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Abstract

The emergence of antibiotic-resistant pathogenic bacteria poses a major threat to public health, em-
phasizing the importance of discovering new antibiotic compounds. Endophytic microorganisms are known
for producing a variety of antibiotics and other bioactive substances. They can generate a broad spectrum
of secondary metabolites with potent antibacterial activity. Endophytes are microorganisms that form sym-
biotic relationships within plant tissues without causing obvious disease to the host plant. Microbes that
live in extreme environments develop unique adaptive mechanisms and can produce novel bioactive com-
pounds. Bacteria in such harsh conditions often develop specialized metabolic pathways, resulting in the
production of distinctive secondary metabolites. This study aimed to isolate endophytic actinomycetes
from the roots of the silver fern (Pityrogramma calomelanos (L.) Link), which grows in soil exposed to the
eruption of Mount Sinabung in Karo Regency, North Sumatra Province, Indonesia. Antimicrobial screening
of these isolates was performed using a dual culture assay to assess their ability to inhibit pathogenic bac-
teria. The endophytic actinomycete isolate AE9 showed activity against Staphylococcus aureus, Bacillus
cereus, and Citrobacter freundii. Morphological, physiological, biochemical, and 16S rRNA gene sequence
analyses confirmed that isolate AE9 is related to Streptomyces sp. VEL 17. These results suggest that endo-
phytic actinomycetes from silver ferns growing in volcanically affected environments contain antibacterial
bioactive compounds.
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Pe3rome

[losiBaTa Ha matoreHHW OaKTEepUU, YCTOWYMBHU HAa aHTUOMOTHIIM, IIPE/ICTABIISIBA CEPUO3HA 3ariaxa
3a OOIIECTBEHOTO 3[paBe, KOETO MOJYepTaBa BaXKHOCTTA HAa OTKPUBAHETO HA HOBH AHTHUOMOTHYHHU
chenuHCHUS. EHAOQUTHUTE MUKPOOPraHW3MH Ca H3BECTHH C MPOU3BOJICTBOTO HAa pPa3zHOOOpazHH
AHTUOMOTHULIM U APYyTrH OMOAaKTHBHU BellecTBa. Te moraT ja reHepupar MIHPOK CHEKThP OT BTOPUYHHU
MeTaboJUTH C MOIIHA aHTUOaKTepuaiHa aKTHUBHOCT. EHIopuUTHUTE ca MHUKPOOPTraHU3MH, KOUTO
oOpa3zyBaT CHMOMOTHYHU B3aMMOOTHOIIEHUS B PACTHTEIHUTE THhKaHU, 0€3 /la NMPUYUHSIBAT BHIUMH
3a001s1BaHUS HA PACTEHUETO TOCTONPUEMHHUK. MUKpPOOUTE, KOUTO KUBEST B €EKCTPEMHH CPEH, pa3BUBAT
YHUKAIIHU aIalTUBHU MEXaHU3MH U MOTaT Jla IPOU3BEkKAaT HOBU OMOAKTUBHU CheuHEeHUs. bakTepunre
B TaKWBa CYpPOBH YCIIOBHS YECTO PAa3BHUBAT CICHHAIM3UPAHU META0OIUTHU MBTHUINA, KOETO BOIU [0
MIPOU3BO/ICTBOTO HA OTJIMYUTEIHU BTOPUYHHU MeTabonuTu. ToBa mpoyuBaHe MMallle 3a LeJ Ja U30JIupa
eH/10(pUTHU aKTUHOMUIIETH OT KOPEHUTE Ha cpedbpHara nanpart (Pityrogramma calomelanos (L.) Link),
KOSITO pacTe B [10YBA, U3JI0KEHA HA U3pUrBaHeTo Ha BynkaHa CuHaOyHr B Kapo Perencu, nposunnus Ce-
BepHa Cymarpa, MagoHe3us. 3a 1a ce oleHu CrocoOHOCTTa Ha TE3W U30J1aTH J1a HHXHUOUPAT Pa3BUTHETO
Ha MaTOTeHHUTE OaKkTepuu Oellle U3BbPIICH aHTUMUKPOOESH CKPUHUHT C IIOMOIITA Ha JIBOCH KYJITypaJleH
ananu3. EHnopuTHUAT akTuHOMHIIETeH M30yaT AE9 mokas3Ba akTUBHOCT cpenty Staphylococcus aureus,
Bacillus cereus n Citrobacter freundii. Mopdonoruuau, Gu3nOIOTUUHH, OMOXUMHUYHHU TMPOYUYBAHUS,
KakTo U 16S rRNA reHHu CEeKBEHIIMOHHM aHaJM3U NOTBBbpkJAaBaT, ye n3onarbT AE9Q e cBbp3aH cbe
Streptomyces sp. VEL 17. Te3u pe3ynraru mokas3sart, 4¢ eHI0UTHUTE aKTHHOMHIICTH OT CpeObpHH Ta-
[IpaTH, pacTAUIN BbB BYJIKAHUYHO 3aCE€THATH CPEH, ChIAbPKAT aHTUOAKTepHUalIHU OMOAKTUBHU ChEIUHE-
HUSL.
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Introduction

Bacterial resistance to antibiotics poses a
major threat to public health (Abbas et al., 2024).
The paucity in discovery and supply of new novel
antimicrobials to treat life-threatening infections
by resistant pathogens stands in sharp contrast to
demand (Salam et al., 2023). Despite ongoing ef-
forts, the rate at which resistant strains emerge has
outpaced the development of new antibiotics, ne-
cessitating the exploration of alternative and under-
exploited natural sources to uncover novel antimi-
crobial compounds (Sivalingam et al., 2019).

Natural products continue to represent the pri-
mary source for the discovery of novel antibiotics
due to their chemical diversity and broad spectrum
of biological activity (Bernal et al., 2022). Among
these, endophytic actinomycetes are recognized
as prolific producers of bioactive metabolites and
have been identified as a valuable resource in drug
discovery research (Mondal and Thomas, 2022).
Endophytic Actinobacteria, particularly from the
genus Streptomyces, are notable for producing a
wide array of bioactive compounds that could serve
as alternatives in combating multidrug-resistant
pathogens (Anavadiya ef al., 2024).

Actinomycetes are classified as Gram-posi-
tive bacteria with a high genomic G+C content and
are therefore recognized for their ability to produce
a wide range of secondary metabolites (Matsumoto
and Takahashi, 2017). However, the frequent redis-
covery of known compounds has posed a significant
challenge, necessitating the search for novel strains
from unexplored habitats (Subramani and Sipkema,
2019). Exploration of unique and extreme environ-
ments, such as underexplored soils, is critical to
discovering new secondary metabolites with potent
antibacterial activity (Charousova et al., 2019).

Plants growing in harsh environments, such as
under abiotic stress conditions, are promising hosts
for novel endophytic actinomycetes (Meklat et al.,
2011). Environmental factors such as soil type, cli-
mate, and abiotic pressures greatly influence the
diversity and biosynthetic potential of microbi-
al endophytes (Przybylska-Balcerek et al., 2020).
Particularly, volcanic soils represent a distinctive
ecological niche rich in microbial biodiversity and
bioactive compound production (Maglangit et al.,
2023). Members of the genus Streptomyces are
well adapted to survive in such environments due
to their specialized enzymatic and metabolic adap-
tations (Lorkova et al., 2025).

The silver fern, Pityrogramma calomelanos
(L.) Link serves as an important host for endophytic
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actinomycetes. This pioneer plant species thrives in
extreme conditions such as volcanic areas, mining
regions, and lead (Pb)-contaminated soils (Anche-
ta et al., 2020; Yongpisanphop and Babel, 2021).
Its remarkable adaptability is attributed to its high
flavonoid content, which confers resistance to abi-
otic stresses like drought and elevated temperatures
(Shomali et al., 2022). The study of endophytic ac-
tinomycetes from P. calomelanos occurring in chal-
lenging environments is expected to facilitate the
discovery of novel bioactive compounds that could
significantly contribute to drug development.

Materials and Methods

Sample collection

Root samples of the silver fern (P. calomela-
nos (L.) Link) were obtained from post-eruption
zones of Mount Sinabung, located in Karo District,
North Sumatra, Indonesia. Sampling was carried
out purposively to target sites most affected by vol-
canic activity, which are considered extreme habi-
tats with unique ecological pressures. Three repre-
sentative localities, Gamber Village, Guru Kinayan
Village, and Suka Tendel Village, were selected
based on their proximity to the eruption sites and
their history of ash deposition and soil disturbance.
For accurate taxonomic identification and authenti-
cation, plant specimens were examined at the Her-
barium Bogoriense, Directorate for Scientific Col-
lections Management, National Research and Inno-
vation Agency (BRIN). To safeguard the quality of
the samples, freshly collected roots were placed in
sterile plastic containers, maintained at low temper-
atures using ice gel packs, and transported directly
to the laboratory for further microbiological exam-
ination.

Surface sterilization of plant material

Root samples were cleaned under running tap
water to remove adhering soil and debris. Samples
were then cut into approximately 2 cm segments
and subjected to a surface sterilization protocol:
immersion in 1% sodium hypochlorite (NaOCI)
solution for 15 seconds, followed by immersion
in 70% ethanol for 15 seconds. The samples were
then rinsed three times with sterile distilled water
to remove residual sterilizing agents. The final rinse
water was plated onto sterile media to confirm the
efficacy of surface sterilization (Afzal et al., 2019).

Isolation of endophytic actinomycetes

Actotal of 10 g of surface-sterilized root tissues
was aseptically macerated with a sterile mortar and
pestle, after which the homogenate was suspended



in 90 mL of sterile distilled water in an Erlenmey-
er flask. The suspension was homogenized using a
vortex mixer and serially diluted from 10! to 10*
Aliquots of 0.1 mL from each dilution were plated
onto Starch Casein Agar (SCA) supplemented with
nystatin (50 pg/mL) to inhibit fungal contamina-
tion. The culture plates were incubated at 28°C for
a period of up to two weeks. Colonies that devel-
oped with morphological characteristics indicative
of actinomycetes - such as dry, powdery textures
and filamentous structures - were then transferred
onto fresh SCA medium to establish pure isolates.

Screening of potential antibacterial activity of
endophytic actinomycetes

The antibacterial activity of endophytic ac-
tinomycete isolates was evaluated using the dual
culture assay method. Three test bacteria were
employed: Gram-positive Staphylococcus aureus
(ATCC 25923), Gram-positive Bacillus cereus
(ATCC 11778), and Gram-negative Citrobacter fre-
undii (ATCC 8090). Tryptic Soy Agar (TSA) medi-
um was used for antibacterial screening. TSA plates
were prepared by pouring molten media into ster-
ile Petri dishes and allowing them to solidify. The
surface of the solidified TSA was then uniformly
swabbed with the test bacterial suspension adjusted
to 0.5 McFarland standard turbidity using a sterile
cotton swab.

Endophytic actinomycete isolates, previous-
ly cultivated on Starch Casein Agar (SCA) for 7
days at 28°C (Alhialy and Thanoon, 2022), were
prepared for the assay. Agar plugs (6 mm diameter)
containing actively growing actinomycete colonies
were aseptically cut using a sterile cork borer (Xu
et al., 2024). These plugs were carefully placed
onto the TSA plates that had been pre-inoculated
with the test bacteria.

The plates were incubated at 28°C for 24
hours. The antibacterial potential of each isolate
was indicated by the formation of a clear inhibition
zone surrounding the agar plug. The diameter of the
inhibition zones was measured in millimeters with
a digital caliper (Santos-Beneit et al., 2022). A con-
trol plate containing only the test bacteria without
actinomycete inoculation was included to verify
baseline growth conditions.

Morphological and cultural characterization
Macroscopic characteristics of endophyt-
ic actinomycetes, including colony shape, surface
texture, margin, pigmentation, and diffusible pig-
ment production, were observed after 7 days of
incubation on (SCA) at 28°C (Holt et al., 2000).
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Microscopic features were examined using Gram
staining (Cappuccino and Sherman, 2014) and the
slide culture technique to assess hyphal structure
and spore chain morphology (Ali et al., 2022).

Fenetic characterization

Temperature tolerance was evaluated by
growing isolates at 28°C, 37°C, and 40°C on SCA
for 7 days (Mondal and Thomas, 2022). pH toler-
ance was assessed on SCA adjusted to pH 5, 7, 9,
and 11, while salinity tolerance was determined on
SCA supplemented with 0%, 4%, 10%, and 13%
NaCl concentrations (Siddharth ef al., 2020).

Biochemical tests included Triple Sugar Iron
Agar (TSIA) fermentation, citrate utilization, cat-
alase production, urease activity, and motility in
SIM medium, all performed according to standard
protocols (Cappuccino and Sherman, 2014). Pos-
itive reactions were indicated by color changes or
diffusion patterns characteristic of each test.

Genomic characterization

Genomic DNA was extracted from bacte-
rial isolates using the Quick-DNA Magbead Plus
Kit (Zymo Research, D4081) according to the
manufacturer’s instructions (PT. Genetika Science
Indonesia). The extraction process involved cell
lysis, DNA binding to magnetic beads, washing,
and elution to obtain high-purity genomic DNA
suitable for PCR amplification. The 16S rRNA
gene was amplified by polymerase chain reaction
(PCR) using universal primers: 27F: 5'-AGAGT-
TTGATCMTGGCTCAG-3', 1492R: 5-TACG-
GYTACCTTGTTACGACTT-3'(Tedsree et al.,
2022). PCR amplification was carried out in a 25
uL reaction mixture containing a PCR master mix,
10 pmol of each primer, DNA template, and nucle-
ase-free water. The thermocycling conditions were
as follows: initial denaturation at 95°C for 5 min;
30 cycles of denaturation at 95°C for 30 min, an-
nealing at 55°C for 30 min, and extension at 72°C
for 90 min; and a final extension at 72°C for 7 min.

PCR products were checked by electrophore-
sis on a 1% agarose gel. PCR products were purified
using a standard PCR purification kit according to
the manufacturer’s protocol. The purified products
were sequenced bidirectionally using an Applied
Biosystems 3730XL DNA Analyzer. The nearly
full-length 16S rRNA gene sequences obtained were
analyzed using the Basic Local Alignment Search
Tool (BLAST) at the National Center for Biotech-
nology Information (NCBI) website (https://www.
ncbi.nlm.nih.gov) to determine sequence similarity
against the GenBank database. Phylogenetic trees



were reconstructed using the Neighbour-Joining
(NJ) method (Saitou and Nei, n.d.) in MEGA ver-
sion 11.0 software (Tamura et al., 2021). The stabil-
ity of the tree topology was evaluated by bootstrap
analysis on 1000 replications. Sequence similarity
percentages between strains were calculated based
on pairwise alignments using the EzTaxon-e server
(Kim et al., 2012).

Results

A total of nine strains of endophytic actino-
mycetes were successfully isolated from the roots
of P. calomelanos collected from post-eruption vol-
canic soils of Mount Sinabung. The exploration of
microbial diversity in extreme environments, such
as volcanic ecosystems, is crucial for uncovering
novel bioactive compounds (Huang et al., 2024).
All isolated strains exhibited antibacterial activity
against at least one of the tested pathogenic bacte-
ria. Specifically, all nine strains inhibited B. cereus
ATCC 11778, seven strains inhibited C. freundii
ATCC 8090, and seven strains inhibited S. aureus
ATCC 25923. Notably, six strains demonstrated
broad-spectrum antibacterial activity by inhibit-
ing all three pathogenic bacteria simultaneously.
Among the isolates, strain AE9 exhibited the most
prominent antibacterial activity compared to oth-
er isolates and was thus selected for further study
(Fig. 1).

Strain AE9 exhibited strong antimicrobial ac-
tivities against B. cereus ATCC 11778 (38.6 mm),
S. aureus ATCC 25923 (32.8 mm), and C. freun-
dii ATCC 8090 (26.9 mm). These results indicate
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Fig. 1. Inhibition zone shown by actinomycete isolates
from volcanic soil after the eruption of Mount Sinabung
on pathogenic test bacteria.

that AE9 possesses strong and broad-spectrum an-
tibacterial properties (Fig. 2). These findings are
consistent with previous studies demonstrating that
endophytic actinomycetes, particularly those from
unexplored or extreme habitats, are prolific sources
of antimicrobial agents (Hui ef al., 2021).

Identification of endophytic actinomycete strain
AE9

Figure 2 illustrates the morphological charac-
teristics of the endophytic actinomycete strain AE9.
After 2 weeks of incubation at 28 °C on tryptic soy
agar (TSA), the colonies exhibited a red pigmen-
tation with a round, convex, and smooth surface.
Early stage filamentous structures observed under
light microscopy, indicating hyphal-like growth.

Fig. 2. Clear zone formation by AE9 against (a) S. aureus ATCC 25923, (b) B. cereus ATCC 11778, and (c) C. freundii

ATCC 8090

Fig. 3. Morphology and micrograph of the bacterial isolate; (a) Morphology of the isolate; (b) Gram staining; (c) Hyphal

structure; (d) Spore chains at 100x magnification.



Extensive branching filamentous network resem-
bling actinomycete morphology, suggesting affilia-
tion with filamentous bacteria such as Streptomyces
spp. (Fig. 3).

Isolate AE9 was characterized taxonomically
based on morphological and physiological charac-
ters (Table 1). Microscopic observation of Gram
staining and spore chain morphology of strain AE9
revealed that the cells are Gram-positive and fila-
mentous, with spore chains forming an open spiral
structure (Fig. 3¢ and d).

Morphological characterization on various
ISP (International Streptomyces Project) media
showed significant variations in growth and pig-
ment production. Isolate AE9 showed good growth
on most media. The color variations of the air and
substrate mycelium are typical, such as whitish
gray in ISP2 and dark gray in ISP3. Diffuse pig-
ment production was only observed in ISP3 me-
dia, while melanin formation occurred in ISP6 and
ISP7. These variations reflect complex and specific

metabolic capabilities to different nutritional condi-
tions. The absence of melanin production on most
media, except on certain media, is also an important
feature in the differentiation of Streptomyces spe-
cies (Table 2).

The amplification product of the 16S rRNA
gene from strain AE9 was visualized using 1% aga-
rose gel electrophoresis (Fig. 4). A single distinct
DNA band was observed at approximately 1427
base pairs (bp), corresponding to the expected size
of the partial 16S rRNA gene commonly used in
bacterial taxonomic and phylogenetic analyses
(Trujillo and Dedysh, 2022).

The phylogenetic tree indicates that the bac-
terial isolate AE9 is most closely related to Strep-
tomyces spp., as evidenced by its clustering within
the same clade as Streptomyces sp. VEL17 from
the GenBank database. This close relationship
supports the hypothesis that the isolate belongs to
the genus Streptomyces, a group of Gram-positive
bacteria widely known for their ability to produce

Table 1. The phenotypic characterization of isolate AE9 revealed several macroscopic, microscopic, and physiological

traits consistent with members of the genus Streptomyces

Characterization Isolate AE9
Microscopic Features
Cell morphology rod-shaped
Gram’s positive (+)
Hyphal structure flexsible
Pigments in hyphae blue

Spore chain
Aerial mycelium
Growth Conditions

Temperature tolerance
Excellent growth at 28°C
Moderate growth at 37°C and 40°C
pH range

Optimal growth at pH 7.0

Tolerant at pH 5.0, 9.0, and 11.0
Salt tolerance (NaCl concentration)

Optimal growth in 0% NaCl

Tolerant in 4%, 10%, and 13% NaCl
Biochemical Tests

Triple sugar iron agar (TSIA) test:
Glucose fermentation
Lactose and sucrose fermentation
Gas and H,S production

Citrate utilization

Catalase activity

Urease activity

Motility

open spiral
white aerial mycelium

++

++

++
indicating halotolerance, (all+)

positive (+)
negative (-)
negative (-)
negative (-)
positive (+)
negative (-)
negative (-)
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Table 2. Morphological characteristics of AE9 strains on ISP media; positive (+) growth, negative (-) growth, moderate

(+) growth
Media ISP (International Growth Aerial Substrate Reverse Diffusible Melanin
Streptomyces Project) mycelium mycelium color pigment formation
ISP2 (Yeast-malt agar) (+) whitish-gray cream yellowish no no
ISP3 (Oatmeal agar) (+) dark gray light brown brown yes no
15P4 . ((+) white greenish yellowish-green no no
(Inorganic salts—starch agar) cream
15P> . (+) light gray yellowish- brownish-yellow no no
(Glycerol-asparagine agar) brown
ISP6 (Peptone-yeast extract (+) ale ora cream ra o os
iron agar) pate gtay sray Y
ISP7 (Tyrosine agar) ((+) white brown dark brown no yes
1 L produk amplifikasi di ::a?o%%o
visualisasi pada gel agarose 0.8% — 6,000
dalam buffer TBE i
— 3,000
M, 1 kb DNA ladder (dalam 2,5 — 2.500
pL); e
— 1,500
NTC : Kontrol Negatif Amplifikasi —1.000
— 750
Kode sampel sesuai dengan
nomor urut pada tabel Hasil — 500
Kuantifikasi DNA,
-_—2%0

Fig. 4. Gel electrophoresis image of the PCR product of the 16S rRNA gene from isolate AE9. A single DNA band ap-
peared at approximately 1427 bp, indicating specific amplification of the target gene.

Streptomyces sp. strain UrEPI15 MH553633.1

Streptomyces sp. strain HmMuEPI22 MH353624.1

Streptomyces sp. strain HOEPH9 MH553626.1

AE9

Streptomyces sp. VEL17 AB914463.2

B L Streptomyces sp. strain MS21 KX962228.1
Streptomyces sp. strain R-11 KY631542.1
55
|: Streptomyces brasiliensis strain NBRC 12596 AB 184106.1

ptomyces sp. strain N8-4 KT443838.1

Mycobacterium sp. strain 89-446 X93995.1

Fig. 5. Phylogenetic tree based on 16S rRNA gene se-
quences showing the evolutionary relationship between
the bacterial isolate AE9 and reference strains retrieved
from GenBank. The tree was constructed using the Neigh-
bor-Joining method with 1000 bootstrap replications
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various secondary metabolites, including antibiot-
ics, enzymes, and anticancer compounds (Nguyen
et al., 2020). The isolate exhibited a more distant
relationship with bacterial groups such as Micro-
bacterium, which appeared as an outgroup with
lower bootstrap values and a distinct branching pat-
tern, indicating a significant phylogenetic distance.
Therefore, the isolate can be confidently classified
within the phylum Actinobacteria, specifically in
the genus Streptomyces (Fig. 5).

Discussion

The isolation of endophytic actinomycetes
from plant roots represents a promising avenue in
the discovery of novel antibacterial agents. Pre-
vious studies have demonstrated that endophytic
actinomycetes are abundant in root tissues, likely
due to the intimate interaction between roots and
rhizospheric microbial communities (Delbari et al.,
2023). The root environment, rich in nutrients and
water, serves as an ideal gateway for microbial col-
onization. Several reports confirm that root tissues
harbor higher endophytic actinomycetes popula-
tions compared to stems, leaves, or petioles (Alz-
ahrani et al., 2022). Entry of these microbes into



plant tissues is facilitated through natural openings
such as root hairs, lateral root emergence sites, and
wounds (Bennett et al., 2018)

Environmental conditions surrounding the
host plant significantly influence the diversity and
composition of endophytic actinomycetes (Xu et
al., 2024). Factors such as plant age, soil type, sea-
sonal variation, geographical location, and environ-
mental stressors have all been shown to affect en-
dophytic communities (Thenappan et al., 2024). In
this study, Streptomyces sp. AE9 was isolated from
the roots of P. calomelanos growing in a volcanic
eruption-affected area, an extreme environment
known to harbor highly diverse and unique micro-
bial populations (Djuidje et al., 2022).

The endophytic actinomycete isolate AE9
demonstrated notable antibacterial activity against
three pathogenic bacteria: S. aureus, B. cereus, and
C. freundii. Variations in inhibition zones among
these pathogens suggest differential production or
diffusion of secondary metabolites by AE9 (Najm
et al., 2023). The observed antibacterial potency is
consistent with earlier findings, highlighting that
actinomycetes isolated from extreme or stress-
prone environments tend to produce potent and
structurally novel bioactive metabolites (Quinn and
Dyson, 2024). The selection of promising actino-
mycete isolates for further metabolite extraction
is often guided by the diameter of their inhibition
zones (Abdelaziz et al., 2023). Consistently, AE9’s
strong antibacterial activity positions it as a candi-
date for further chemical characterization and me-
tabolite profiling.

Molecularidentification using 16S rRNA gene
sequencing confirmed that isolate AE9 is closely
related to Streptomyces sp. VEL 17. Morphologi-
cally, AE9 exhibited a distinctive brown pigment
diffused into the culture medium, a common char-
acteristic among Streptomyces strains producing
secondary metabolites (Rammali et al., 2024). Pig-
ment production in actinomycetes is often associat-
ed with colony maturation or specific nutritional or
stress conditions (Bennett et al., 2018).

Interestingly, microscopic examination re-
vealed that AE9 produces a blue pigment in its
vegetative hyphae, indicative of actinorhodin pro-
duction, a well-known secondary metabolite with
wide-ranging pharmaceutical applications (Hoskis-
son et al., 2024). The absence of aerial mycelia in
AED9, a rare trait in Streptomyces spp., aligns with
previous reports where mutations in regulatory
genes such as bldA inhibit aerial hyphae formation
(Stone et al., 2025).
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Previous studies have extensively docu-
mented the antibacterial potential of Streptomyces
species. Approximately 80% of known actinomy-
cete-derived natural products originate from Strep-
tomyces (Alam et al., 2022). Recent analyses also
reveal that from 2015 to 2022, a substantial number
of newly discovered secondary metabolites were
attributed to Streptomyces strains isolated from di-
verse environments (Donald ez al., 2022).

Streptomyces are widely found in terrestrial
and marine environments, with the greatest diversi-
ty seen in soil habitats (Donald et al., 2022). How-
ever, the microbial diversity in volcanic environ-
ments remains largely unexplored. Recent studies
show that extremophilic actinomycetes from ma-
rine, desert, volcanic, and mangrove ecosystems
are promising new sources of antimicrobial agents
(Subramani and Sipkema, 2019). Importantly,
Streptomyces strains from these unique niches of-
ten contain novel biosynthetic gene clusters, high-
lighting their biotechnological potential (Sivakala
etal., 2021).

Overall, the findings of this study add to the
growing evidence that endophytic Streptomyces
isolated from extreme or underexplored environ-
ments are valuable sources of new antibacterial
compounds. Future research should focus on puri-
fying and structurally identifying the active metab-
olites produced by AE9, as well as investigating its
biosynthetic pathways.

Conclusion

The present study showed that endophytic ac-
tinomycetes isolated from the roots of the silver
fern (P. calomelanos (L.) Link), which grows in
post-eruption soils of Mount Sinabung, have signif-
icant antibacterial activity against S. aureus (ATCC
25923), B. cereus (ATCC 11778), and C. freundii
(ATCC 8090). Among the isolates, Streptomyces
sp. AE9 displayed the strongest inhibitory effect,
with inhibition zone diameters categorized as high-
ly active. Phenetic and phylogenetic analyses con-
firmed that isolate AE9 shares a 99.30% sequence
similarity with Streptomyces sp. VEL 17 based on
the 16S rRNA gene sequence. These findings indi-
cate that endophytic Streptomyces from ferns living
in extreme environments are promising candidates
for discovering new antibacterial compounds.
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