazole + propiconazole.

3.11. LC-QTOF-MS-based metabolite profiling of culture filtrates of
S. philanthi RM-1-138

LC-QTOF-MS analysis was performed to profile secondary metabo-
lites in culture filtrates of S. philanthi RM-1-138 grown under optimized
conditions for 10 days. Analyses in both negative (—ESI) and positive
(+ESI) ionization modes revealed a diverse metabolite profile (Tables S2
and S3, Supplementary Data). All compounds were considered puta-
tively identified (MSI level 2-3) based on accurate mass, isotopic pat-
terns, and database matching without confirmation using authentic
standards or MS/MS validation.

In negative ionization mode (—ESI), a total of 66 metabolites were
putatively identified, mainly comprising amino acids, small peptides,
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organic acids, nucleosides, and other primary metabolites. Notably,
bioactive compounds such as natamycin and toyocamycin were detec-
ted, along with several diketopiperazines and amino acid derivatives,
indicating that this mode favored the detection of polar and low mo-
lecular weight compounds.

In positive ionization mode (+ESI), 94 putatively annotated metab-
olites were detected, including amino acids and peptides, alkaloids,
lipid-related compounds, and polyketide-associated metabolites. Ani-
somycin was among the bioactive compounds identified in this mode,
together with various secondary metabolite-related structures, sug-
gesting enhanced detection of a wider range of ionizable metabolites.

Comparison between the two ionization modes indicated partial
overlap in metabolite classes, particularly amino acids, peptides, and
nucleoside-related compounds, while each mode also exhibited distinct
metabolite coverage. The —ESI mode preferentially detected acidic and
polar metabolites, whereas the +ESI mode enabled detection of a
broader range of structurally diverse compounds. Importantly, nata-
mycin was detected only in —ESI, whereas anisomycin was observed
only in +ESI, highlighting complementary ionization behavior between
the two analytical conditions.

3.12. Mycolytic assay and interaction analysis of S. philanthi RM-1-138
against S. commune

3.12.1. Mycolytic assay

The population density of S. philanthi RM-1-138 increased in the
presence of S. commune mycelia (Fig. 7A and B). The bacterial popula-
tion reached 4.39 log CFU/mL in the absence of fungal biomass, whereas
co-incubation resulted in a significantly higher density of 6.50 log CFU/
mL (>2 log increase).

3.12.2. Oxidative stress-related assays

Exposure to S. philanthi RM-1-138 resulted in increased intracellular
ROS levels in S. commune compared with the control (Fig. 7C-H). Ac-
tivities of antioxidant enzymes, including SOD and CAT, were also
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significantly altered. In addition, changes in the glutathione redox sys-
tem (GSH and GSSG levels) were observed in treated samples relative to
the control.

4. Discussion

Nutrient-rich agro-industrial waste streams such as POME and tuna
condensate are promising resources for sustainable microbial valoriza-
tion. The present study demonstrates that the combined use of these
substrates supports the growth of S. philanthi RM-1-138 and stimulates
the biosynthesis of antifungal metabolites, highlighting dual benefits for
environmental management and agricultural applications [1-6,10].
Physicochemical variability of waste streams, influenced by seasonal
and processing factors, emphasizes the importance of substrate charac-
terization prior to fermentation [30,31]. The complementary nutrient
composition of carbon-rich POME and nitrogen-rich tuna condensate
establishes a favorable C:N ratio that promotes secondary metabolism,
consistent with previous observations in waste-based S. philanthi cul-
tures [10,32].

The LC-QTOF-MS-based metabolite profiling revealed a diverse
spectrum of putatively annotated metabolites, mainly comprising amino
acids, peptides, diketopiperazines, nucleoside- and purine-related com-
pounds, and lipid-derived metabolites. These annotations were based on
accurate mass and spectral database matching and should be considered
putative (MSI level 2-3) [33]. Genome mining using antiSMASH further
revealed multiple biosynthetic gene clusters (BGCs), including NRPS,
PKS, terpene, and lanthipeptide-related pathways, indicating a broad
biosynthetic potential of S. philanthi RM-1-138 [34]. Notably, a
NRPS-associated cluster showed similarity to a bacillibactin-like side-
rophore biosynthetic pathway, suggesting a potential capacity for iron
acquisition. Although several metabolite classes detected by
LC-QTOF-MS are generally consistent with the predicted genomic po-
tential, the link between detected metabolites and specific BGCs remains
putative and requires further experimental validation [35,36].

Mechanistic interpretation indicates that RM-1-138 exhibits multi-
factorial antifungal activity. Polyene- and polyketide-related metabo-
lites, such as natamyecin, are likely to affect fungal membrane integrity
through sterol interactions [37,38]. Translation-inhibiting compounds
such as anisomycin and nucleoside analogues may contribute to sup-
pression of fungal growth [39]. In addition, oxidative stress-related
responses observed in S. commune, including increased ROS accumula-
tion and alterations in antioxidant enzymes (SOD and CAT) as well as
glutathione redox balance, suggest a physiological stress response rather
than a confirmed mechanistic pathway. Although oxidative stress-re-
lated parameters indicate physiological stress in S. commune, these re-
sults should be interpreted as associative evidence rather than direct
confirmation of a specific killing mechanism.

Furthermore, the increased bacterial population in the presence of
fungal biomass observed in the co-culture assay suggests a possible
utilization of fungal-derived nutrients under interaction conditions,
based on indirect growth-based evidence. Direct microscopic or enzy-
matic validation was not performed. In addition, the proposed mecha-
nisms, including oxidative stress induction and putative mycolytic
activity, are inferred from physiological responses and require direct
microscopic, molecular, and genetic validation.

Optimization of cultivation parameters, including C:N ratio, sub-
strate dilution, and inoculum size, was shown to influence secondary
metabolism and antifungal efficacy, consistent with Streptomyces phys-
iology and previous studies linking nutrient balance to metabolite pro-
duction [40-42]. Collectively, these findings suggest a multifactorial
mode of antifungal activity involving membrane disruption, metabolic
interference, oxidative stress responses, iron competition, and possible
nutrient utilization from fungal biomass. However, it should be noted
that this study was conducted under controlled laboratory conditions
using a seed-based assay, which does not fully represent field conditions.
Although the culture filtrates significantly reduced disease severity
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compared with the untreated control, the level of disease suppression
should be considered a preliminary indication of efficacy under labo-
ratory conditions rather than evidence of field performance. Therefore,
further validation under greenhouse and field conditions is required to
confirm its practical applicability.

The integration of genome mining and metabolite profiling provides
a framework for understanding the functional potential of RM-1-138 in
waste-based systems. By converting agro-industrial by-products into
bioactive metabolites, RM-1-138 represents a genome-informed and
metabolite-guided biocontrol candidate suitable for sustainable disease
management. Limitations include the reliance on putative metabolite
annotation without validation using authentic standards and the
absence of direct functional linkage between specific biosynthetic gene
clusters and individual metabolites. Future work involving targeted
metabolite isolation, gene expression analysis, and genetic validation is
needed to confirm these mechanistic relationships.

5. Conclusion

This study demonstrates the feasibility of a waste-to-antifungal bio-
process using S. philanthi RM-1-138 to convert palm oil mill effluent and
tuna condensate into bioactive antifungal metabolites. Strong inhibition
of S. commune was observed, while comparative genome mining and
LC-QTOF-MS-based metabolite profiling provided complementary
(rather than causally linked) insights into the biosynthetic potential and
chemical diversity of the strain. Multiple biosynthetic gene clusters were
identified alongside a chemically diverse repertoire of putatively an-
notated metabolites detected by LC-QTOF-MS. Mechanistic analyses
suggest a multifactorial mode of antifungal action, including oxidative
stress induction, disruption of fungal antioxidant responses, and possible
fungal biomass utilization. The latter is inferred from indirect evidence
and should be interpreted cautiously as a putative mycolytic-like
interaction. Collectively, these findings highlight the potential of inte-
grating microbial secondary metabolism with agro-industrial waste
valorization, providing a genome-informed and metabolite-guided
framework for the development of sustainable antifungal bioprocesses
and value-added products. Further studies involving targeted metabolite
validation and genetic confirmation are warranted to substantiate these
mechanistic hypotheses.
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