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GRAPHICAL ABSTRACT

Whole genome analysis and biosynthetic gene cluster profiling of Stenotrophomonas sp. ASucR1 isolated from Sof Umer Cave, Ethiopia
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Conclusions: This study highlights the metabolic versatility and biosynthetic potential of Stenotrophomonas sp.
ASucR1, a promising candidate for antimicrobial development and biotechnological applications. The identifica-
tion of various biosynthetic gene clusters paves the way for exploring bioactive compounds with pharmaceutical

significance.
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1. Introduction

Microorganisms that inhabit extreme and underexplored environ-
ments have gained increasing attention for their potential to produce
novel bioactive compounds [1,2]. Caves, in particular, represent a rich
yet unexplored ecosystem [3]. Environments are characterized by
darkness, high humidity, and low nutrient availability, which provide
unique selective pressures that promote the evolution of microbial
communities with specialized metabolic capabilities [4]. Recent
metagenomic and culture-based studies have shown that microbial
isolates from cave ecosystems possess diverse biosynthetic gene clus-
ters (BGCs) responsible for the production of antimicrobial, antifun-
gal, anticancer, and antioxidant agents [4,5].

The genus Stenotrophomonas includes Gram-negative, aerobic, non-
fermentative bacteria that are typically found in soil, water, and envi-
ronments associated with plants [6,7]. Some species, especially Steno-
trophomonas maltophilia, are recognized as opportunistic pathogens in
humans [7]. However, many environmental isolates of Stenotrophomo-
nas are valued for their biotechnological potential, playing important
roles in bioremediation, promoting plant growth, and synthesizing
bioactive secondary metabolites [8]. Despite these benefits, the genus
remains underexplored regarding the biosynthesis of secondary
metabolites, from unique ecological ecosystem like caves [9].

Whole-genome sequencing (WGS) has transformed microbial
genomics by allowing for a thorough analysis of genetic content,
encompassing metabolic pathways, resistance genes, and biosyn-
thetic gene clusters (BGCs) [10]. Tools such as antibiotics and sec-
ondary metabolite analysis shell (antiSMASH) pipeline [11] and
Prokka [12] help in the in-silico identification and functional anno-
tation of BGCs. This provides insights into the biosynthetic poten-
tial of microorganisms without the need for initial metabolite
extraction or purification. Additionally, variant calling and compar-
ative genomics enable researchers to explore the adaptive evolu-
tion of strains living in extreme environments [13].

In Ethiopia, Sof Umer Cave is one of the largest and most ecolog-
ically diverse cave systems, yet its microbial biodiversity remains
largely unexplored. Recognizing the ecological uniqueness of this
habitat and the potential of cave microbiomes as sources of new
biomolecules, we aimed to isolate and characterize a bacterial
strain from this site with promising biotechnological applications.
In this study, we report the isolation, genomic sequencing, and
biosynthetic gene cluster profiling of Stenotrophomonas sp. ASucR1.
Our objectives were to explore the organism’s genetic potential for
secondary metabolite production, understand its evolutionary
adaptations through single-nucleotide polymorphisms (SNPs) and
insertion-deletions (InDels) analysis, and evaluate its suitability
as a candidate for antimicrobial drug discovery.

2. Materials and methods
2.1. Sample collection and isolation

Rock samples were aseptically collected from the interior walls
of Sof Umer Cave using sterile spatulas and transported to the lab-

47

oratory in sterile containers under refrigerated conditions. Samples
were processed within 48 h of collection. Serial dilution and spread
plating were performed on nutrient agar and soil extract agar to
isolate distinct colonies. Plates were incubated at 28°C for 72 h.
Colonies showing unique morphology were sub-cultured repeat-
edly to obtain pure isolates (Fig. S1A).

2.2. Preliminary antimicrobial screening

The pure isolate of ASucR1 was tested for antimicrobial activity
using the perpendicular streak method against standard strains of
Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853,
Staphylococcus aureus ATCC 25923, and Candida albicans ATCC
10231. After a 24-h incubation at 37°C, the zones of inhibition
were measured (Fig. S1C).

2.3. Genomic DNA extraction and quality assessment

Bacterial cells were cultured in LB broth at 28°C with shaking at
150 rpm for 48 h. Genomic DNA was extracted using the Qiagen
DNeasy Blood & Tissue Kit, following the manufacturer’s instruc-
tions. DNA purity and concentration were determined using a
Thermo Scientific NanoDrop 3300 Fluorospectrometer. DNA integ-
rity was evaluated through 1% agarose gel electrophoresis (Fig. S2).

2.4. Library preparation and whole-genome sequencing

DNA libraries were prepared using the Nextera DNA Flex
Library Preparation Kit. The libraries were then validated with an
Agilent Bioanalyzer and sequenced on an Illumina NovaSeq 6000
platform, producing 150 bp paired-end reads. Read quality metrics
were evaluated using FastQC 0.12.0 [14]. For quality filtering and
adapter trimming, Trimmomatic [15] was used (Fig. S3).

2.5. Genome assembly and quality metrics

Clean reads were assembled using SPAdes v3.15.2 [16]. The
quality of the assembly was assessed with QUAST [17] to obtain
metrics including N50, the number of contigs, and genome size.
Genome completeness and contamination were evaluated using
CheckM [18].

2.6. Read alignment and coverage analysis

Filtered reads were mapped to the assembled genome using
BWA-MEM [19]. SAMtools [20] was used to calculate mapping
statistics, including read depth. Coverage across the genome was
determined using BEDTools [21].

2.7. Variant calling and annotation

Single-nucleotide polymorphisms (SNPs) and insertion-
deletions (InDels) were identified using the genome analysis
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toolkit (GATK) [22]. SnpEff was used to annotate the variants and
predict their functional consequences [23]. Variants were catego-
rized based on coding effect (synonymous, non-synonymous,
stop-gain, stop-loss) [24].

2.8. Biosynthetic gene cluster identification

Antibiotics and secondary metabolite analysis shell (antiSMASH)
v7.0 [11] was used to predict and annotate biosynthetic gene clusters
(BGCs) based on the assembled genome. Cluster types were catego-
rized as polyketide synthase (PKS), nonribosomal peptide synthetase
(NRPS), ribosomally synthesized and post-translationally modified
peptides (RiPPs), and terpene, and homology searches were per-
formed against the minimum information about a biosynthetic gene
cluster (MIBiG) database to assess novelty [25].

2.9. Functional gene annotation

Genome annotation was conducted using Prokka [12]. Func-
tional categorization was performed using Blast2GO [26], KEGG
Mapper [27], and eggNOG-mapper [28] to assign genes to known
metabolic and regulatory pathways. Cluster of orthologous groups
(COG) classification was used to determine the distribution of
genes with SNPs and InDels across functional categories [29].

2.10. Data visualization and statistical analysis

OriginPro [30] was used for plotting SNP distributions, cluster of
orthologous groups (COG) functional categories, and BGC counts.
Descriptive statistics were computed to summarize assembly met-
rics and variant impacts.

3. Results and discussion
3.1. Antagonistic activity

Stenotrophomonas sp. ASucR1 exhibited significant antagonistic
activity against four clinical isolates. Inhibition zones measured for
Escherichia coli (15.3 mm), Staphylococcus aureus (15.5 mm), Pseu-
domonas aeruginosa (12.7 mm), and Candida albicans (10.2 mm)
(Fig. S1B-C). These findings suggest that Stenotrophomonas sp. ASucR1
produces bioactive compounds with broad-spectrum antimicrobial
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activity, likely due to its adaptation to the nutrient-poor cave environ-
ment, which promotes secondary metabolite biosynthesis [31,32].

3.2. Genomic DNA quality

The extracted genomic DNA showed high molecular weight and
purity, with A260/A280 ratios between 1.80 and 2.03 (Table S1).
The presence of intact bands on the agarose gel confirmed the
DNA'’s suitability for downstream sequencing applications [33].

3.3. Sequencing output and assembly statistics

Whole-genome sequencing generated 8,204,852 raw paired-
end reads. After quality trimming, 98.59% of reads were retained,
with a Q20 score of 98.03% (Table 1 and Table S2), indicating high
sequence quality. The genome assembly produced an N50 of
150,000 bp and a total assembly length of approximately 4.7 Mb,
consistent with other Stenotrophomonas species [34,35]. Read
mapping achieved an average depth of 112.87X and 85.2% genome
coverage (Table 2). CheckM analysis revealed 98.5% genome com-
pleteness with 1.2% contamination, supporting the reliability of the
dataset for further functional analysis [36].

3.4. SNP and InDel annotation

A total of 17,238 SNPs were detected, of which 91.5% occurred in
coding sequences (Fig. 1A). Among these, 85.84% were synonymous,
and 13.7% were non-synonymous, potentially impacting protein
structure and function (Fig. 1B). A small proportion (0.05%) repre-
sented stop-gain and stop-loss mutations. These variants were pre-
dominantly associated with genes involved in cell wall biosynthesis,
membrane transport, and oxidative stress responses [37]. InDel muta-
tions, though fewer, were found to affect genes related to signal trans-
duction and transcriptional regulation. The prevalence of
synonymous mutations suggests evolutionary pressure to maintain
protein function while permitting limited adaptive changes [38].

3.5. Functional annotation and cluster of orthologous groups
classification

Cluster of orthologous group (COG)-based functional catego-
rization of SNP and InDel-affected genes showed enrichment in

100
90
80
70
60
50
40
30
20

]
0

85.84%

Percentage

0.05%

0.01%

&
s*
G

>
&
s
o(:
(\

< &

Exonic Variant Effect

Fig. 1. SNP distribution and functional impact in the Stenotrophomonas sp. ASucR1 genome. (A) SNP distribution across genomic regions is as follows: upstream (1.67%),
downstream (1%), upstream/downstream (5.83%), and exonic regions (91.5%). (B) Functional classification of exonic SNPs reveals that the majority are synonymous (85.84%),
followed by non-synonymous mutations (13.7%). Stop-gain mutations account for 0.05%, stop-loss for 0.01%, and unknown exonic variants for 0.41%.
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Table 1
Statistics of sequencing quality metrics for Stenotrophomonas sp. strain ASucR1.
Code Raw reads Clean data (G) Effective (%) Q20 (%) GC (%)
ASucR1 8,204,852 1.2 98.59 98.03 61.39
Table 2

Mapping and coverage statistics for Stenotrophomonas sp. strain ASucR1.

Total reads
8,089,342

Sample
ASucR1

Mapped reads
4,460,684

Mapping rate (%)
55.14

Average depth(X)
112.87

Coverage at least 1X (%)
85.20

metabolic pathways (22%), transport and catabolism (18%), and
secondary metabolite biosynthesis (15%) (Fig. 2). Mutations in
genes associated with replication, recombination, and repair fur-
ther suggest an active genome capable of maintaining integrity
under stress conditions [38]. These results highlight the strain’s
adaptability to nutrient-poor cave environments.

3.6. Biosynthetic gene cluster analysis

Antibiotics and secondary metabolite analysis shell (anti-
SMASH) analysis predicted 19 biosynthetic gene clusters (BGCs),
including non-ribosomal peptide synthetases (NRPS) 35%, ribo-
somally synthesized and post-translationally modified peptides
(RiPPs) 30 %, polyketide synthases (PKS) of types I and II (10%),
terpenes (5%), and unknown clusters (20%). Notably, some of
these BGCs showed high similarity to known clusters that
encode antimicrobial agents, such as bacillibactin and enter-
obactin (Table S3, Table S4). In contrast, two hybrid clusters,

among others, displayed no close matches in the MIBiG database
(Fig. 3), indicating a novel biosynthetic potential [39]. These
uncharacterized clusters may produce unique secondary
metabolites, which warrant future structural and functional val-
idation [40].

Comparative analysis of homologous BGCs revealed over 82%
conservation with reference strains, underscoring the evolutionary
preservation of core secondary metabolite production of Stenotro-
phomonas sp. AScuR1 [41,42]. The query sequence exhibits 84%
gene similarity with nine out of the ten target sequences, demon-
strating strong conservation of the BGC across Stenotrophomonas
strains. However, the final sequence, Stenotrophomonas maltophilia
KJ (NC_015947) and other strains, shows 84% gene similarity, sug-
gesting minor variations in gene content or arrangement (Fig. 4,
Fig. S4). The high sequence conservation of certain BGCs across dif-
ferent Stenotrophomonas strains indicates their evolutionary signif-
icance, potentially enhancing the ecological fitness of these
organisms [9,43].
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C: Energy production and conversion (234)

D: Cell cycle control, cell division, chromosome partitioning (55)
E: Amino acid transport and metabolism (468)

F: Nucleotide transport and metabolism (108)

G: Carbohydrate transport and metabolism (285)

H: Coenzyme transport and metabolism (239)

I: Lipid transport and metabolism (245)

J: Translation, ribosomal structure and biogenesis (255)

K: Transcription (429)

L: Replication, recombination and repair (135)

M: Cell walVmembrane/envelope biogenesis (281)

N: Cell motility (84)

O: Posttranslational modification, protein turnover, chaperones (185)
P: Inorganic ion transport and metabolism (280)

Q: Secondary metabolites biosynthesis, transport and catabolism (89)
R: General function prediction only (374)

S: Function unknown (181)

T: Signal transduction mechanisms (359)

U: Intracellular trafficking, secretion, and vesicular transport (108)
V: Defense mechanisms (110)

W: Extracellular structures (48)

X: Mobilome: prophages, transposons (35)

Z: Cytoskeleton (2)

Fig. 2. Cluster of Orthologous Groups Function Classification of genes and annotation of SNP gene.
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Fig. 3. Distribution of Biosynthetic Gene Cluster (BGC) categories in Stenotrophomonas ASucR1 isolate. The graph shows the proportions of various biosynthetic gene

cluster types identified in the analyzed Stenotrophomonas ASucR1 isolate.
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Fig. 4. Putative region of Biosynthetic Gene Cluster in Stenotrophomonas sp. ASucR1 isolate. The alignment, conducted via Cluster-BLAST, revealed gene clusters that are
related to the queried gene cluster. Genes with significant homology (BLAST; highest sequence identity of 84%; BLAST alignment covering 100% of the sequence).

3.7. Comparative genomics insight

When compared to other Stenotrophomonas genomes, ASucR1
showed a higher number of predicted BGCs, possibly due to its
cave origin. Cave environments exert selective pressures that
may drive the diversification of biosynthetic genes. High GC con-
tent (61.39%) further correlates with genome stability and the
presence of regulatory elements critical for metabolic control
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[44,45]. The genomic profile supports ASucR1’s classification as a
metabolically versatile environmental strain.

3.8. Ecological and biotechnological implications
The discovery of multiple and novel BGCs, coupled with antimi-

crobial activity, underscores ASucR1’s potential in natural product
discovery. The strain’s ability to adapt to the cave’s oligotrophic
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conditions suggests a rich enzymatic repertoire for survival and
competition. As a non-pathogenic species with biosynthetic diver-
sity, ASucR1 is a strong candidate for further exploration in phar-
maceutical and industrial biotechnology [45].

4. Conclusions

This study presents a genomic analysis of Stenotrophomonas sp.
ASucR1, a bacterial strain isolated from the oligotrophic environment
of Sof Umer Cave, Ethiopia. The organism demonstrated strong
antimicrobial activity against a broad range of pathogenic microbes,
indicating its potential as a source of novel bioactive compounds.
High-throughput sequencing and bioinformatics analyses revealed a
diverse array of biosynthetic gene clusters, including non-ribosomal
peptide synthetases, polyketide synthases, and several uncharacter-
ized clusters with no homology in current databases, underscoring
its potential to produce previously unknown secondary metabolites.
The identification of extensive SNP and InDel variants, particularly
those affecting functional genes involved in metabolism, stress
response, and signal transduction, suggests that ASucR1 has under-
gone genomic adaptations enabling survival in the nutrient-limited
cave environment. Functional annotation and COG classification fur-
ther highlight the organism’s metabolic versatility and evolutionary
resilience. These findings indicate that ASucR1 is a metabolically
robust and excellent candidate for further functional studies. Its rich
biosynthetic repertoire and genomic stability make it an excellent
candidate for further functional studies, including metabolite purifi-
cation, structural characterization, and heterologous expression of
cryptic gene clusters. Furthermore, this work contributes to the field
of cave microbiome exploration, emphasizing the importance of
understudied environments in the search for next-generation antibi-
otics and industrially relevant enzymes.
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