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GRAPHICAL ABSTRACT

Unveiling microbial secondary metabolite biosynthetic gene clusters from alkaline soda Lake Chitu, in the Ethiopian Rift Valley.

Shotgun metagenomic discovery of biosynthetic gene
clusters in Chitu Lake, Ethiopia
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Biosynthetic gene clusters (32%) and terpene clusters (25%), followed by ribosomally synthesized and post-translationally modified
KEGG peptides (9%) and nonribosomal peptide synthetases (7%). Other less common BGCs (5% each) included
Metagenome-assembled genomes betalactone, ectoine, and Type I polyketide synthase, while rare types (2% each) comprised arylpolyene,
NaPDoS hydrogen cyanide, phosphonate, ranthipeptide, and others. The Natural Product Domain Seeker (NaPDoS)
Secondary metabolites detected ketosynthase domains linked to pharmaceutically important such as various fatty acid
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synthesis, modular and iterative domain classes, and condensation domain which is associated with L-
amino acid coupling (LCL) domain class, such as those involved in syringomycin biosynthesis. In addition,
bacteriocin analysis identified sactipeptides (56%) and lasso peptides (28%) as dominant types. Kyoto

Encyclopedia of Genes and Genomes pathway analysis uncovered several secondary metabolite pathways
including those for penicillin, cephalosporins, alkaloids, and phenazines. Rapid Annotation using
Subsystem Technology further highlighted secondary metabolism pathways vital for microbial survival
in Chitu Lake’s extreme environment.
Conclusions: The discovery of diverse biosynthetic gene cluster positions Chitu Lake as a valuable source
of secondary metabolites, highlighting the biotechnological, industrial, pharmaceutical, agricultural and
environmental potential of its extremophilic microbes and supporting further bioprospecting efforts.
How to cite: Bekele GK, Balcha ES, Meka AF, et al. Unveiling microbial secondary metabolite biosynthetic
gene clusters from alkaline soda Lake Chitu, in the Ethiopian Rift Valley. Electron ] Biotechnol 2025;77.
https://doi.org/10.1016/j.ejbt.2025.06.002.
© 2025 The Author(s). Published by Elsevier Inc. on behalf of Pontificia Universidad Catélica de Valpar-
aiso. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Haloalkaliphiles, a unique member of extremophilic microor-
ganisms, thrive in dual-stress environments characterized by ele-
vated salinity and alkalinity, such as soda lakes and hypersaline
soils [1]. These organisms span the domains Archaea, Bacteria,
Viruses and Eukarya, showcasing evolutionary ingenuity in coloniz-
ing some of Earth’s most inhospitable ecological niches with mul-
tiple adaptive mechanisms [2]. To endure osmotic stress,
desiccation, and oxidative damage inherent to these habitats,
haloalkaliphiles employ a triad of survival strategies: (i) intracellu-
lar accumulation of osmoprotectants (e.g., glycerol, trehalose,
betaine) to stabilize cellular hydration and turgor [3]; (ii) synthesis
of extremozymes and stress-optimized metabolic networks that
maintain catalytic efficiency under alkaline and hypersaline condi-
tions [4]; and (iii) production of secondary metabolites, including
radical-scavenging antioxidants (e.g., carotenoids) that neutralize
reactive oxygen species [5,6].

Their biochemical versatility positions haloalkaliphiles as
microbial powerhouses for industrial and medical innovation.
Through targeted bioprospecting, these organisms yield high-
value metabolites such as antimicrobial compounds, thermostable
enzymes, and carotenoid pigments [7,8]. Such molecules serve as
foundational components for biosensors, biodegradable polymers,
photoelectric materials, and nutraceutical additives [5,9,10,11].
Notably, their bioactive compounds—including antitumor agents
and next-generation antibiotics—hold transformative potential
for pharmaceutical development. Central to this metabolic diver-
sity are biosynthetic gene clusters (BGCs), genomic modules
encoding coordinated pathways for specialized metabolite synthe-
sis [12]. Advances in bioinformatics now enable systematic mining
of microbial genomes to identify and characterize cryptic BGCs,
accelerating the discovery of novel biomolecules. This
computational-to-experimental pipeline not only deciphers the
evolutionary logic of extremophile adaptation but also unlocks
scalable routes for biomanufacturing,.

The secondary metabolite BGCs embrace a wide variety of
biological and chemical components, including NRPs, RiPPs,
polyketides (PKs), bacteriocins, and terpenes and different
biosynthetic pathways for novel antibiotic production, food
preservation, microbial ecology, and plant biocontrol
[13,14,15,16]. This, therefore, necessitates the focus on BGCs
to discover novel microbial products from both culturable
and non-cultivable microorganisms. For many years now,
culture-dependent techniques have been used to discover
bioactive compounds from Lake Chitu [17,18]; however, the
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microbial secondary metabolite BGCs have not been investi-
gated by previous studies. Quite recently, Balcha et al. [19]
reported microbial diversity and BGC potential of Lake Afdera,
one of the Ethiopian Rift Valley Lakes, and identified the micro-
bial profile and various distinct BGCs that encode secondary
metabolites with several categories of functions. Therefore, in
this study, a more comprehensive exploration of microbial sec-
ondary metabolite BGCs of Lake Chitu has been studied using a
shotgun metagenomics sequencing approach. Lake Chitu is a
halo-alkaline in the Rift Valley region of Ethiopia and is a cra-
ter lake with 6% salinity and around 10.5 pH value [1]. The
lakeside was prioritized due to its logistical and safety chal-
lenges (depth, boats, Ekman grab etc.) during this study and
yet requires specialized equipment and dynamic environmental
conditions—such as fluctuating pH, salinity, and oxygen levels
—which are known to drive microbial diversity. These transi-
tional zones often host unique aerobic extremophilic microbes
to periodic desiccation and nutrient influx. Such adaptations
make them ideal for investigating biosynthetic gene clusters
linked to secondary metabolite production. Despite its harsh
physicochemical environment, Lake Chitu represents a promis-
ing biome for discovering novel secondary metabolites and
specialized metabolic pathways, shaped by the lake’s unique,
poly-extreme conditions. For this purpose, bioinformatics
pipelines such as antiSMASH [11], BActeriocin GEnome mining
tooL version 4 (BAGEL4) [13] and NaPDoS [7,20] have
employed to detect the secondary metabolite BGCs and the
analysis of MAGs. Additionally, both the Kyoto Encyclopedia
of Genes and Genomes (KEGG) annotation database [21] and
the RAST server [19] were employed to identify genes and pro-
teins involved in secondary metabolite biosynthesis and their
associated metabolic pathways. Thus, the study identified
microbial secondary metabolite BGCs, which likely hold poten-
tial for various industrial, pharmaceutical and biotechnological
applications.

2. Materials and methods
2.1. Study and sampling sites

Samples of soil and mud were taken from Chitu Lake, which is
situated in the central region of Ethiopia, 287 km south of Addis
Ababa, the country’s capital, at an elevation of 1540 m above sea
level and with coordinates of 7°24’'0'N and 38°25'0’E. Except for
a few hot springs that rise on the beach and run into the lake, it
is a crater lake with no input or outflow [1] (Fig. 1).
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Fig. 1. The map shows the sampling site and points at Lake Chitu. The sampling point labeled with AastuCL1 refers to Addis Ababa Science and Technology University for

Chitu Lake’s sampling point.

2.2. The sampling and sample designation

The samples were collected in triplicate under strict aseptic set-
tings at four different sampling points (7°24'02"'N 38°25'0"E, 7°24’
18”N 38°26'27"E, 7°24'25”N 38°25’33"”’E, and 7°24'10”N 38°25'2
2”E) (Fig. 1), each georeferenced with a Garmin® handheld
GPSMAP64 from Chitu Lake and were pooled and labeled with Aas-
tuCL1 (Addis Ababa Science and Technology University for Chitu
Lake). The soil and mud samples were then placed in sterile poly-
ethylene bags and transported to the laboratory in a cold room
maintained at —20°C for further analysis.

2.3. The determination of physicochemical parameters and elemental
composition

The on-site measurements of physico-chemical parameters,
including temperature, pH, salinity, electrical conductivity, dis-
solved oxygen, turbidity, ammonium, chloride, and nitrate, were
conducted using multi-parameter devices (HANNA HI929). The
elemental makeup of the lake was also analyzed using the novAA
800 Atomic Absorption Spectrometer at the Environmental Protec-
tion Agency Laboratory in Addis Ababa City, Ethiopia.

2.4. Metagenomic DNA extraction and sequencing

Metagenomic DNA was extracted from soil and mud samples
using the procedure outlined by Verma et al. [22]. The extracted
DNA was later pooled prior to shotgun metagenome sequencing.
Following that, a NanoDrop 3300 spectrophotometer (Thermo
Fisher Scientific, Washington, DE, USA) and 1% agarose gel elec-
trophoresis were used to evaluate the quantity and quality of the
extracted DNA (Fig. S1a). The library construction process was sub-
sequently made easier by randomly shearing the purified DNA to
create small-sized fragments of about 350 bp. Then, the bioana-
lyzer (Agilent 2100, Agilent, Santa Clara, CA, USA) was used to
examine the size distribution of the library before PCR amplifica-
tion. To prepare a paired-end library, an Illumina Ultra DNA Library
Prep Kit (New England Biolabs, Beverly, MA, USA) was used. A
NovaSeq PE150 device (Illumina, Tsim Sha Tsui, Hong Kong) was
used to sequence the pooled libraries. The results were demulti-
plexed to produce distinct paired-end raw reads. The quality of
these reads was evaluated using FastQC in preparation for down-
stream analysis. Then, clean reads were obtained using Trimmo-
matic v0.36 [23], which involved trimming low-quality reads (Q)
<38, removing reads with unknown “N” bases (N > 10 bp), elimi-
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nating adapter overlaps (>15 bp), and discarding scaffolds shorter
than 500 base pairs [24,25].

2.5. Metagenomic assembly, binning, and annotation

Scaffolds from high-quality reads were obtained by the use of
MEGAHIT  software (v1.2.9; -presets meta-large -m
180,000,000,000 -t 2) for metagenome assembly [25,26]. Using
MetaGeneMark (version 3.05; -a-d-f G -p 1), open reading frame
(ORF) prediction was performed on scaffolds that were at least
500 base pairs long, and CD-HIT (v.4.5.8; -T6 -G0-aS09-g 1 -d
0-c0.95 -n 5 -M 8000) was used to create nonredundant gene cat-
alogs [26]. Following this, Bowtie2 (v.2.2.4; —end-to-end -sensitive
—no-hd —no-sq —I 200 —X 400 -threads 8) was used to map clean
reads to the gene catalog (>95% identity and 90% coverage) [25].
Then, the contigs were binned into MAGs using MetaBAT2 (v1.7;
—assembly-ref —min-contig-length 1500), CONCOCT (v1.1; —read-
mapping-tool Bowtie2 —min-contig-length 2500 —contig-split-
size 10,000 -contig-split-overlap 0 -kmer-length 4 -—max-
clusters-vgmm 400 -max-iterations-vgmm 500 -percent-pca
90), and MaxBin2 (v2.2.4; -assembly-object -—probability-
threshold 0.8 —marker-set 40 —min-contig-length 1000 —plot-
marker —threads 8) [27,28]. Then, after pooling the recovered
MAGs using the dereplication, aggregation, and scoring tool (DAS
Tool (v1.1.2; —gene-identification-tool Diamond —score-threshold
0.5 —duplicate-penalty 0.6 —megabin-penalty 0.5) [27], CheckM
(v1.0.18) (>70% completeness and <10% contamination) [29] was
used to evaluate the qualified MAGs for BGCs prediction.

2.6. Taxonomic assessment of the assembled contigs

The microbial taxonomic and functional diversity was assessed
using DIAMOND software (v2.1.6; —p 4 —e 1e-5 —k 50 -id 30 —sen-
sitive) with the National Center for Biotechnology Information
(NCBI) NR database (blastp, e value <le-5) [26,30]. Taxonomic
classification of the microbial metagenome from the sample was
visualized using Krona plots and stack bar charts, providing a
detailed overview of the microbial diversity.

2.7. Detection of biosynthetic gene clusters

The MAGs were examined with antiSMASH version 7.0 in order
to detect BGCs [11]. Further predictions of possible biosynthetic
pathways and chemical scaffolds were also made possible by the
MIBiG (Minimum Information about a Biosynthesis-related Gene
Cluster) database [31] and the recognized cluster blast feature of
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antiSMASH [32]. KEGG pathway annotation (v2.1.6; —p 4 —e 1e-5
-k 50 —id 30 -sensitive) was also applied to profile genes associ-
ated with secondary metabolite biosynthesis [21]. The RAST-web
tool was further used to identify genes and proteins linked to adap-
tation to harsh environmental conditions [19]. Visualization of the
identified BGCs was done using the ggplot2 packages in R Studio.

2.8. The detection of Bacteriocins, RiPPs, KS and C-domains

In the MAGs, bacteriocin or RiPPs were identified using the
BAGEL4 tool, and known natural product biosynthetic domains
such as Ketosynthase (KS) and Condensation (C) were predicted
using the NaPDoS tool [33].

3. Results

3.1. The physicochemical measurement and elemental composition of
Chitu Lake

Lake Chitu’s chemical and physical characteristics indicate that
its water is both highly alkaline and salty (Table S1). The lake exhi-
bits a pH of 10.56, turbidity of 33.35 NTU (Nephelometric turbidity
units), and an unusually high salinity of 46,500 mg/L. It also has a
high mineral content, with an electrical conductivity of 65,780 puS/
cm and a temperature of 27.2°C. The total suspended solids are
81,540 mg/L, and dissolved oxygen is 6.5 mg/L. Nutrient levels (ni-
trate, nitrite, and phosphate) are elevated, and the lake contains
trace essential metals (iron, zinc, manganese, cobalt, and copper)
and heavy metals (including lead, chromium, cadmium, mercury
and nickel).

3.2. The metagenome data

A total of 88,141,232 cleaned reads were generated, accounting
for 99.73% of the data, with a GC content of 63.88% (Table 1,
Fig. S1b). These reads were assembled into 1,008,197 scaftings con-
taining 956, 295, 942 bp. The Bins from the metagenomic assembly
generated were 61 using CONCOCT, 55 using MaxBin2, and 48
using MetaBAT2. Optimization with the DAS tool refined 20 MAGs
with their quality and taxonomic identification, of which 10 candi-
date MAGs qualified for further BGC investigations (Table S2,
Fig. S2).

3.3. Microbial community composition analysis

The data analysis obtained from Chitu Lake’s metagenome using
shotgun metagenomic sequencing revealed that the microbial

Table 1
The shotgun metagenomic sequence and assembly data sets statistics for Chitu Lake.

Data Sets Quantified Values
Raw data (GB) 6.6 GB

Raw data (bp) 13,257,189,900
Raw reads (bp) 88,381,266
Clean reads (bp) 88,141,232
Library insert size (bp) 350

% bases >Q20 97.4%

Length of single reads (bp) 150
Effectiveness (%) 99.73

GC content (%) 63.89

Scaftings number 1,008,197
Average scaftings length (bp) 948.53
Maximum scafting length (bp) 143,282

Total scafting length (bp) 956,295,942
N50 length (bp) 936

N90 len(bp) 549
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community is predominantly composed of members from the
kingdom Bacteria (89%), followed by Archaea (4%), Viruses (0.2%),
and Eukaryota (0.04%). Furthermore, unclassified taxa (0.3%),
unknown taxa (i.e., sequences that could not be matched to any
known taxonomic group; Fig. 2a), and others (representing a com-
bination of low-abundance, unassigned, or unidentified taxa;
Fig. 2b) collectively accounted for more than 6% of the total reads.

From the analysis, the most dominant phyla were Pseudomon-
adota (40%) and Actinomycetota (21%) followed by Gemmatimon-
adota (6%), Chloroflexota (5%), Euryarchaeota (5%), Acidobacteriota
(3%), Balneolota (3%), Planctomycetota (1%), and Bacillota (2%)
(Fig. 3a). At the genera level, Nitriliruptor and Halomonas were
found to be the most dominant, followed by Wenzhouxiangella,
Thioalkalivibrio, Egicoccus and others (Fig. 3b).

3.4. Secondary metabolite BGCs identified by antiSMASH

The antiSMASH analysis of BGCs across 10 MAGs from Chitu
Lake uncovered a diverse array of secondary metabolite pathways.
No BGCs were detected in MAGO4 and MAGO09, whereas the
remaining eight MAGs collectively contained 353 biosynthetic
domains spanning 13 distinct BGC types (Table S3). Among the
identified BGCs, terpene-precursor clusters were the most abun-
dant, comprising 32% (14 counts) of the total, followed by terpene
clusters at 25% (11 counts). RiPP-like clusters represented 9%
(4 counts), and NRPS clusters accounted for 7% (3 counts). Less
prevalent BGC types included betalactone, ectoine, and Type I
polyketide synthase (T1PKS), each constituting 5% (2 counts).
Other categories—arylpolyne, hydrogen cyanide (HCN), NRPS-like,
phosphonate, ranthipeptide, and RRE-containing—were each
observed once (2%) (Fig. 4a). Taxonomic analysis revealed that
MAGs affiliated with c__Gammaproteobacteria (MAGO3, MAGOS,
MAGO011, and MAGO013) harbored the highest diversity of BGCs
(10 types), including NRPS, Terpene-precursor, Terpene, RiPP-like,
Phosphonate, Betalactone, Arylpolyne, T1PKS, and NRPS-like clus-
ters (Fig. 4b). This was followed by k_ Bacteria (7 types) and
c__Betaproteobacteria (4 types). Notably, MAGO8 and MAGO11
exhibited the highest number of BGC types (six each), followed
by MAGO06 with five types, while the remaining MAGs contained
three to four BGC types (Fig. S3).

Taxonomic analysis identified that MAGs classified under
c__Gammaproteobacteria (MAGO03, MAG08, MAGO011, and
MAGO013) exhibited the highest diversity of biosynthetic gene clus-
ters (BGCs), encompassing 10 distinct types, including nonriboso-
mal peptide synthetase (NRPS), terpene-precursor, terpene, RiPP-
like, phosphonate, betalactone, arylpolyne, type 1 polyketide syn-
thase (T1PKS), and NRPS-like clusters (Fig. 4b, Fig. S3). This was fol-
lowed by MAGs within k_ Bacteria (MAG06, MAGO15, and
MAGO020) comprise 7 types of BGC and c__Betaproteobacteria
(MAGO7) comprises 4 types of BGCs. Notably, MAGO8 demon-
strated a particularly high number of hits for BGCs.

Further analysis of the microbiome revealed 17 distinct classes
of biosynthetic gene clusters (BGCs), which were systematically
categorized into three major groups based on their biochemical
characteristics and biosynthetic mechanisms (Fig. 5, Table S3).
The classification comprised six main BGC classes (including terpe-
nes, polyketides, NRPs, alkaloids, RiPPs, and Saccharides), five
hybrid classes (combining multiple biosynthetic systems such as
NRP-polyketide, polyketide-terpens, NRP-polyketide saccharides,
NRP-saccharides and NRP-terpene) and others (other specified
and unspecified). The distribution of major BGC classes showed
remarkable specialization, with terpene biosynthetic pathways
dominating the profile at 36% (126 counts), reflecting their crucial
role in microbial adaptation to environmental stresses. NRPs and
polyketides represented significant secondary components at 14%
to 16% indicating substantial potential for bioactive compound
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Fig. 2. The microbial community compeosition in Chitu Lake. The taxonomic composition of the microbial community in Chitu Lake was analyzed using shotgun
metagenomic sequencing followed by alignment against the Micro-NR database. A Krona plot (Fig. 2a) illustrates the hierarchical distribution of identified taxa, including
Bacteria, Archaea, Viruses, and Eukaryota, across all taxonomic levels from kingdom to phylum. The radial visualization depicts relative abundances based on spectral counts,
with concentric circles representing progressively finer taxonomic classifications (inner to outer: kingdom, phylum, etc.). Additionally, a bar plot (Fig. 2b) summarizes the
relative abundances of the four major microbial kingdoms within the Chitu Lake ecosystem, providing a quantitative comparison of their distribution.
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Fig. 4. Composition and taxonomic distribution of BGCs in Chitu Lake microbiome. (a) Analysis of BGCs diversity revealed that terpene-precursors represented the most
abundant class, accounting for 57% of all identified BGCs. This was followed by RiPP-like and beta-lactone clusters, indicating a strong biosynthetic potential for specialized
metabolites within this ecosystem. (b) Taxonomic profiling of BGCs identified distinct phylogenetic patterns, with MAGs affiliated with Gammaproteobacteria exhibiting the
greatest diversity and abundance of BGCs. This suggests that Gammaproteobacteria are likely key contributors to secondary metabolite production in Chitu Lake. Other
taxonomic groups showed narrower, but taxon-specific, BGC repertoires, reflecting patterns of niche-specific metabolic specialization.

production. On the other hand, hybrid (Mixed) BGCs accounted for
a small but notable fraction of the total, with NRP-polyketide com-
binations being the most frequent (18 counts, 5%). Other mixed
types such as Polyketide-Terpene, NRP-Polyketide-Saccharide
and others occurred less frequently, each contributing below
1.2%. In addition, six other BGC classes were identified, represent-
ing specialized biosynthetic pathways grouped under ’others’.
These include both “Others unspecified” represent 16% (54 counts),
while “Others specified” comprising rarer pathways such as ami-
nocoumarin, shikimate-derived, phosphonate, ectoine, and
nucleoside-related types collectively contribute 3% (12 counts).
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3.5. Region-to-region analysis of MIBIiG analysis

The MIBiG comparison analysis also provided an in-depth
examination of distinct region-to-region properties of BGCs of
181 types of compounds. Among these, the analysis revealed three
most dominant compounds (carotenoids, ectoines, and isorenier-
atene) that were significantly more abundant than other metabo-
lites in the microbial community (Table S3). Carotenoids
emerged as the most prevalent compounds, with 53 identified
instances, primarily produced by Enterobacteriaceae bacterium
DC404, Myxococcus xanthus and Brevundimonas spp. These pig-
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Fig. 5. Classification and abundance of biosynthetic gene cluster (BGC) classes as identified by AntiSMASH analysis. Terpenes represent the most dominant class followed by
polyketides and nonribosomal peptide synthetases (NRPs). Hybrid clusters, particularly NRP-Polyketide combinations dominant followed by Polyketide-Terpene, and NRP-
Polyketide-Saccharide. Additionally, BGCs grouped under “Others unspecified” are dominant followed by “Others specified” comprising rarer pathways. This distribution
highlights the diversity of secondary metabolite biosynthetic potential among the analyzed microbial genomes.

ments likely play crucial roles in photoprotection and oxidative
stress resistance in the high-light environment. Ectoine, detected
22 times, was the second most abundant compound, predomi-
nantly synthesized by halotolerant genera such as Methylomicro-
bium spp., Methylophaga spp. and Streptomyces spp., reflecting its
importance as an osmoprotectant in saline conditions. Isorenier-
atene, a specialized carotenoid variant, occurred 11 times and
was almost exclusively associated with Streptomyces species, sug-
gesting genus-specific adaptations for membrane stability and pig-
mentation. In addition, fischerindole L, caprutriene, ent-
quiannuatene, boleracene, astallatene and (2R,3s,3’s)-2-hydroxyas
taxanthin, appearing in 6 instances, represented the most abun-
dant compound and were uniquely produced by different
microbes, highlighting their essential roles in microbial survival,
ecological interactions, and competitive dynamics within the
ecosystem.

3.6. Ketosynthase (KS) and Condensation (C) domains analysis

Analysis of ketosynthase (KS) and Condensation (C) domains
using the NaPDoS tool from Chitu Lake MAGs revealed distinct
metabolic pathway signatures. Fatty acid synthase (FAS)-
associated domains dominated the observed profiles, with
FabF_Bacillus_FAS, and FabF_Ecoli_FAS recurring across MAGO03,
MAGO06, MAGO7, MAG008, MAGO11, and MAGO15 (Table S4),
indicating conserved roles in essential lipid biosynthesis. Quanti-
tatively, FAS domains were the most abundant (10 occurrences),

»

B FAs
I Modular
I iterative
I el

Counts

followed by modular domains (8 hits), while iterative and LCL
(linear condensation-like) domains classes exhibited markedly
lower frequencies (1 hit each) (Fig. 6a). Notably, several MAGs
encoded specialized biosynthetic clusters, with MAGO8 display-
ing exceptional diversity. Its genome harbored two FAS KS
domains, six modular KS domains linked to pharmaceutically rel-
evant polyketides (including epothilone (4 hits), nystatin (1 hit),
5-alkenyl-3,3(2H)-furanone (1 hit)), an iterative KS domain asso-
ciated with the antifungal HSAF (heat-stable antifungal factor) (1
hit) and C domain classified as LCL-type (L-amino acid to L-amino
acid condensation) (1hit), implicated in syringomycin biosynthe-
sis, a phytotoxic and antimicrobial lipopeptide (Fig. 6b). In addi-
tion, MAGO3 and MAGO11 contained modular KS domains
potentially involved in candicidin and tetronomycin biosynthe-
sis, respectively.

3.7. The identification of putative BGCs using BAGEL4

The BAGEL4 analysis revealed five types of bacteriocin BGCs
with varying abundances at their respective genomic locations
and functional annotations (Table S5). Among these, sactipeptides
were frequently identified and accounted for 56% of the clusters,
followed by lasso peptides (27.5%), lanthipeptide class I (5.5%),
Zoocin A (5.5%), and patellin 3 TruE1 (5.5%) (Fig. 7). The MAGs
assigned to k_Bacteria, c_Gammaproteobacteria, and c_Betapro-
teobacteria contained a significant number of genes counted 8, 5,
3, and 2, respectively, encoding diverse bacteriocins.

= Fatty acid synthesis
= Epothilone

Candicidin

Nystatin
= HSAF (heat stable antifungal factor)
= 5-alkenyl-3,3(2h)-furanone
= Syringomycin

= Tetronomycin

Pathway Products

Fig. 6. The pie chart and bar plot demonstrate the distribution of BGCs matches across domain classes and pathway products, comparing NaPDoS database classifications for
KS and C domains. Comparative analysis revealed that KS domains are primarily associated with FAS followed by modular domain classes (a), while BGC matches align
predominantly with both FAS and epothilone biosynthesis (b). This highlights a divergence between core metabolic functions (e.g., lipid synthesis) and specialized secondary
metabolite production (e.g., polyketide-derived compounds like epothilones) within the analyzed datasets.
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Fig. 7. The bar plot displayed the abundance of the type of bacteriocin cluster recovered from various MAGs using the BAGEL4 tool analysis. The most prevalent anticipated
bacteriocin class in Chitu Lake was found to be Sactipeptides followed by Lasso-peptides.
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Fig. 8. Top ten dominant secondary metabolite pathways in Chitu Lake based on KEGG Orthology (KO) identifiers at KO_pathway_level 3. Each KO number represents a
secondary metabolite produced by a unique biosynthetic pathway indicative of the microbial diversity and metabolic potential within this extreme environment.

3.8. KEGG annotation and analysis

A total of 674 unigenes linked to secondary metabolites were
identified using KEGG level 3 (Table S6). The most prominent path-
ways included penicillin biosynthesis (ko00311) followed by
cephalosporin biosynthesis (ko00311||ko01501), tropane, piperi-
dine, and pyridine alkaloid biosynthesis (ko00960), phenazine
biosynthesis (ko00405||ko02024), degradation of flavonoids
(ko00946), phenylpropanoid, flavonoid, stilbenoid, diarylhep-
tanoid, and gingerol biosynthesis (ko00940]||ko00945|/ko00941),
betalain biosynthesis (ko00965), staurosporine biosynthesis
(ko00404), and others (Fig. 8).

3.9. RASTk-driven discovery of secondary metabolite diversity in
metagenome-assembled genomes

The RASTk annotation of MAGs from Chitu Lake identified
nearly 181 secondary metabolite biosynthesis pathways across
ten bins (MAGO03, MAG04, MAG06, MAG07, MAGO08, MAGO09,
MAGO011, MAGO013, MAGO015, and MAGO020) (Table S7). The most
prevalent pathways included 3-amino-5-hydroxybenzoic acid
(AHBA) synthesis, a key precursor for ansamycin antibiotics. In
addition, chorismate synthesis (linked to aromatic amino acid
metabolism) and anaerobic benzoyl-CoA-mediated aromatic
degradation. Additional pathways such as alkane biosynthesis, col-
icin V and bacteriocin production, fatty acid synthesis, fatty acid
biosynthesis FASII, 2-aminophenol metabolism, Benzoyl-CoA
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anaerobic degradation pathway and phenylacetyl-CoA catabolism
were identified. In addition, enzymes critical to these processes,
including 3-dehydroquinate dehydratase II, acetyl-CoA carboxyl
transferase, and shikimate 5-dehydrogenase I alpha, were anno-
tated across MAGs. Functional categorization highlighted roles in
secondary metabolism, amino acid derivatives, membrane trans-
port, and fatty acid biosynthesis, with genomic features varying
in contig counts (134-550), gene totals (1,253-2,716), and GC con-
tent (49.87-74.05%), suggesting metabolic and genomic diversity
among microbial populations.

4. Discussion

The microbial community analysis of Lake Chitu, based on shot-
gun metagenomic sequencing, indicated a predominant presence
of bacteria (89%), followed by archaea (4%), viruses (0.2%), and
eukaryota (0.04%). All the microbial communities in extreme
biomes exhibit remarkable biochemical adaptations that enable
survival in extreme conditions, including high salinity, alkalinity,
and oxidative stress [7,9]. These adaptations are largely driven by
biosynthetic gene clusters (BGCs), which encode secondary
metabolites with crucial ecological, biotechnological, and indus-
trial roles [20]. This study designed a metagenomic pipeline to
explore secondary metabolite BGCs from the underexplored micro-
biomes of Lake Chitu, shedding lights into their chemical potential
as well as their adaptation mechanisms within an extreme habitat.
The physical and chemical characteristics of the Lake indicate an
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extremely saline and alkaline environment. It has high turbidity
(33.35 NTU), a strongly basic pH (10.56), and remarkably high
salinity (46,500 mg/L). Additionally, nutrient levels, including
nitrate, nitrite, and phosphate, are elevated, potentially supporting
the growth of specialized microbial communities adapted to this
extreme environment [34].

Thus, shotgun metagenomic sequencing revealed a diverse
range of microorganisms, with bacteria overrepresented by Pseu-
domonadota, Actinomycetota, and Gammatimonadota, while archaea
were primarily dominated by Euryarchaeota. This aligns with find-
ings from other soda lake ecosystems [1,35,36], reinforcing the
concept of convergent evolution in extreme habitats and the pro-
duction of natural products [37]. Genomic mining, refined MAGs
were analyzed using antiSMASH 7.0, which revealed a wide range
of BGCs, including terpenes, ranthipeptides, RiPPs, ectoine, lan-
thipeptides, NRPS-like, aryl polyenes, and phosphonates. These
BGCs were linked to various bacterial taxa, including c_Gammapro-
teobacteria, c_Betaproteobacteria, and k_bacteria and highlighting
their potential for producing diverse bioactive compounds [38].
Notably, c_Gammaproteobacteria exhibited high BGC diversity,
likely due to its metabolic versatility and adaptations to extreme
conditions. These secondary metabolites are vital for microbial
defense, UV protection, stress response, and symbiotic interactions
[39].

The presence of FAS-related KS domains across multiple MAGs
with modular and iterative KS domains indicates potential sec-
ondary metabolite production including antifungal (candicidin,
nystatin, HSAF), anticancer (epothilone), and antibacterial (tetron-
omycin, syringomycin) compounds. In addition, the high diversity
in Gammaproteobacteria taxa suggests a rich secondary metabolite
biosynthetic potential. Therefore, the investigation of microbial
secondary metabolite biosynthetic gene clusters from Chitu Lake
revealed a wealth of genetic resources with biotechnological, phar-
maceutical, industrial, and environmental applications. Notably,
terpene biosynthesis emerged as a hallmark of Chitu Lake’s BGC
repertoire, a finding consistent with their putative role in mitigat-
ing membrane destabilization under osmotic stress [40,41]. In
addition, the prevalence of these compounds may reflect selective
pressures favoring structural simplicity and functional versatility,
traits that confer ecological advantage in hypersaline niches (in-
cluding antimicrobial properties, signaling functions, and oxidative
stress protection [42]. RiPPs (another significant class identified)
exhibit remarkable structural and functional diversity, with sub-
classes such as lasso peptides, lanthipeptides, thiopeptides, sac-
tipeptides, and linear thiazole/oxazole-containing peptides, and
are prominently represented, echoing observations in Lake Afdera’s
bacteriocin-rich microbiome [19]. Such peptides are postulated to
mediate microbial antagonism and quorum sensing [43,44], sug-
gesting their dual utility in ecological competition and synthetic
biology applications. Of particular interest is the identification of
ranthipeptide clusters reliant on radical S-adenosylmethionine
(rSAM) enzymes [45], a class of biocatalysts distinguished by their
capacity to initiate radical-based modifications. These enzymes,
which are underrepresented in conventional bioprospecting pipeli-
nes, may constitute a reservoir of novel catalytic mechanisms with
applications in antibiotic development [46]. The coexistence of
such systems with stress-adaptive BGCs—including ectoine syn-
thases in bacteria which survive under extreme conditions of salin-
ity, drought, irradiation, pH, and temperature [47] and hydrogen
cyanide (HCN) biosynthetic clusters (encoded by hcnABC gene clus-
ter) in Pseudomonadota (Pseudomonas spp., P. vancouverensis) and
Bacillota (Bacillus spp.) [48,49] suggests a metabolic nexus wherein
secondary metabolite production is inextricably linked to environ-
mental resilience. This synergy is further exemplified by aryl
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polyenes (APEs), which contribute to biofilm formation and oxida-
tive stress tolerance [50], and homoserine lactones, signal mole-
cules, which regulate quorum-sensing cascades in Gram-negative
taxa [51].

KEGG pathway analysis revealed key biosynthetic pathways for
secondary metabolites, including phenylpropanoids, flavonoids, B-
lactams, phenazines, and antibiotics such as streptomycin, peni-
cillin, cephalosporin, and monobactam, highlighting their pharma-
ceutical relevance [19,21,52,53]. The coexistence of antibiotic
synthesis genes (e.g., phzS, EC 1.14.13.218) with resistance mark-
ers (e.g., B-lactamases) suggests that microbial competition drives
both metabolic innovation and resistance mechanisms. Beyond
antibiotics, the presence of flavonoids, phenylpropanoids, and stil-
benoids indicates potential applications in medicine, cosmetics,
and environmental management, while pathways for tropane,
piperidine, and pyridine alkaloids, along with acarbose, vali-
damycin, and staurosporine, suggest promising sources of novel
antidiabetic and anticancer compounds [9].

RAST annotation also provided the prevalence of AHBA synthe-
sis genes originating from the shikimate-type biosynthetic path-
way across all bins and suggests that Chitu Lake’s microbial
communities may produce ansamycin-like antibiotics, which could
influence microbial interactions and competitive dynamics [54]. In
addition, the widespread colicin V and Bacteriocin clusters rein-
force the ecological importance of antimicrobial strategies in shap-
ing community structure. Furthermore, the detection of alkane
biosynthesis genes suggests microbial adaptation to environmen-
tal stressors, possibly through hydrocarbon-mediated membrane
stabilization. Pathways such as benzoyl-CoA anaerobic degrada-
tion and phenylacetyl-CoA catabolism highlight the community’s
capacity for aromatic compound breakdown, critical for nutrient
cycling in lake ecosystems, particularly in low-oxygen sediments.
The unique presence of gentisate 1,2-dioxygenase in MAGO7
expands the functional repertoire for aromatic degradation, indi-
cating niche-specific metabolic specialization. The integration of
secondary metabolism with subsystems like fatty acid synthesis
and cofactor production reflects metabolic versatility, enabling
survival in fluctuating conditions [55]. These findings position
Chitu Lake’s microbiota as a reservoir of biosynthetic potential,
with implications for understanding microbial ecology, bioremedi-
ation, and biotechnological applications in secondary metabolite
discovery.

The biotechnological potential of Chitu Lake’s microbial diver-
sity is vast. Terpenes and aryl polyenes, with their roles in UV pro-
tection and biofilm stabilization [50], offer promising applications
in cosmetics and pharmaceuticals [41,47]. RiPPs, including sac-
tipeptides and lasso peptides, feature structural motifs well-
suited for antimicrobial and antitumor therapies [44,56]. Phospho-
nates and B-lactones, which are relatively rare in conventional
screening libraries, represent untapped sources of enzyme inhibi-
tors [57,58]. However, unlocking this biosynthetic potential
requires overcoming challenges related to cryptic gene expression.
Strategies such as heterologous production in model organisms
(e.g., Streptomyces spp. or Escherichia coli) [15,46] and activity-
guided fractionation are crucial for harnessing these metabolites.

Beyond pharmaceuticals, the identification of HCN biosynthetic
clusters presents ecological and industrial relevance. While toxic,
HCN-producing microbes could serve as bio-based pesticides and
fungicides [48,49]. Additionally, the presence of RiPP Recognition
Element-containing (RRE-containing) BGCs suggests a promising
avenue for novel bioactive compound discovery, including antimi-
crobial agents [59,60]. Similarly, Phosphonate natural products
(PNPs), known for their potent bioactivity, have broad-spectrum
antimicrobial and agricultural applications [57,58]. Many phos-



G.K. Bekele, E.S. Balcha, A.F. Meka et al.

phonates originate from Streptomyces spp., Bacillus spp., Actinobac-
teria spp., and Pseudomonas spp., further demonstrating their
industrial and medical importance [61].

Overall, Chitu Lake harbors a highly specialized microbial com-
munity shaped by extreme environmental conditions, with poten-
tial genes crucial for the survival and adaptation of extremophiles.
However, to substantiate this claim, further studies are needed to
determine whether these genes are significantly enriched or
over-represented in the genomes compared to other microorgan-
isms. Moreover, the wide range of BGCs identified in this study
suggests promising biotechnological applications, particularly in
the development of antibiotics, enzyme inhibitors, and other
bioactive compounds. Nevertheless, further research is required
to optimize expression strategies for cryptic BGCs and leverage
synthetic biology approaches to maximize their potential. In addi-
tion, while this study focuses on microbial communities in lakeside
soil and mud samples, it does not encompass variations across dif-
ferent lake strata including the lake bottom. This represents a lim-
itation in capturing the full microbial diversity within the lake
system. Future studies should consider comparative analyses
across various sediment depths to provide a more comprehensive
understanding of microbial adaptations and biosynthetic potential
in alkaline soda lakes.

5. Conclusions

This shotgun metagenomic study provides a comprehensive
analysis of the biosynthetic potential within the microbial commu-
nity of Chitu Lake, a high-salinity and alkaline environment. The
microbiome was dominated by bacterial phyla such as Pseudomon-
adota, Actinomycetota, and Gemmatimonadota, with Archaea mainly
represented by the Euryarchaeota phylum. Genomic mining uncov-
ered a diverse array of BGCs, underscoring the microbial commu-
nity’s capacity to produce bioactive secondary metabolites. Key
BGCs identified include those encoding terpenes, PKS/NRPS
hybrids, RiPP-like compounds, RRE-containing peptides, ectoine,
lanthipeptides, and beta-lactones. The identification of these BGCs
underscores the potential of Chitu Lake’s microbial community for
bioprospecting secondary metabolites across various sectors like
pharmaceutical, agricultural, and industrial applications. These
findings also provide valuable insights into the adaptive mecha-
nisms of extremophilic microorganisms in Chitu Lake, enabling
their survival under extreme conditions such as high salinity, alka-
linity, heavy metal exposure, radiation, and desiccation. Future
research should focus on the functional characterization of these
biosynthetic gene clusters, with an emphasis on elucidating their
biosynthetic pathways and underlying molecular mechanisms.
Additionally, targeted metabolomic approaches, such as LC-MS,
are recommended for the isolation and functional validation of
bioactive compounds produced by the promising microbial taxa
identified in this study. Moreover, investigating the ecological roles
of these metabolites and their production dynamics will further
enhance our understanding of microbial diversity and its biotech-
nological applications in Chitu Lake.
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