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Background: Actinomycetes are gram-positive bacteria that belong to the actinobacterial species. They are 
a prolific source of secondary metabolites with various biological applications. Thus, this study aimed to
culture-based isolation of potent Actinomycete species from Sof-Umer Cave and in vitro and in vivo eval-
uation of their potential metabolites against selected test organisms.
Result: Among the total isolates, ten isolates were selected based on their antimicrobial activities. Among 
them, the ethyl acetate crude extract of three isolates (RO13, SD2, R011) showed potential antagonistic 
activity, ranging from 17 ± 0.78 to 23 ± 0.56 mm of zone of inhibition against Escherichia coli, Pseudomonas
aeruginosa, and Staphylococcus aureus. Additionally, two isolates’ (SD2, R011) crude extract exhibited
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significant inhibition of test organisms in wound and oral infection of the mice models. This was con-
firmed by wound contraction and progress improvement of the clinical sign observed before treatment. 
Characterization of their crude extract by FTIR and GC–MS revealed the presence of various functional 
groups and compounds. Specifically, potent antimicrobial and antioxidant bioactive compounds, such 
as pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-2-piperidine, phenol, 2-methoxy-4-(1-propenyl)-, and
indolizine, were identified via GC–MS analysis. Three of the ten potent isolates (R013, R011, and SD2)
were identified based on the 16S rRNA gene sequence, and the R013 isolate belongs to Streptomycetes fla-
voviridis, whereas SD2 and R011 were identified as Arthrobacter sp. and Actinobacterium kmd_152, respec-
tively.
Conclusions: Sof-Umer cave-dwelling actinomycetes possess potent metabolites against test organisms 
that can be a base for future potent drug development against microbial infections. 
How to cite: Abdeta EC, Meka AF, Hordofa DG, et al. Metabolites of native actinomycetes from Sof Umer
cave reveal potent antimicrobial activity against selected pathogens in mice infection models. Electron J
Biotechnol 2026;79. https://doi.org/10.1016/j.ejbt.2025.100703. 

© 2025 The Author(s). Published by Elsevier Inc. on behalf of Pontificia Universidad Católica de Val-
paraíso. This is an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/ 

by-nc-nd/4.0/).
1. Introductio n

Actinomycetes are filamentous and spore-forming gram-
positive bacteria that belong to the actinobacterial species. 
Their genetic material contains a high percentage composition 
of guanine-cytosine (GC) nitrogen bases, typically over 55%,
which enables them to survive in various environments [1]. 
They are metabolically, morphologically, and physiologically 
highly diverse. Actinomycetes are cosmopolitan and dwell in 
different environments, including terrestrial, marine, rhizo-
sphere, and extreme environments [2]. Among microbes, Acti-
nomycetes hold primary positions as a source of prolific 
secondary metabolites. They have been explored widely for
their potential to produce various metabolites in antibiotics
development [3]. Among the commercially available antibi-
otics, 70–80% are developed from Actinomycete metabolites
[4]. They are also studied as a source of various metabolites 
for the green synthesis of nanoparticles for various biological
applications, particularly Streptomycetes spp. [5,6].  The  Strepto-
myces genus of Actinomycetes is positioned first with more 
than 7600 bioactive secondary metabolites, followed by Nocar-
dia and Micromonospora. H owever, the genus of Actinomycetes
has the genetic potential to produce 10 to 20 bioactive sec-
ondary metabolites [7]. 

Recently, the escalation of antimicrobial-resistant infections has 
become a threat to public health. Several multidrug-resistant 
classes of bacteria are aggravating human health problems. Entero-
coccus faecalis, Staphylococcus aureus, Klebsiella pneumoniae, Acine-
tobacter baumannii, Pseudomonas aeruginosa, and Enterobacter
species comprise the acronym ESKAPE, which are known to
develop multidrug resistance [5]. Some of these groups of bacteria 
were also used in this study for antimicrobial evaluation of Actino-
mycetes isolated from Sof Umer Cave. Additionally, Escherichia coli
was also used, which is known to be resistant to antibiotics and
widely used for antimicrobial activity tests [8]. These multidrug-
resistant microbial pathogens necessitate searching for potent 
metabolites for effective treatment against these pathogens. For 
the exploration of new potential metabolites, many actinobacterial 
species were targeted from various environments because of their 
potential to produce potent antimicrobial metabolites. However,
the opportunity to find potent metabolite-producing Actino-
mycetes is limited by repeatedly exploring similar environments
and isolating common species from similar sources, such as soil
[3,9]. 
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Unexplored extreme environments, such as caves, may har-
bor potential microbial species with novel bioactive molecules 
yet  to  be  discovered.  In  light  of  this,  Ethiopia  is  w  ell-known
for having a variety of climatic zones and unexplored natural
ecosystems that possess potential microbial diversity [9].  Previ-
ous studies also revealed the presence of potential antibiotic-
producing actinomycetes in the different Ethiopian ecosystems
[10]. However, caves remain unexplored, notably Sof-Umer 
Cave, for microbial study. A Sof-Umer Cave is a n aturally
formed, spectacular limestone cave through which the Weibe
River flows [11]. It is an oligotrophic and stressful environment 
for the survival of microbes due to various abiotic factors. A 
previous metagenomic study conducted on Sof-Umer Cave 
revealed the presence of microbial diversity and the existence
of functional gene dynamics for potential metabolite produc-
tion [12]. However, the culture-based isolation of Sof-Umer 
Cave-dwelling Actinomycetes has not been studied. Therefore, 
the current study aimed to culture-based isolation of potent 
Actinomycete species from Sof-Umer Cave and in vitro and
in vivo investigations of their potential antimicrobial activity
against selected reference pathogens.

2. Materials and methods

2.1. Description of study area

The Sof-Umer Cave is a remarkable natural limestone environ-
ment located in the east Bale zone of the Oromia region, southeast-
ern Ethiopia. It is known by having a 15.1 km length (Fig. S1A [10]), 
and the Weibe River flows through its interior. It exhibits a mini-
mum temperature range of 19–21°C and a maximum temperature 
range of 33–35°C year-round. Sof Umer Cave is characterized by 
high humidity, influenced by a nearby river, and a lack of natural
light. The surrounding soil has a pH ranging from 8 to 8.3, with a
sandy texture, and is composed of sedimentary rock [13]. 

2.2. Sample c ollection

The samples were collected aseptically into sterilized polyethy-
lene bags from inside the cave in sedimentary and rock forms. A 
total of 600 g of samples was collected for each sample from 0 to
0.7 cm depth of dark zone, ground, and surface of the cave as
depicted in Fig. S1B. The samples were maintained in an icebox, 
transported to the laboratory, and stored at 4°C for further analysis.
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The physicochemical characterization of the samples was per-
formed using flame methods.

2.3. Actinomycete isolation

Actinomycetes were isolated via basic preliminary standard 
serial dilution. For isolation, starch casein agar nutrient media 
was obtained from the Microbiology Laboratory of the Biotechnol-
ogy Department of Addis Ababa Science and Technology University 
(AASTU). Nalidixic acid (25 lg/ml) and cycloheximide (25 lg/ml)
were incorporated to inhibit the cross-contamination of bacteria
and fungi, respectively. Following the spreading of serially diluted
samples, plates were incubated at 28°C for one week [9]. The colo-
nies showed that Actinomycete morphology was subcultured on 
ISP2 nutrient media, which was obtained from the Microbiology
Laboratory of the Biotechnology Department of AASTU, to isolate
a pure Actinomycete colony [14]. The pure colonies were preserved 
in 25% glycerol for further investigation.

2.4. Primary screening of antimicrobial activity

Preliminary screening of antimicrobial production of isolates 
was done via the perpendicular streaking method using Mueller-
Hinton Agar obtained from the Microbiology Laboratory of the 
Biotechnology Department of AASTU. Briefly, Actinomycete iso-
lates were streaked along straight lines at the center of Mueller– 
Hinton Agar and incubated at 28°C for 5 d. Reference organisms, 
such as S. aureus ATCC-25923, P. aeruginosa ATCC-27853, and 
E. coli ATCC-25922, were refreshed in nutrient broth by the inocu-
lation of a loopful of test organisms. Their optical density was stan-
dardized to 0.5 McFarland, equivalent to a cell density of 106–
108 CFU/mL after incubation for 24 h, using a spectrophotometer
at (Biochrom Ltd, Cambridge CB4 OF J, England) 625 nm [15]. 
The reference organisms were streaked perpendicular to the iso-
lates’ colonies and incubated for 24 h at 37°C. The potent isolates
were selected based on the inhibition of the test organism.

2.5. Production and extraction of secondary metabolites

Actinomycete isolates that revealed antagonistic activity on at 
least one test organism were selected for submerged fermentation. 
Briefly, ISP2 nutrient culture media were prepared, and 200 mL 
was poured into flasks. Loopful fresh culture isolates were inocu-
lated and incubated in a shaker incubator (ZCZY-CS9, China) at
28°C for 8 d at 150 rpm [4]. After fermentation, the cell-free super-
natant and pellets were separated by centrifugation using a cen-
trifuge machine (Cence, China) at 12000 rpm for 20 min at 4°C. 
The cell-free supernatant was mixed with an equal volume of ethyl
acetate (1:1). Ethyl acetate is a moderately polar solvent that can
dissolve a wide range of metabolites and low-toxic solvent used
for microbial secondary metabolites extraction [16]. A funnel sep-
arator (Garg India-India) was used to separate the bioactive
compound-containing phases, as depicted in Fig. S2. Finally, the 
extraction solvent was evaporated at 40°C for 1 h in a vacuum oven 
(ISO14001, China). The crude bioactive products were collected,
measured, and stored at −80°C for bioactivity assays [17]. 

For intracellular bioactive metabolite extraction, the pellets 
were sonicated for 16 min at 136 MHz by using an Ultrasonic
homogenizer (Athena, India) as depicted in Fig. S3. The sonicated 
pellets were mixed with equal amounts of ethyl acetate and cen-
trifuged at 5000 rpm for 30 min at 4°C. The supernatants were col-
lected and re-extracted with ethyl acetate three times. The
extraction solvent was evaporated at 40°C for 1 h in a vacuum oven
(ISO14001, China) [16]. Partially purified bioactive products 
obtained from intracellular and extracellular sources were
assessed separately for their bioactivity.
3

2.6. In vitro screening of the antimicrobial activity

Antimicrobial activity of ethyl acetate crude extracts of selected 
isolates was evaluated using the well diffusion method. Briefly, ref-
erence organisms, P. aeruginosa ATCC-27853, S aureus ATCC-25923, 
and E. coli ATCC-25922, were refreshed, and their optical density 
was adjusted to 0.5 (108 CFU/mL) McFarland standard. One hun-
dred microliters of reference organisms were spread separately 
on sterile Muller–Hinton agar (MHA) plates. The 6 mm well was
formed via a borer, and 50 ll of crude extract (100 lg/ml) dis-
solved in DMSO was loaded into the formed well. Amoxicillin
(25 lg/ml) and DMSO obtained from the Microbiology Laboratory
of the Biotechnology Department at AASTU were used as positive
and negative controls, respectively [9]. After incubation for 24 h, 
the zone of inhibition was measured, and the potent isolates were
selected for in vivo evaluation of their antimicrobial activity.

2.6.1. In vivo evaluation of antimicrobial activity by wound infection
model

Antimicrobial and wound-healing potency of isolates’ crude 
extract was performed using the protocol described by Köksal
Karayildirim et al. [18]. Briefly, the 15 mice, 6 to 8 weeks old and 
weighing 35 to 40 g, were purchased from the Ethiopian Public 
Health Institute (EPHI). Mice were acclimatized for one week in 
polypropylene cages at 23 ± 3°C supplemented with a standard
diet and water consisting of a 12 h light/dark cycle with proper
care for the animal model according to the ‘‘Guide for the Care
and Use of Laboratory Animals’’ published by the Ethiopian Public
Health Institution.

Mice were randomly divided into five groups (GI, GII, GIII, GIV, 
and GV), with each group consisting of threemembers. Before wound 
creation, local anesthesia was applied in each group of mice with a 
dose of ketamine (50 mg/kg body weight), which involved loss of 
pain sensation in a specific body area around thewound creation site. 
Then, mice were shaved on their back for wound creation, and the 
localized dorsal skin of the mice was removed aseptically with the 
help of a surgical blade. A 1.5 cm long wound was created and 
refreshed 100 lL  volume  of  5  × 108 CFU S. aureus was applied epicu-
taneously. The fifth group left without infection was used as a nega-
tive control. The treatments were given within 8 h intervals, 
routinely following observation of infectious signs for 14 d. GI was 
infected without treatment and was used as the positive control
group. Group II was treated with 100 ll of 25 lg/ml amoxicillin. In
comparison, Group III and Group IV were treated with 100 ll of
100 lg/ml R011 and SD2 actinomycete isolate-extractedmetabolites,
respectively, and used as a healing reference.

2.6.2. Recovery of test organism
Mice were sacrificed by cervical dislocation to reduce animal pain 

and stress. The external wound site was rinsed with 70% alcohol to 
remove external microbial contaminants to recover the test organism. 
The internal tissue of thewounded sitewas removed andplaced in ster-
ilized saline water, and vigorously homogenized in Eppendorf tubes. 
The homogenized suspended sample was serially diluted to a 10-3 dilu-
tion. One hundred microliters were spread on LB agar (obtained from 
the Microbiology Laboratory of the Biotechnology Department at 
AASTU) for each dilut ion and incubated at 37°C for 24 h. At the end
of the incubation period, colonies were counted (30–330 CFU/plate).

2.6.3. Histology e xamination
Histology analysis of the mice skin tissue samples was done to 

evaluate the healing potency of the isolates’ crude extract. Briefly, 
1 cm diameter skin tissue samples were taken from the wounded
site of each group of mice and fixed in 4% paraformaldehyde. The
samples were dehydrated sequentially with increasing percent-
ages of alcohol, cleaned with xylene, and embedded in paraffin to
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obtain paraffin blocks, which were cut into 5 lm pieces. The cut 
sections were dewaxed by soaking them in xylene overnight. The 
sample was stained with hematoxylin–eosin to investigate histo-
morphological changes in the cell and tissue structure due to 
pathogen infection and the effects of the secondary metabolites 
of actinomycetes in the case of wound healing by inhibiting 
infected pathogens. Finally, the skin samples were deparaffinized
in xylene and hydrated through a descending alcohol series from
100%. After being stained with hematoxylin, differentiation and
rapid bluing steps were performed. Then, the sections dyed with
eosin were cleared with fresh xylene, mounted with mounting
medium, and observed under a microscope at 20X magnification
by covering them with a cover slip [19]. 

2.6.4. In vivo evaluation of antimicrobial activity by oral infection
model

For oral infection and treatments, the E. coli ATCC-25922 test 
organism was refreshed and adjusted to 0.5 (108 CFU/mL) McFar-
land standards. The mice were randomly divided into five groups 
with three mice per group and designated as GI, GII, GIII, GIV,
and GV. Each group was orally infected using oral gavage with
100 ll of E. coli, except for GV, which remained uninfected and
was used as a negative control.

The mice were monitored for 24 h post-infection for confirma-
tion of infection establishment. Following infectious sign observa-
tion, Group I was treated with 100 ll of amoxicillin (25 lg/ml), 
whereas Groups II and III were treated with 100 lg/ml of the crude 
R011 and SD2 extracts dissolved in DMSO, respectively. Group IV 
remained untreated and was used as the positive control, while 
GV was used as a negative control. The treatment was given con-
tinuously for three days with 8 h gaps. The change in body weight,
feeding habits, and physical changes were recorded daily. Finally,
the mice were sacrificed, and the internal organs, such as the lungs,
liver, spleen, stomach, and intestines, were removed. The patholog-
ical changes in each organ were observed and recorded [20]. 

2.7. Molecular identification and characterization

The three most potent isolates (R011, SD22, and R013) were 
grown on ISP2 media for five days. Their total genomic DNA was 
extracted via a MarkAll genomic DNA extraction kit. The concentra-
tion of extracted genomic DNA was checked using a NanoDrop 
instrument (Thermo Fisher Scientific − USA). The PCR reaction was 
performed for 16S rRNA gene amplification using universal bacterial 
primers 27F (5′-AAACTCAAACGAATTGACGG-3′) and 1492R (3′-TTT 
GAGTTTGCTTAAGCC-3′). The thermal cycling process was started 
with an initial denaturation of the target DNA at 95°C  for  1  min.  This  
was followed by 25 cycles, including denaturation at 9 5°C for 20 s,
primary annealing at 55°C for 15 s, and primary extension at 72°C
for 4 min. The process was completed with a cooling step at 4°C.
Finally, PCR amplification was confirmed using agarose gel elec-
trophoresis [14]. The amplified 16S rRNA gene was sequenced, and 
sequence data were assembled and edited via the Contig Express 
software version. A comparison of sequence similarity was per-
formed via the NCBI BLASTN https://www.ncbi.nlm.nih.gov/blast. 
The assembled sequences in FASTA format were submitted to NBCI, 
and accession numbers were given to each isolate. The sequences 
were compared with those of in-group and single-group species via 
MUSCLE via a multiple-sequence alignment program. Finally, the
phylogenetic tree was constructed using MEGA X version 7 software.

2.8. Characterization of the isolates’ crude extract

2.8.1. Fourier Transform Infrared Spectroscopy (FTIR)
For functional group analysis, isolates’ (R011,  SD2,  R013) crude 

extracts were dissolved in ethyl acetate. The dissolved samples
4

were injected into the sample cell. The samples were scanned in 
the range of 400–4000 cm−1 via an FTIR (Nicolet Evolution-300,
USA) instrument according to the protocol described by Kalaba
et al. [21]. The presence of various functional groups was assessed
based on the peak values.

2.8.2. Gas Chromatography-Mass Spectrometry (GC MS) analysis
The volatile bioactive compounds contained in the ethyl acetate 

crude extract of the actinomycete isolates were analyzed via GC
MS (Agilent technology-7890B, USA) employing the protocol
described by Rammali et al. [22]. For this analysis, the ethyl acetate 
crude extract was dissolved in methanol and injected into the col-
umn with a 1:4 split mode, with helium used as the carrier gas at a 
flow rate of 1.7 mL/min. The ion source and quadrupoles were 
maintained at 230°C and 150°C, respectively. The oven tempera-
ture program was initiated at 60°C and completed at 360°C. Data
interpretation and compound identification were performed by
comparing the obtained mass spectra with data available in the
NIST MS 2017 library.

2.9. Data analysis

Statistical data analysis was determined using Image J software 
and Origin Pro 2018 SR1 version 94 software. One-way analysis of
variance (ANOVA) followed by Tukey‘s honest test was also used.
3. Results 

3.1. Sample characterization

Physicochemical characterization of Sof Umer Cave samples 
showed, it was largely dominated by Magnesium (Mg) with 
1016.3 compositions in ppm, Copper (Cu) 209.6, Iron (Fe) 1654.8,
Cobalt (Co) 163, and Potassium (K) 225. The detailed content of
other minerals in the samples was summarized in the in Table S1. 

3.2. Isolation and morphological characterizati on of actinomycete
isolates

A total of thirty-seven actinomycete isolates were selected 
based on their morphology. Twenty-six colonies from rock sam-
ples, designated RO1 to RO26, and eleven colonies from sediment
samples, designated SD1 to SD11, as depicted in Fig. S4(A), and 
other isolates are presented in Fig. S5. For morphological character-
ization, isolates were cultured on ISP4 for seven days, and the 
observable characteristics, such as colony size, shape, mycelium
formation, and pigments of colonies, were recorded as illustrated
in Fig. S4(B) and Table S2. Some isolates were also characterized 
microscopically using a light microscope (Olympus, China), and 
their spore, substrate, and aerial mycelium were observed as
depicted in the Fig. S6. 

3.3. Primary screening of antimicrobial activity

In a preliminary screening of the antimicrobial production, 37 
of the total isolates, 10 actinomycete isolates, exhibited antimicro-
bial activity in at least one reference organism after 24 h of incuba-
tion. Specifically, RO1 and SD2 isolates inhibited all test organisms,
while others inhibited and retarded one to two growth of test
organisms (Fig. S7 and Table S3). 

3.4. In vitro screening of antimicrobial activity

Partially purified intracellular and extracellular metabolites of 
Actinomycete isolates were assessed separately for antimicrobial

https://www.ncbi.nlm.nih.gov/blast


E.C. Abdeta, A.F. Meka, D.G. Hordofa et al. Electronic Journal of Biotechnology 79 (2026) 100703
activity. However, only the crude extracellular extract of five iso-
lates exhibited inhibitory activity against test organisms. Specifi-
cally, R013, R011, and SD2 isolates revealed significant inhibition 
on both the gram-positive and gram-negative test organisms, com-
parable to RO5 and RO19. The R011 and SD2 Actinomycete isolates
exhibited greater potency and zones of inhibition against S. aureus
and E. coli, as illustrated in Fig. S8 and Table S4. In the statistical 
analysis of the inhibition zone, most of the isolates were nonsignif-
icant compared to the positive control of amoxicillin, as depicted in
Fig. 1. 

3.5. In vivo evaluation of antimicrobial activity in wound infection
model

Following wound creation, mice were infected and kept for
infectious sign observations as depicted in Fig. S9. The clinical 
manifestations, such as edema, swelling, skin lesions, redness, 
pus, and inflammation, were observed at the wound site after
24 h post-infection, as depicted in Fig. 2. 

The contraction of the wound size was observed after three 
days of treatment. However, it became wider for the untreated
positive control group, and burst by the 14th day of infection
(Fig. 3A, line 3). The treatment groups exhibited varying degrees 
of wound contraction and the healing process was based on the 
type of treatment given. The R011 extract-treated and
amoxicillin-treated groups presented greater wound contraction
and healing processes (Fig. 3B–C, respectively). However, the SD2 
extract-treated group (Fig. 3D) still exhibited improved wound 
contraction and healing processes comparable to a nonmedicated
group, as depicted in Fig. 3. 

3.5.1. Recovery of S. aureus
The number of recovered test organisms (S. aureus) from the 

positive control group was highly dense and uncountable up to 
the 10-3 dilution factor. However, the treated groups presented a 
decreased number of recovered colonies, although the extent of 
the reduction varied based on treatments. The RO11 extract-
treated group presented a significant reduction in recovered colo-
nies comparable to the SD2 extract-treated group. The RO11
extract-treated group presented only 2 colonies at the 10-2 dilu-
tion, while no growth was observed at the 10-3 dilution. The SD2
Fig. 1. Graphical representation of secondary antimicrobial screening. 
* indicates p < 0.05, ** indicates p < 0.01, *** indicates very significant differences
(p < 0.001), **** indicates p < 0.0001, and ns indicates that, nonsignificant
differences.

5

extract-treated group presented uncountable colonies up to the 
2-fold dilution, while at 10-3 , only 26 colonies were observed. This 
demonstrated that the potency inhibition of Actinomycete isolates’ 
crude extract of test organism growth. Uniquely, R011 isolates
demonstrated a promising inhibition of test organisms comparable
to the SD2-treated group, as depicted in Fig. 4. 

3.5.2. Histology examination
Histological examination result of negative control skin tissue 

samples revealed a well-organized structure (Fig. 5B). The epider-
mis and dermis were properly connected, with a smooth, evenly 
arranged epidermis. The dermis exhibited a normal distribution 
of primary skin appendages. However, the positive control samples
presented pathological changes containing thickened epidermis,
intercellular edema, and blister formation (Fig. 5A). Amoxicillin-
treated group presented a good epidermal structure, a properly 
arranged dermis, and primary skin appendages. However, some 
less desirable features were also observed, including a non-
smooth epidermis, aberrant hair follicles, cell proliferation, and
slight edema (Fig. 5C). The R011 extract-treated group presented 
improved epidermal cell structure and reduced epidermal thick-
ness. However, immune cell proliferation, aberrant hair follicles,
and fractured dermal collagen and elastic fibers were observed
(Fig. 5D). The SD2 extract-treated group presented with epidermal 
edema, parakeratosis, and aberrant hair follicles (Fig. 5E). The over-
all histopathological results for the treated groups revealed signif-
icant progress in the healing process comparable to the non-
treated group. This finding suggested that the cave isolate actino-
mycete extract revealed the inhibition of reference organisms
and enhanced the wound healing process.

The epidermal thickness of each mouse group was measured as
presented in Table S5. Statistical significance between treatments 
was determined by Tukey’s statistical analysis as depicted in Fig. 6. 

3.6. Evaluation of antimicrobial activity by oral infection model

Symptoms of infection, such as loss of appetite, rapid heartbeat, 
changes in body weight, loose hair, bunching, arched back, and
semisolid feces, were confirmed after 24 h post-infection in the
infected experimental group (Fig. 7). 

The observed infectious signs, such as feeding habits and stool 
condition, significantly improved by the second day of treatment.
The body weight of mice was also improved, as provided in
Table S6, after two days of treatment. Additionally, physically 
observed clinical signs, such as rapid heartbeat, hunching, and
arched back, were improved in the treated group compared with
the untreated group (Fig. 8). 

The internal organs of the mice, such as the lung, liver, colon, 
stomach, and spleen, were examined for pathological changes. 
The negative control group contained normal intestines with thick, 
flexible walls, including the lung, liver, colon, stomach, and spleen. 
However, the positive control group exhibited intestinal conges-
tion, easy rupture, and thinning of the intestinal walls. The intesti-
nal cavity was filled with a yellow viscous liquid, which indicates 
an abnormality of the intestine. The stomach, lungs, liver, and
spleen were also enlarged in size and revealed a color change,
while this sign improved for treated groups. The amoxicillin and
R011 groups had better effects comparable to the SD2-extract.
The SD2 extract-treated group exhibited some alleviation of the
clinical signs observed in the positive control. However, the lungs
of the SD2-treated group were very large and hemorrhagic, as illus-
trated in Fig. 9. The alleviation of the physically observable inflam-
matory response was noted in the treated groups while not for
positive control group. Additionally, no organ toxicity was
observed as indicated in (Fig. 9), comparable to the crude 
extract-treated group with negative control.
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Fig. 2. Symptoms of infection were observed after 24 h post-infection.

Fig. 3. The representative wound picture was taken on different days. (A) positive control; (B) amoxicillin-treated group; (C) R011 extract-treated group; (D) SD2 extract-
treated group; and (E) negative control.

Fig. 4. Recovered the test organism from the wound on the last day. RO11: group mice treated with RO11 isolate’s extract, while SD2 is a group treated with SD2 isolate’s 
extract. Amx represents an amoxicillin drug used as the positive control. −ve, for negative control, and +ve for positive control. 10-1, 10-2, and 10-3 represent the dilution factor
of the sample.
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Fig. 5. Histology results under a light microscope at 20X. (A) positive control; (B) negative control; (C) amoxicillin-treated group; (D) R011 extract-treated group; (E) SD2-
treated group. Blue arrows indicate parakeratosis and edema, black arrows indicate aberrant hair follicles, and red arrows indicate the proliferation of immune cells. The scale
bar indicates the measurement of the epidermal thickness of the skin tissue of mice. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 6. Measurement of skin sample thickness and statistical significance level 
between treatments. The streaks indicate statistical analysis between treatments: 
* indicates p < 0.05, ** indicates p < 0.01, *** indicates very significant differences
(p < 0.001), **** indicates p < 0.0001, and ns indicates non-significant differences.
3.7. Taxonomic identification of potent isolates

The genomic DNA of three isolates was extracted, and the 16S 
rRNA gene was amplified by 27F (5′-AAACTCAAACGAATTGACGG-
3′) and 1492R (3′-TTTGAGTTTGCTTAAGCC-3′) primers. The ampli-
fied gene was visualized by agarose gel-electrophoresis, and about
1200 bp band was formed, as depicted in Fig. S10 and Fig. S11. The 
sequenced 16S rRNA gene raw data of these isolates were trimmed 
and aligned via the Contig Express project software. The R013 iso-
late showed similarity to members of the Streptomyces genus,
with 98% homology S. flavoviridis strain. A R011 isolate revealed
significant similarity to the members of the Actinomycete species,
with 99% homology to the Actinobacterium kmd_152. SD2 isolate
7

exhibited similarity to the actinobacterial species with 97% homol-
ogy to Arthrobacter sp. PF3B1, as revealed in the subsequent phylo-
genetic tree analysis. These 16S rRNA gene sequence data were 
submitted to the gene bank to obtain specific accession numbers, 
and the PQ043200, PQ069280, and PQ056890 accession numbers
were given for the SD2, R013, and RO11 isolates, respectively. To
reveal their evolutionary relationship, the phylogenetic tree was
constructed for isolates using Mega software via the neighbor-
joining method, as depicted in Fig. 10. 

3.8. Characterization of isolates’ crude extract

3.8.1. Fourier Transform Infrared Spectroscopy (FTIR)
FTIR analysis of the ethyl acetate crude extract of the potent iso-

lates presented different peak values as depicted in Fig. 11. The 
highest peak values were recorded at 3332.896 for the three iso-
lates. This corresponds to OAH stretching vibrations, which are 
commonly associated with the presence of hydroxyl groups. The 
2850–3300 cm−1 peak corresponds to CAH stretching vibrations, 
commonly representing the functional groups of aliphatic or aro-
matic hydrocarbons. The peak formed from 1680 to 1750 cm−1 cor-
responds to C@O stretching, which commonly represents the 
carboxyl functional group. The peak formed from 1680 to
1750 cm−1 corresponds to C@O stretching, which commonly repre-
sents the carboxyl functional group. The functional groups identi-
fied under this analysis, such as alkanes, aliphatic, carboxyl, and
hydroxyl groups, illustrated the presence of relevant functional
groups that can be used as the molecular basis of antibiotic
biosynthesis.

3.8.2. Gas Chromatography-Mass Spectrometry (GC MS) analysis
The sixty-three compounds were identified from the R011 

extract using GC–MS analysis. The chromatography exhibited dif-
ferent peak values, as depicted in Fig. 12A, representing different 
compounds. Among the identified compounds, the highest per-
centage of composition contained compounds presented in Table 1, 
while the remaining identified compounds were presented in
Table S7. SD2 extract analysis presented only sixteen compounds. 
The chromatography of this isolate presented fewer peak values
than the R011 extract, as depicted in Fig. 12B. The major
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Fig. 7. Observation of clinical signs at 24 h post-infection. (A) infected mice group without treatment; (B) infected and uninfected mice groups together; (C) non-infected
control group; (D) change in stool due to infection.

Fig. 8. Photographs were taken after two days of treatment. Amoxa + E. coli: infected mice group treated with amoxicillin, as a healing reference. Only the E. coli label 
indicates the infected and untreated mice group. R011 + E. coli: infected mice group and treated with R011 isolate’s extract, while SD2 + E. coli for the infected mice group and
treated with SD2 isolate’s extract.

 

compounds based on their percentage of composition are pre-
sented in Table 2, while the remaining compounds are presented
in Table S8. 

4. Discussion 

Caves are oligotrophic environments that provide unique 
stress ecosystems that facilitate microbial interactions. This 
may lead microbes dwelling in caves to produce potential sec-
ondary metabolites to co mpete with other microbes and conquer
available nutrients [23]. However, potential microbial communi-
ties in caves are less explored [24], and Actinomycetes a re also a
8

large group of Actinobacteria species widely known to inhabit
the caves [25]. A number of previous studies conducted on caves 
also confirmed the existence of a high diver sity of cave-dwelling
actinomycetes [9,15,17,26]. According to Meka et al. [13],  the
metagenomic study conducted on Sof-Umer Cave revealed the 
presence of microbial diversity, including actinobacterial spe-
cies. The presence of novel functional genes that may be involved 
in metabolism and the discovery of new bioactive compounds 
were also reported in this metagenomics study. Thus, the present 
study attempted to examine the antagonistic activity of Sof Umer
Cave-dwelling actinomycetes for selected human pathogen ref-
erence organisms.
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Fig. 9. Internal organs of E. coli-infected and non-infected groups of mice. –VE: non-infected organs of mice, +VE: untreated infected control group. Amoxa + E.coli: 
amoxicillin treated infected control group. R011 + E.coli: R011 isolate’s extract treated group, while SD2 + E. coli is for the SD2 isolate’s extract treated group.

Fig. 10. Phylogenetic tree of three 16S RNA gene sequences of actinomycete isolates. Retrieved from the neighbor-joining analysis showing the evolutionary relationship 
of isolates SD2 (PQ043200), R011 (PQ069280), and R013 (PQ056890) with their closest BLAST hit. The Bootstrap values (1000 replications) were based on multiple sequence
alignment and constructed using the MEGA X version 7 Software.

9
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Fig. 11. FTR data analysis of ethyl acetate crude extract of three isolates. The SD2 represents actinomycete isolates from sediments, RO13, and RO11, and Actinomycete
isolates from the rock sample.
In our study, most isolates revealed antimicrobial activity 
against gram-negative in comparison to gram-positive test organ-
isms. However, comparable to our finding, Streptomyces spp. iso-
lated from Karst Caves in Türkiye inhibited more Gram-positive
(S. aureus) than Gram-negative (E. coli and P. aeruginosa) test
organisms [27]. This illustrates the potency of the Sof-Umer Cave 
actinomycete against more antibiotic-resistant bacteria. Since 
gram-negative bacteria are known to be more antimicrobial-
resistant owing to the unique structure of their cell walls, it pro-
vides a permeability barrier that protects them from the penetra-
tion of toxic molecule structures [28]. Therefore, this finding 
paves the way for seeking the best solution for antimicrobial-
resistant pathogens. Between the intracellular and extracellular 
ethyl acetate crude extract of isolates, only the extracellular crude 
extract exhibited bioactivity against reference organisms, whereas
the intracellular metabolites did not reveal any inhibitory activity.
This may be due to a specific mechanism of action of extracellular
metabolites targeting other environmental microbes for coloniza-
tion of the niche [29]. Streptomyces olivaceus isolated from 
Shuanghe Cave inhibited E. coli and S. aureus by 12.5 ± 0.8 and
12.2 ± 0.9 inhibition zone (mm), respectively [23]. However, 
S. flavoviridis and Actinobacterium kmd_15 isolated from Sof Umer 
Cave in our study inhibited E. coli and S. aureus by 17.5 ± 0.78, 
21.65 ± 0.7 and 19.25 ± 6, 23 ± 0.56 in mm, respectively. Compara-
ble with this study, the Sof-Umer Cave Actinomycete isolates 
showed promising antimicrobial activity, which paves the way
for exploring potential microbes. Even though the zones of inhibi-
tion observed between different studies may not be strictly compa-
rable, this is because the zone of inhibition can be affected by both
the effectiveness of the antibiotic and the rate of diffusion through
the growth medium [30]. A recent study also reported isolation of 
Streptomyces ambofaciens from Pakistan Cave and ethyl acetate 
extract of its metabolites presented 25 and 22 mm zones of inhibi-
tion for E. coli and S. aureus, respectively [31]. Comparable to our 
finding, Streptomyces spp. produced a greater zone of inhibition 
for E. coli. However, the zone of inhibition formed by Streptomyces 
spp. in our findings for S. aureus was higher than that in this study. 
Therefore, this finding illustrated that Sof-Umer Cave harbors
potential Actinomycete species, which paves the way for the explo-
ration of potent bioactive compounds for the discovery of effective
antibiotics from this Cave. The antagonistic activity of isolates is
due to the presence of various bioactive metabolites produced by
10
microbes under their optimum growth conditions and the exis-
tence of potent microbial metabolites from Caves, as suggested in
many previous studies [4,26]. The microbial competition in olig-
otrophic environments is also another factor influencing the pro-
duction of potent metabolites for their survival to compete for 
the available nutrients. This makes Caves fascinating oligotrophic
environments for exploring potential microbes for the discovery
of novel bioactive compounds [26]. Streptomyces spp. are also a 
potent Actinomycete group that has repeatedly been isolated and 
known for the production of different potential metabolites
reported in different previous studies [5,6], also isolated in this 
finding, which exhibited potential antimicrobial activity against
the reference organism.

The clinical manifestation of the wound infection model 
occurred as a result of the immune response to S. aureus infection
[18]. However, in the present finding, actinomycete isolates crude 
extract presented a great reduction of these clinical signs, wound 
contraction, and progressive healing. The presence of anti-
microbial, ant-oxidant, and anti-inflammatory compounds such 
as, pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-, 2-piperidine, 
phenol, 2-methoxy-4-(1-propenyl)-, indolizine, cis(+)-3(R,4S)-4-h 
ydroxy-3-(2-nitrosyl), tetrahydro-4H-pyran, phthalic acid and 
3,5-dimethyl phenylmethyl ester may contributed to wound con-
traction and clinical sign alleviation, which were identified via
GC MS in the isolates’ crude extract. The previous findings also
reported that these compounds and their derivatives have bioac-
tivity that inhibits pathogens and is used as anti-inflammatories
extracted from various microbes and plants [32,33,34,35,36]. How-
ever, further purification and elucidation of their crude extract are 
indeed relevant in prospective studies to enhance their bioactivity 
observed in our study for effective antibiotics discovery. An oral 
E. coli infection often causes gastrointestinal discomfort, nausea,
and loss of appetite in mice, and reduced food intake leads to a
decrease in caloric intake, which results in weight loss [33]. How-
ever, actinomycete crude extracts alleviated these clinical symp-
toms. This may be due to the Sof Umer cave actinomycete 
producing secondary metabolites that inhibit this test organism. 
The crude extract of the Sof-Umer Cave Actinomycetes also con-
tained potent antimicrobial, anti-inflammatory, and anticancer
bioactive compounds identified by GC MS analysis that contributed
to the inhibition of infection in test organisms, which have also
been reported by Kavitha and Savithri [35] and Shoaib et al. [36].
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Fig. 12. Chromatographs of GC–MS analysis of Actinomycete isolates. (A) indicates for R011 extract while (B) for SD2 extract.
Particularly, bioactive compounds such as Hexadecanoic acid, 
methyl ester, as antimicrobial potency [37]. Pyrrolo[1,2-a]pyra 
zine-1,4-dione, hexahydro-3-(2-methylpropyl as antimicrobial
and antifungal [38], and as antimicrobial, anti-inflammatory, 
antiviral, antifungal, antioxidant, antitumor, and kinase inhibitory
[39] are some compounds identified in this study and also reported 
in a previous study from Actinomycete species. However, further 
histological analysis of an internal organ of the oral infection
mouse models that exhibited physical changes is required for fur-
ther investigation of the effectiveness of the bioactive compounds
of the isolates administered orally.

The FTIR analysis of the ethyl acetate extract of the crude bioac-
tive compounds of Actinomycete isolates presented different func-
tional groups such as aliphatic, ester, hydroxyl, aromatic, alkane,
11
and phenol. The presence of these functional groups may con-
tribute to the different biological applications. In particular, hydro-
xyl, aliphatic, and phenol functiona l groups are the main
components of many drugs and may contribute to the antimicro-
bial activity of this study [40]. As reported by Alqahtani et al.
[41], almost similar functional groups were identified by FTIR from 
crude metabolite extract of Actinomycete species isolated from 
rock soil. From the GC MS analysis, 63 compounds were identified 
in the Actinobacterium sp. (R011) crude extract, whereas 16 com-
pounds were identified in the isolate SD2 (Arthrobacter) extract.
The identified compounds contained a versatile group that can be
used as antimicrobial, anti-inflammatory, antioxidant, and anti-
cancer agents comparable to previous studies [16,36,42]. These 
compound groups include organic compounds, alkanes, alkenes,
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Table 1 
A high percentage composition contained compounds from R011 isolate extract.

Chemical 
formula 

Nature of
compound

No Compound name RT Area MW PC% Chemical structure 

Organic 
compound 

1 Pyrrolo[1,2-a] pyrazine-1,4-dione, hexahydro- C7H10N2O2 15.678 1,260,911 196.25 14.15480636 

Organosulfur 
compound 

2 2-Imidazolidinethione C3H6N2S 12.778 1,254,596 102.168 14.08391508 

Organic 
compound 

3 28-Norolean-17-en-3-ol C29H48O 28.002 739,456 410.7 8.301027188 

Organic 
compound 

4 2-Piperidinone C5H9NO 8.21 711,672 99.133 7.989127982 

Organic 
compound 

5 2,5-Piperazinedione, 3,6-bis(2-methylpropyl)- C12H22N2O2 22.539 168,406 226.32 1.890501645 

6 Palmitic acid C16H32O2 18.97 159,118 256.42 1.786235887 Fatty acid 

Organic 
compound 

7 Methyl {3-[2-(Acetylamino)ethyl]-2-Iodo-1h-
Indol-5-Yl}carbamate

C13H16N2O 22.885 156,375 244.33 1.755443362 

Organic 
compound 

8 2,5-Cyclohexadiene-1,4-dione, 2,5-dihydroxy-
3-methoxy-6-methyl-

C8H8O5 18.877 64,049 140.0936 0.719004904 

Organic 
c ompound

9 3-Isobutylhexahydropyrrolo[1,2-a] pyrazine-
1,4-dione

C11H18N2O2 18.779 46,839 210.27 0.525807908 

Organic 
compound 

10 (24R)-Stigmast-5-en-3, beta. –ol C29H5OO 22.007 45,891 681.2 0.515165796 
aliphatic compounds, cyclic organic compounds, heterocyclic com-
pounds, lipids, cyclic peptides, aldehydes, and aromatic com-
pounds, which may be one of the reasons for their potential 
antimicrobial activity. Specifically, pyrrolo[1,2-a]pyrazine-1,4-dio 
ne, hexahydro-, 2-piperidine, phenol, 2-methoxy-4-(1-propenyl),
and indolizine, which were identified in this study, have also been
reported as antimicrobial and antioxidant agents from actinobacte-
rial species [35,43]. The present study focused on the in vitro and 
in vivo anti-microbial properties of Sof Umer cave-dwelling actino-
mycete crude bioactive compounds. Although the Actinomycete 
crude bioactive extract did not show any specific symptoms in 
the animal model, investigation of its toxicity is further recom-
mended for future findings. However, this research provides a
new view on the potential effects of Sof Umer cave actinomycete
crude extracts in vivo treatment of mice models infected with test
organisms. To the best of our knowledge, this is the first study to
12
provide insight into the in vivo bioactivity evaluation of actino-
mycete crude metabolite extracts on animal models.

5. Conclusi ons

In conclusion, the Sof Umer Cave Actinomycete species, including 
Streptomycetes sp., Actinobacterium strain, and Arthrobacter sp., 
demonstrated promising antagonistic activity in both in vivo and 
in vitro tests. The elucidation of their crude culture products con-
firmed the existence of various compounds and functional groups 
that may possess wide biological applications. Therefore, this study 
provides insight into the exploration of actinomycete species from 
unexplored environments, such as caves, that may harbor potential
metabolites that could be useful in addressing the challenges of
antimicrobial resistance. Additionally, our findings highlighted Acti-
nomycete strains with their significant potential bioactive com-
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Table 2 
A high percentage composition contained compounds from SD2 isolate.

Molecular 
formula 

Compound 
nature 

No Compound name RT Area MW PC% Chemical structure 

Organosulfur 
compound 

1 Ethylene thiourea C3H6N2S 12.83 2,774,933 102.16 3.179120098 

Organic 
compound 

2 Methyl 3-bromo-1-adamantane acetate C13H19BrO2 28.401 1,101,337 287.19 1.26175392 

Organic 
compound 

3 Phenol, 2-methoxy-4-(1-propenyl)- C10H12O2 22.4 755,211 164.2011 0.86521241 

Organic 
compound 

4 Pyrrolo[1,2-a] pyrazine-1,4-dione, hexahydro- C7H10N2O2 15.678 240,915 196.25 0.276005842 

Organic 
compound 

5 (24R)-Stigmast-5-en-3. beta.-ol C29H50O 18.964 162,966 681.2 0.186703061 

Organic 
Compound 

6 (2R,3R,4aR,5S,8aS)-2-Hydroxy-4a,5-dimethyl-3-
(prop-1-en-2-yl) octahydronaphthalen-1(2H)-one 

C15H24O2 27.627 151,060 236.35 0.173062875 

Organic 
Compound 

7 Despropionyl-2-fluorofentanyl C19H23FN2 23.827 121,777 298.3977 0.139514615 

Organic 
compound 

8 1-(2 Hydroxyethyl)cyclohexane-1,2-diol C8H16O3 22.856 93,906 178.27 0.107584022 

Organic 
compound 

9 Eugenol C10H12O2 10.179 43,486 164.2 0.04982002 

Organic 
compound 

10 Cholest-5-en-3-yl (9Z)-9-octadecenoate C45H78O2 24.6 38,261 651.1 0.043833964 
pounds and their applications in pharmaceuticals. In vivo and in vitro 
methods were adopted for a comprehensive assessment of their 
antagonistic activity to determine their potency. However, this study 
is limited to a small part of the cave, which may not represent the full 
diversity of actinomycetes inhabiting in Sof Umer cave ecosystem. 
Additionally, characterization of metabolites and further detailed 
chemical analyses are indeed relevant for fully understanding their 
mechanism of action and structures. Therefore, prospective research
should emphasize the purification and elucidation of secondary
metabolites for developing potential antibiotics.

CRediT authorship contribution statement

Ebisa Chaluma Abdeta: Writing – review & editing, Writing – 
original draft, Methodology, Investigation. Abu Feyisa Meka:Writ-
ing – review & editing, Conceptualization. Daniel Girma Hordofa:
13
Methodology, Investigation. Belete Ketema Sime: Investigation, 
Data curation. Gadisa Abdisa Akkewak: Data curation, Conceptu-
alization. Jemal Ali Mahdi: Data curation, Conceptualization. 
Musin Kelel Abas: Visualizati on, Validation, Supervision, Concep-
tualization. Mesfin Tafesse Gemeda: Writing – review & editing,
Visualization, Validation, Supervision, Methodology, Investigation,
Conceptualization.

Ethics approval (animals)

All animal-based experiments are performed in line with Addis 
Ababa Science and Technology institutional animal care and use 
committee (IACUC) policies and guidelines. The in vivo animal
model-based studies were designed in consideration of animal
rights and welfare guidelines designated in the IACUC that reduce
the use of animals.



E.C. Abdeta, A.F. Meka, D.G. Hordofa et al. Electronic Journal of Biotechnology 79 (2026) 100703
Financial support 

This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationsh ips that could have appeared
to influence the work reported in this paper.

Acknowledgements 

The authors acknowledged Addis Ababa Science and Technol-
ogy University for laboratory facilities.

Supplementary material 

https://doi.org/10.1016/j.ejbt.2025.100703. 

Data availability 

All the data recorded during this study are attached separately
as supplementary material as evidence for this research. The 
sequence data have been deposited in the NCBI database under
the following accession numbers: PQ069280, PQ043200,
PQ056890.

References 

[1] De Simeis D, Serra S. Actinomycetes: A never-ending source of bioactive
compounds—An overview on antibiotics production. Antibiotics 2021;10
(5):483. https://doi.org/10.3390/antibiotics10050483. PMid: 33922100.

[2] Budhathoki S, Shrestha A. Screening of Actinomycetes from soil for
antibacterial activity. Nepal J Biotechnol 2020;8(3):102–10. https://doi.org/ 
10.3126/njb.v8i3.33664. 

[3] Ganesan P, Reegan AD, David RHA, et al. Antimicrobial activity of some 
actinomycetes from Western Ghats of Tamil Nadu, India. Alex J Med 2017;53
(2):101–10. https://doi.org/10.1016/j.ajme.2016.03.004. 

[4] Bhat MP, Nayaka S. Cave soil Streptomyces sp. strain YC69 antagonistic to chilli 
fungal pathogens exhibits in vitro anticancer activity against human cervical
cancer cells. Appl Biochem Biotechnol 2023;195:6232–55. https://doi.org/ 
10.1007/s12010-023-04388-y. PMid: 36853440.

[5] El-Sherebiny G, Ali ARA, Ali DM, et al. Bioengineering of zinc oxide 
nanoparticles as therapeutics for immunomodulatory and antimicrobial
activities. Egypt J Chem 2022;65(131):1473–86. https://doi.org/10.21608/ 
ejchem.2022.136366.6008. 

[6] Kalaba MH, El-Sherbiny GM, Ewais EA, et al. Green synthesis of zinc oxide 
nanoparticles (ZnO-NPs) by Streptomyces baarnensis and its active metabolite
(Ka): A promising combination against multidrug-resistant ESKAPE pathogens
and cytotoxicity. BMC Microbiol 2024;24:254. https://doi.org/10.1186/ 
s12866-024-03392-4. PMid:38982372. 

[7] Busi S, Pattnaik SS. Current status and applications of actinobacteria in the 
production of anticancerous compounds. In: Singh BP, Gupta VK, Passari AK,
editors. New and future developments in microbial biotechnology and
bioengineering. p. 137–53. https://doi.org/10.1016/B978-0-444-63994-
3.00009-6. 

[8] Nyirabahizi E, Tyson GH, Dessai U, et al. Evaluation of Escherichia coli as an 
indicator for antimicrobial resistance in Salmonella recovered from the same
food or animal ceca samples. Food Control 2020;115:107280. https://doi.org/ 
10.1016/j.foodcont.2020.107280. 

[9] Nawaz S, Fatima A, Saleem M, et al. Exploring the antimicrobials production
potential of actinobacteria isolated from caves at Bahadurkhel Karak, Pakistan.
Proc Pak Acad Sci B Pak Acad Sci Life Environ Sci 2023;60(1):101–12. PMid:
35250404. 

[10] Chali K, Belay Z, Bacha K. In vitro bioassay of antibacterial and antifungal 
activity studies of actinomycetes from soda lakes of Ethiopia. Sys Rev Pharm
2022;13(8):798–807. https://doi.org/10.21203/rs.3.rs-668562/v1. 

[11] Elias F, Muddada S, Muleta D, et al. Antimicrobial potential of Streptomyces 
spp. isolated from the Rift Valley Regions of Ethiopia. Adv Pharmacol Pharm
Sci 2022;2022(1):1724906. https://doi.org/10.1155/2022/1724906. 

[12] Asrat A. Geology, geomorphology, geodiversity and geoconservation of the Sof 
Omar Cave System, Southeastern Ethiopia. J Afr Earth Sc 2015;108:47–63.
https://doi.org/10.1016/j.jafrearsci.2015.04.015. 
14
[13] Meka AF, Bekele GK, Abas MK, et al. Exploring microbial diversity and 
functional gene dynamics associated with the microbiome of Sof Umer cave,
Ethiopia. Discov Appl Sci 2024;6:400. https://doi.org/10.1007/s42452-024-
06110-x. 

[14] Rante H, Manggau MA, Alam G, et al. Isolation and identification of 
Actinomycetes with antifungal activity from karts ecosystem in Maros-
Pangkep, Indonesia. Biodiversitas 2024;25(2):458–64. https://doi.org/ 
10.13057/biodiv/d250203. 

[15] Pipite A, Lockhart PJ, McLenachan PA, et al. Isolation, antibacterial screening, 
and identification of bioactive cave dwelling bacteria in Fiji. Front Microbiol
2022;13:1012867. https://doi.org/10.3389/fmicb.2022.1012867. 

[16] Almuhayawi M, Mohamed M, Abdel-Mawgoud M, et al. Bioactive potential of 
several actinobacteria isolated from microbiologically barely explored desert
habitat, Saudi Arabia. Biology 2021;10(3):235. https://doi.org/10.3390/ 
biology10030235. 

[17] Gatinho P, Salvador C, Gutierrez-Patricio S, et al. From cultural and natural 
heritage to a reservoir of biomedicine: Prospection of bioactive compounds
produced by bacterial isolates from caves. Int Biodeter Biodegr
2024;190:105773. https://doi.org/10.1016/j.ibiod.2024.105773. 
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