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Abstract

Microorganisms inhabiting hypersaline environments have received significant attention due to their ability to thrive under poly-
extreme conditions, including high salinity, elevated temperatures and heavy metal stress. They are believed to possess biosynthetic
gene clusters (BGCs) that encode secondary metabolites as survival strategy and offer potential biotechnological applications. In this
study, we mined BGCs in shotgun metagenomic sequences generated from Lake Afdera, a hypersaline lake in the Afar Depression,
Ethiopia. The microbiome of Lake Afdera is predominantly bacterial, with Acinetobacter (18.6%) and Pseudomonas (11.8%) being ubig-
uitously detected. A total of 94 distinct BGCs were identified in the metagenomic data. These BGCs are found to encode secondary
metabolites with two main categories of functions: (i) potential pharmaceutical applications (nonribosomal peptide synthase NRPs,
polyketide synthase, others) and (ii) miscellaneous roles conferring adaptation to extreme environment (bacteriocins, ectoine, oth-
ers). Notably, NRPs (20.6%) and bacteriocins (10.6%) were the most abundant. Furthermore, our metagenomic analysis predicted gene
clusters that enable microbes to defend against a wide range of toxic metals, oxidative stress and osmotic stress. These findings
suggest that Lake Afdera is a rich biological reservoir, with the predicted BGCs playing critical role in the survival and adaptation of

extremophiles.
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Introduction

The microbiome of hypersaline environments is consists of spe-
cialized microorganisms known as halophiles. (Waditee-Sirisattha
et al. 2016). Halophiles occupy a diverse ecological niches, in-
cluding microbial mats, saline soils, hypersaline soda lakes, brine
pools, and salt Lakes (Weimer and Rompato 2009, Chen et al.
2020). To survive in these environments, halophiles have devel-
oped adaptations to multiple stressors, such as ionic stress, os-
motic stress, desiccation stress and carbon-poor conditions (Cor-
ral et al. 2020). These adaptations include various genetic mech-
anisms, for example, efflux pumps, which help microbes to accli-
matize to their environment (Oren 2015). Additionally, many sur-
vival mechanisms involve the production of secondary metabo-
lites, which potentially serve as sources of biotechnologically
valuable molecules with a wide range of applications. For in-
stance, halophiles produce stable enzymes beneficial in differ-
ent industrial processes, ranging from biopolymer production
to bioremediation (Makarova et al. 2019), creation of macro-
molecule stabilizers and biofertilizers (Dassarma et al. 2010,
Amoozegar et al. 2017) to a large number of applications in fer-
mented food products. (Yin et al. 2015, Kiadehi et al. 2018). De-
spite their commercial potential, halophiles remain relatively un-
derexplored in terms of their capacity to produce antimicro-

bial and anticancer drugs (Charlesworth and Burns 2015, Corral
et al. 2020).

Biosynthetic gene clusters (BGCs) are a locally clustered group
of two or more genes that confers a competitive advantages to mi-
croorganisms by encoding secondary metabolites (Medema et al.
2015). These clusters encompass a variety of chemical and biolog-
ical groups, including non-ribosomal peptide synthetases (NRPS),
polyketide synthases (PKS), terpenes, and bacteriocins (Wang et al.
2019). NRPS and PKS are particularly important targets for natu-
ral product discovery as they are known to synthesize a diverse
array of antimicrobials and pharmaceutical products (Tillett et
al. 2000, Wang et al. 2014, Chen et al. 2020). The condensation
(C) and ketosynthase (KS) domains within these clusters serve as
conserved genomic markers, essential to distinguish between dif-
ferent NRPS/PKS natural product pathways (Ziemert et al. 2012).
Previously, the detection of these pathways has led to the identi-
fication of compounds with unique chemistry, such as lactocillin
(Donia et al. 2014) and salinilactam (Udwary et al. 2007) antibi-
otics. Currently, research on undiscovered BGCs involves an in-
creasing focus on genomic and metagenomic analysis (Makarova
etal. 2019). These approaches enhance the reconstruction of near-
complete genomes de novo, enabling the potential recovery of
novel BGCs in both culturable and uncultivable microorganisms.
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Figure 1. (A) Satellite image of Lake Afdera, Afar Depression, northern Ethiopia and (B) Panoramic view showing the sampling location site

One such interesting niche to discover bioactive compounds us-
ing this method is the brine pool of Afdera. The microbiology
of this lake remains unexplored although halophilic microorgan-
isms have been detected by molecular studies carried out in com-
mercial salt from the salterns bordering the lake (Gibtan et al.
2017).

The brines in the Afar depression, including those in Lake
Afdera, are enriched with different metals, such as lithium, which
is of interest for industrial applications and represents an ad-
ditional selective pressure (Bekele and Schmerold 2020). Lake
Afdera, the largest of brine lakes in the Afar depression, is char-
acterized for its maximum depth (80 m), volume (2.4 km?) and
elevation (-112 m) (Fig. 1). Previous studies have isolated and
characterized thermostable amylase-producing bacteria (Yassin
et al. 2021) and fungi (Welday et al. 2014) from soil samples of
Afdera. However, no studies have yet explored the potential sig-
nificance of BGCs in this lake. The present study aims to deter-
mine the diversity of BGCs from the microbial populations re-
covered from Lake Afdera to provide insights into their genetic
potential and identify the adaptation functions of these BGCs in
this ecosystem. To achieve this, we conducted in-depth analy-
ses of metagenome assembled genomes (MAGs) using antibiotics
and Secondary Metabolites Analysis SHell (antiSMASH), BActeri-
ocin GEnome mining tooL (BAGEL4) and Natural Product Domain
Seeker (NaPDoS) pipelines. We present the microbiome compo-
sition of Lake Afdera. Additionally, we have identified biotechno-
logically significant BGCs in the metagenomic data that are pro-

posed to play important roles in adaptation to poly-extreme envi-
ronments.

Materials and methods

Sampling and measurement of physicochemical
parameters

During two separate field trips, triplicate water (4000 mL) sam-
ples were collected directly from the edge of Lake Afdera. The
first field trip took place in April 2021 at 0703016 E/1462263 N and
samples were collected across transects of the lake. In the sec-
ond field trip in October 2021, additional samples were collected
at 0703009 E/1462256 N. Physicochemical parameters (pH, total
dissolved solid (TDS), temperature and salinity) were measured in
situ using a portable refractometer (HI-9829-02 advanced portable
multi-parameter pH/ISE/EC/DO/Turbidity waterproof meter, Eden
Way, United Kingdom). All sampling points and mapping data
were georeferenced using a Garmin® handheld GPSMAP64. The
samples were collected under stringent aseptic conditions and
sterilized glass bottles, which were then capped and sealed with
parafilm tape. Bottles were transported in an ice box and stored
at —20°C until further analysis. Samples for culture assays were
kept at 4°C.

Determination of elemental composition

The elemental composition of the lake was determined via use
of an Inductively Coupled Plasma Optical Emission Spectrome-
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ter (ICP-OES), (Agilent 5100 SVDV ICP- OES from the USA, con-
forming to ES ISO 11885:2007 standards). The detection limit was
0.01 ng L=t The standard working parameters were selected and a
published outlined procedures were followed (Wiel 2003). Prior to
analysis, the samples (50 mL) were subjected to digestion at 80°C
with 10 mL of nitric acid, cooled, filtered and diluted to 100 mL
with distill water.

Enrichment media and isolation of halophilic
bacteria

Culture media was formulated based on a classical halophile min-
eral growth medium, incorporating the physico-chemical charac-
teristics of Lake Afdera’s environment. This media design followed
a modified published method (Kiki 2016, Belilla et al. 2019). A nu-
trient broth (NB 1090 media), using a ratio of 10:90 samples to
broth, was employed. The nutrient broth was prepared using arti-
ficial sea water, comprising of NaCl 100 g, MgCl, 8 g, MgSO,4 20 g,
CaCl, 0.5 g, KCl 2.5 g, FeSO4 1 g, dissolved in sterilized distilled
water to achieve a final volume of 1000 ml. The mixture was then
autoclaved, cooled and poured into sterilized falcon tubes con-
taining the samples, the falcon tube containing the mix were sub-
jected to incubation at 37°C for 7 days in an orbital shaker. For
bacterial isolation, 100 pL of the broth was streaked onto an agar
medium composed of starch 15 g, glucose 2.5 g, yeast extract 2.5 g,
agar 20 g and sterilized artificial seawater 1000 ml, pH adjusted at
5.8. The plates were incubated at 37°C for a period of 7-14 days.

Genomic DNA extraction and 16S rRNA gene
sequencing

Genomic DNA was extracted using GeneMark bacterial DNA pu-
rification kit. Appropriate liquid media cultures for bacterial DNA
extractions were prepared and incubated at 37°C, 150 rpm for
7 days. The extraction was completed following the manufac-
turer’s instructions provided in the kit. The 16S rRNA gene was
sequenced using ABI 3730XL platform, service provided by Ingaba
Biotec, Pretoria, South Africa. Sequence chromatogram analysis
was performed using FinchTV analysis software. Taxonomic iden-
tification was conducted using the NCBI BLASTN server. A phylo-
genetic tree was constructed using maximum likelihood method
using Kimura-2 parameter model.

Environmental DNA extraction and metagenomic
sequencing

The water samples (1000 mL) were sequentially filtered through
0.45 and 0.22 pm GE® polycarbonate filter membrane. The mem-
branes from 0.22 ym were cut into small pieces in sterilized con-
dition and DNA extraction was performed using an optimized
CTAB method (Zhou et al. 1996). The DNA extractions were per-
formed in triplicates and replicates were later pooled prior to
metagenome sequencing. DNA quality and quantity was exam-
ined with a Thermo Scientific NanoDrop 3300 Fluorospectrome-
ter (Thermofisher Scientific, USA). The extracted DNA was ran-
domly sheared into short fragments and ligated with Illumina
adapters to construct a library. The libraries were pooled, bar-
coded and subsequently shotgun sequenced on one lane of a flow
cell using a 150 bp paired-end run on a NovaSeq PE150 instru-
ment (Illumina) at Novo-gene (Hong Kong). The sequences were
de-multiplexed using Cassava v.2.0 and FastQC was used for qual-
ity control checks on the sequence composition of paired-end raw
reads. Trimmomatic v0.36 (Q-value < 38; N >10 bp; reads overlap
with adapter >15 bp) was employed to remove low quality bases
and any adapter contamination.

Balchaetal. | 3

Assembly, metagenome assembly of genomes
(binning) and annotation

The assembly of the reads was initially conducted using MEGAHIT
(Lietal. 2015). Scaffolds containing “N” were removed and scaftigs
were subsequently formed (Mende et al. 2012, Nielsen et al. 2014).
The cleaned reads were then mapped to assembled scaftigs us-
ing Bowtie2 and the unutilized paired end reads were collected
(Langmead and Salzberg 2012). Mixed assembly was carried out
on unutilized reads and after which reads shorter than 500 bp
were trimmed from the scaftigs and the mixed assembled units
(Li et al. 2014). The assembled contigs were further binned into
metagenome assembled genomes (MAGs) using the method de-
scribe by Yang and co-authors (Yang et al. 2021). MAGs (bin-
ning) was conducted using MetaBAT2 (Kang et al. 2019), CON-
COCT (Alneberg et al. 2014), and MaxBin (Wu et al. 2016). The re-
trieved MAGs were pooled with DAS Tool (v1.1.1) (Sieber et al. 2018)
and their completeness and contamination were assessed using
CheckM (> 80% completeness and < 10% contamination) (Parks
etal. 2015). The metagenome was annotated using NCBI GenBank
annotation pipeline (Altschup et al. 1990) and RAST (Rapid Anno-
tation using Subsystem Technology) tools, employing the classic
RAST annotation scheme (Aziz et al. 2008). Furthermore, func-
tional classification of the predicted genes was conducted using
the Cluster of Orthologous Groups (COG) framework (Tatusov et
al. 2003).

Taxonomic Assignment of Contigs

The taxonomic diversity of the assembled contigs was performed
by comparing metagenomic reads based on sequence or phyloge-
netic similarity to the database sequence of taxonomically infor-
mative gene families (microNR database) (Buchfink et al. 2014).
The taxonomic annotation of each metagenomic homolog was
then carried out using MEtaGenome Analyzer community edition
(MEGAN) (Huson et al. 2011). MEGAN allocated the reads onto the
NCBI taxonomy using settings of the Lowest Common Ancestor
(LCA) algorithm. Tree file extracted from MEGAN was uploaded to
an online Interactive Tree Of Life (iTOL) version 5.0 (Letunic and
Bork 2021) and circular phylogenetic tree was constructed.

Detection of BGCs

The MAGs were subjected to antiSMASH 6.0.1 (Blin et al. 2021) to
mine BGCs and contigs of size equal to or larger than 1000 bp were
utilized. The RAST-web tool server and NCBI Gen- Bank annota-
tion pipeline were utilized to identify various proteins and genes
responsible for adaptation to extreme environment. The identi-
fied BGCs were compiled, and a stacked bar chart was generated
using R studio, with visualization created in ggplot2 and R Color
Brewer packages.

Detection of bacteriocins and domains of NRPS
and KS

BAGEL4 was used to assess the bacteriocin and ribosomally syn-
thesized and posttranslational modified peptides (RiPPs) within
the investigated MAGs (Heel et al. 2018). Potential clusters and an-
notated classifications were identified as areas of interest (AOI).
In addition, NaPdoS was used to search potential known natural
product biosynthetic domains, specifically C and KS, by comparing
them to a domain database of previously characterized natural
products (Ziemert et al. 2012). Subsequently, a circular phyloge-
netic tree was constructed for all C and KS domains using NaP-
DoS. The resulting trees were visually presented and annotated

$202 JequienoN | | uo 1senb Aq 60Z129.//8008BIX/oWSWaY/SE0 L "0 | /I0p/a[onie/S8gololwswa)/woo dno olwspeose//:sdiy woly papeojumoq



4 | FEMS Microbes, 2024, Vol. 5

Table 1. Physico-chemical measurements and elemental content
(mg/L) of Lake Afdera, water samples taken in April, 2021.

Measured parameters Measured value

Temperature (°C) 36
pH 5.89
Salinity (g/L) 137
Altitude (m) -112
Na 38500
Ca 13900
Mg 1090
cl 1590
Mn 0.618
Cu 0.841
Pb 0.018
Zn 0.013
Ni 1.350
Fe 2.160
Cd 0.001
Li 15.7
Sr 183

Table 2. Metagenome sequence analysis and assembly data.

Sequencing parameters Quantified Value

Library insert size (bp) 350
DNA concentration used for sequencing (ng/jl) 7.8
Length of single read (bp) 150
Total number of raw reads 45081590
Total number of cleaned reads (Mbp) 6759.12
GC content (%) 56

No. of contigs 93220
Longest contig length (bp) 176724
N50 (bp) 1212
Total length (bp) 108548798

using the online interactive Tree of Life (iToL) version 5.0 (Letunic
and Bork 2021).

Results

Physico-chemical measurements, elemental
composition and enrichment media
Physico-chemical measurements (Table 1) indicate that Lake
Afdera is predominantly saline, with a slightly acidic pH. The
GPS meter show that the lake is one of the lowest land areas in
Africa. The elemental composition revealed that the lake is con-
taminated with heavy metals (Table 1), including iron (Fe), lead
(Pb), zinc (Zn), and nickel (Ni). Additionally, appreciable amount
(15.7 mg/L) of lithium (Li) was detected in the lake.

In this study, bacterial species similar to Bacillus were isolated
using an optimized halophilic enrichment media called NB 1090.
The sequencing results from 16S rRNA gene identified EAS001 as
closely related to Lysinibaccilus fusilformis and EAF001 as Bacillus
cereus. The phylogenetic tree also displayed closely related species

(Fig. 2).

Metagenome data analysis and microbial
community compositions

A total of 45081590 reads were generated with GC content of 56%
(Table 2). These reads were subsequently assembled into 93220
contig sequences, with a total contig length of 108548798 bp (Ta-

ble 2). From the metagenomic assembly (binning), 17 MAGs were
generated and following inspection using CheckM, ten candidate
MAGs representing different assigned phyla were selected. These
were chosen for detection and investigation of BGCs and environ-
mental adaptation mechanisms (Table S7).

The microbial composition of the metagenome was domi-
nated by bacteria (94.932%), followed by eukarya (0.3663%), ar-
chaea (0.1913%) and 4.5103% of the reads were unclassified taxa
(Fig. 3). The phyla detected in the sampling sites included Pseu-
domonadota (63.6%), Actinomycetota (13.9%), Bacilliota (7.8%),
Bacteroidota (2.6%) and Cyanobacteria (2%). Gammaproteobacte-
ria (42.9%) and Alphaproteobacteria (16.8%) were the most iden-
tified classes within the phylum Pseudomonadota, followed by
Actinobacteria (13.9%), Bacilli (7.7%) Betaproteobacteria (3.1%)
and Flavobacteriia (2.4%). The genus with the highest occurrence
across the sampling sites was Acinetobacter (18.6%), followed by
Pseudomonas (11.8%), which represents the second most frequent
lineage within the Gammaproteobacteria. The remaining genera
identified in the microbiome of Lake Afdera included Microbac-
terium (7.6%), Bacillus (4.7%), and Methylobacterium (4.1%) (Fig. 4).
Among other recognized bacterial lineages, members of Candida-
tus Kaiserbacteria, Mucoromycota, Basidiomycota, Ascomycota,
Acidobacteria were found in minor amounts (<1% of reads).

Additionally, the archaeal population was represented in the
metagenome sequences, with archaeal phyla such as Candidatus
Nanohaloarchaeota, Crenarchaeota, and Euryarchaeota being de-
tected. In addition to these phyla, we identified a small percentage
(less than 1%) of the community at the class level. These include
Nanohaloarchaea, Thermoprotei, Halobacteria, Methanobacteria,
Methanomicrobia, and Thermococci.

Secondary metabolism BGCs

A total of 68 BGCs were detected from 10 MAGs using antiSMASH
(Table 3 and Table S1). Among these, 20.6% of the BGCs encoded
for non-ribosomal peptide-synthetase (NRPS), showing 100% gene
similarity to bacitracin and lichenysin from the MIBIG most sim-
ilarity cluster database index (Table S1).

Additionally, 13.2% BGCs encoded for NRP-metallophore, show-
ing 100% genes similarity to bacillibactin from the same database
index were identified. Other BGCs included 10.3% RiPP like
and 5.9% each of thiopeptide-LAP hybrid cluster, terpene, N-
Acetylglutaminylglutamine amide (NAGGN), arylpolyene, resorci-
nol clusters, Linear azol(ine)e-containing peptides (LAP) was de-
tected in the MAGs. Further, 1.5% ectoine and 2.9% cyclodipep-
tide synthase (CDPS) BGCs were identified in MAGs (Fig. 5). Among
the MAGs, Actinomycetota exhibited the highest number of BGCs,
closely followed by Bacilliota (Supplementary Table S1).

A total of 26 bacteriocins BGCs were also identified via BAGEL4
(Fig. 6). In this study, sactipeptides (40%) are the most prevalent
bacteriocin clusters followed by Lanthipeptide (16%) and Lasso
peptide (12%). MAGs assigned to Bacilliota (eight), Cyanobacteria
(seven) and Bacteroidota (six) abundantly contained genes that
encode a range of bacteriocins (Supplementary Table S2).

Analysis of KS and C Domains

Compounds such as fengycin, bacitracin and lichenysin con-
tributed over 80% of the total C domains detected. In addition,
several other biologically active compounds, like syringomyecin,
complestatin, mycosubtilin, microcystin, nostopeptolide, bacil-
libactin, pyoverdine were detected in the MAGs assigned for
Bacilli, Gammaproteobacteria and Cyanobacteria (Fig. 7, Table S4).
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Figure 4. Circular phylogeny tree for metagenomically detected microbes from water samples collected from Lake Afdera

Table 3. The BGC types detected in the water samples of Lake Afdera and their respective biotechnological and industrial applications.

S.no. Taxonomy BGCs type Biotechnological applications References
MAG 1 Actinomycetota (phylum) LAP Narrow-spectrum antibacterial (Kloosterman et al. 2020)
B-lactone Antimicrobial and anti-cancer drugs (Robinson et al. 2019)
Bacteriocins Antibacterial activity (Yang et al. 2014)
CDPS Antimicrobial, anticancer activity (Singh et al. 2021)
MAG 2 Bacilliota (phylum) Lanthipeptide Antimicrobial (Montalban-Lépez et al. 2021)
Lassopeptide Antimicrobial and anticancer (Cheng and Hua 2020)
Thiopeptide Antibacterial activities (Chan and Burrows 2021)
MAG 3 Cyanobacteria (phylum) Terpene Antimalarial, anti-cancer, antiviral, (Cox-Georgian et al. 2019)
antimicrobial, anti-inflammatory,
anti-diabetic activity
MAG 4 Gammaproteobacteria (class) Ranthipeptide Resistance to stressors (Russell et al. 2020)
MAG 5 Betaproteobacteria (class) NAGGN Industrial application, Osmoprotectants (Sagot et al. 2010)
MAG 6 Alphaproteobacteria (class) RiPP like Antimicrobial (Montalban-Lépez et al. 2021)
MAG 7 Bacteroidota (phylum) Ectoine Industrial application, Osmoprotectants (Kuhlmann et al. 2011)
MAG 8 Flavobacteria (class) Redox-cofactor Maintain cellular redox balance (Xie and Zhang 2022)
MAG 9 Gammaproteobacteria (class)  Arylpolyene Antioxidative products (Ziko et al. 2019)
MAG 10 Pseudomonadota (phylum) NRPs Antimicrobial, immunosuppressant and  (Felnagle et al. 2008)

anticancer drugs
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Figure 6. Bar plot shows abundance of bacteriocin cluster types and their subsequent subclasses predicted by BAGEL4 from the recovered MAGs.

Sactipeptides was found to be the most abundant predicted bacteriocin class.

The KS domain from the analyzed MAGs aligned closely with
aryl polyene, chaetoglobosin, iterative cis-AT and modular cis-AT
as well as Fatty acid synthesis (FAS) (Fig. 8, Supplementary Table
S3 and S5).

Genomic insights into microbial survivability
mechanisms

Through annotation using NCBI GenBank pipeline, RAST tool and
COG database, we identified various putative microbial genes,

proteins and compounds associated with metal resistance and
adaptation to the metal-rich environments of Lake Afdera. Genes
encoding copper oxidases (copA) and copper resistance proteins
(copB, copC, copD, copG) were detected (Table S6). Additionally, the
presence of genes such as ferric uptake regulator (fur) and Fe-
bacillibactin uptake systems (FeuABC) suggests regulatory mech-
anisms for managing excess concentration of iron (Tables S6, S8).
Our sequence analysis also revealed multiple gene clusters en-
coding proteins involved in mercury resistance, including mer-
curic ion reductase (merA) and genes regulating transcriptional
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Figure 7. Phylogenetic tree constructed using maximum likelihood method to analyze condensation (C) domains against the NaPDoS domain
database. The outer ring of the tree represents natural products, which are shaded according to their bioactivity. Various C domains aligned most

closely to pathways encoding for antibacterial and antifungal compounds.

mercuric reductase (Table S6). Furthermore, multi-heavy metal
efflux proteins such as magnesium- cobalt efflux protein CorC and
the cobalt-zinc-cadmium resistance protein CzcD were detected
(Tables S6, S8).

Multiple gene clusters combating oxidative stress were also
identified, including gor for glutathione reductase, grxA for
glutaredoxin 3, rbr for rubredoxin and other antioxidant re-
lated genes (Table S6, S8). Moreover, genes encoding enzymes
that neutralize oxidative stress, such as superoxide dismu-
tase, glutathione peroxidase, glutathione synthetase, gamma-
glutamyltranspeptidase, glutamate-cysteine ligase, glutathione S-
transferase, Alkyl hydroperoxide reductase subunit C-like protein
were identified (Table S6). We also found multiple copies of pu-
tative genes encoding proteins responsive to osmotic stress, in-
cluding opuAC for choline, glycine/betaine uptake and biosyn-
thesis; soxA for sarcosine oxidase; betT for High-affinity choline
uptake system and various osmoprotectants (e.g. prow) (Tables
S6, S8). Further, the genome analysis revealed predicted com-
pounds such as ectoines and osmoprotectant peptides (N-
acetylglutaminylglutamine amide, NAGGN) (Table S1).

Discussion

The advent of genome mining tools for studying microbial
genomes has led to the widespread identification of BGCs across
the bacterial domain (Cimermancic et al. 2014). BGCs are dis-
tributed in various gene cluster families and play crucial role in
providing microbial communities with the ability to adapt to ex-

treme environments (Wang et al. 2019). Herein, we present the
first metagenome mining study of BGCs from understudied mi-
croorganisms in Lake Afdera, shedding lights into their chemi-
cal potential as well as their adaptation mechanisms within the
poly-extreme habitat. Moreover, we have developed an inexpen-
sive classical halophile mineral growth medium, NB 1090, by mod-
ifying a published method (Kiki 2016, Belilla et al. 2019). Such
isolation media may be instrumental for cultivation of microbes
from hypersaline environments. Our optimized method enriched
microbial species related to B. cereus and L. fusiformis as evidenced
from the sequenced 16S rRNA gene data. This finding aligns with
previous research on Afdera soil, which reported thermostable
amylases from culturally isolated Bacillus species (Yassin et al.
2021).

The microbiome of Lake Afdera mainly consists of the bacterial
phyla such as Pseudomonadota, Actinomycetota, Bacilliota, Bac-
teroidota and Cyanobacteria. This finding is consistent with sim-
ilar studies conducted in hyper-arid regions of Atacama desert,
where these phyla were frequently observed (Azua-Bustos et al.
2015, Orellana et al. 2018). Additionally, a 16S rRNA gene sur-
vey of commercial salts extracted from Lake Afdera revealed
an abundance of Pseudomonadota, Bacteroidota, Actinomycetota
and Bacilliota (Gibtan et al. 2017). A broad bacterial (and to a
lesser extent, archaeal) diversity was identified in the saline rich
multi-extreme environment of the Afar Depression. This diversity
might result from multiple independent adaptation mechanisms
within the archaeal community, which appear to contrast with
the extensive molecular adaptations observed in the bacterial do-
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Novel Biosynthetic Gene Clusters offer key role to discover unique natural products in extreme Halophilic environments

main (Hallsworth et al. 2007, Stevenson et al. 2015, Lee et al. 2018).
An example of such an adaptation is the intracellular accumula-
tion of K* (the ‘salt-in’ strategy), which must function in conjunc-
tion with intracellular proteins adapted to these harsh conditions.
Prior to the present study, it has not been shown whether the iden-
tified phylum from Lake Afdera possess biosynthetic capacity for
natural compound discovery.

The MAGs were thoroughly analyzed using antiSMASH 6.0.1 to
predict BGCs and a total of 68 BGCs were detected with NRPS, bac-
teriocins and NRP-metallophore being the most abundant among
them. Among the identified taxonomies, the highest number of
BGCs was detected in the MAGs associated with Actinomyce-
tota and Bacilliota, supporting their reported biosynthetic capac-
ity (Fig. 5). An antiSMASH survey of these phyla harbored the most
diverse BGCs, to mention few NRPS, PKS, saccharide, B-lactone,
RiPP like, CDPS (Table S1). Saccharides enable bacteria to form
biofilms thereby providing adaptation mechanisms from toxins
and dehydration (Wolferen et al. 2018). CDPS and g-lactones ex-
hibited a broad range of biological activities, including antimicro-
bial and anticancer activities, making them promising candidates
for developing new pharmaceuticals to combat the growing an-
tibiotic resistance crisis (Li and Rebuffat 2020, Singh et al. 2021).
Other identified BGCs and their associated functions further un-
derscores the microbiome’s potential in Lake Afdera for biotech-
nological applications and adaptation mechanisms, such as RiPP
like (Chan and Burrows 2021), NRPS, PKS (Burns et al. 2005), ter-
pene (Medema et al. 2015), NAGGN (Sagot et al. 2010) and ec-
toine (Jorge et al. 2016). Ectoine, in particular, enables halophiles to

endure hypersaline conditions, suggesting that “salt-out” mecha-
nism likely contributes to the survival of microbes in Lake Afdera’s
high salinity (Ma et al. 2010).

Bacteriocin BGCs were also detected using BAGEL4 (Table S2).
This survey has yielded several catalogues of bacteriocin clus-
ters (Fig. 6) with antibiotic potential (Cotter et al. 2013). An earlier
survey of hypersaline environments revealed multiple BGCs in-
cluding bacteriocins, and these clusters were hypothesized to play
crucial functions in the survival of microbial community (Craw-
ford et al. 2016, Ziko et al. 2019). It is possible that microbes in-
habiting Lake Afdera utilize similar survival mechanisms. Further
analysis of the metagenome for C and KS domains, using NaPDoS
pipelines, identified antimicrobial peptides such as lichenysin,
bacitracin, bacillibactin and fengycin. Lichenysin, renowned for
multi-functionality, serve as an efficient ion chelator and surfac-
tant that maintains stability even under extreme conditions (Yeak
et al. 2022). Additionally, C domains originating from Gammapro-
teobacteria aligned with syringomyecin, recognized for its antimi-
crobial and biosurfactant functions (Raaijmakers et al. 2010). Si-
multaneously, the majority of KS domain sequences were found
to closely align with compounds related to fatty acid synthesis
(FAS) (Fig. 8). FAS compounds support the survival of organisms
in extreme environments by providing photoprotective activity
against UV radiation and shielding from ROS (Chen et al. 2020).
Consequently, widespread distribution of BGCs plays vital roles
in microbial adaptations to high UV radiation, extreme temper-
atures, salinity and desiccation stress (Wong et al. 2018, Wang
et al. 2019).
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In this study, metagenome analysis predicted multiple genes
conveying metal tolerance in microorganisms. Metals serve a key
role within these organisms, acting as catalysts, co-factors for en-
zymes, stabilizers for proteins and participate in several redox
reactions either by donating or accepting electrons (Dopson and
Holmes 2014). However, Lake Afdera is typically enriched with
high metal concentrations, which can be toxic to microorganisms.
Several open reading frames (ORFs) have been identified to code
for putative proteins associated with copper resistance. Notably,
the multi-copper oxidase, copA, has been detected and found to
play an important role in copper detoxification by reducing oxy-
gen to water (Quintanar et al. 2007). Further metagenome anal-
yses unveiled the presence of copper-resistance proteins, CopB,
CopC, CopD and CopG, which are recognized for their role in the
uptake and transport of copper to cytoplasm for subsequent ex-
pulsion (Benison 2019).

Other genes relating to heavy metal tolerance detected in this
environment include mercuric reductase (merA) and its regula-
tory proteins. These proteins catalyzes the reduction of Hg(II) to
volatile Hg(0), effectively detoxifying the immediate microbial en-
vironment (Barkay et al. 2010). The Lake Afdera metagenome also
contained znuABC genes, which have been identified as involved in
the uptake and intracellular regulation of Zn* ions across the cell
membrane (Mikhaylina et al. 2018), and genes encoding for multi-
metal resistance protein such as cobalt-zinc-cadmium CzcD and
magnesium-cobalt efflux protein CorC. These resistance systems
are employed by cells to expel multi-heavy metals out of the cell
membrane (Dopson and Holmes 2014).

Metagenome analysis has identified various copies of genes
responsible for generation of several anti-oxidative enzymes,
which are involved in protecting against oxidative stress. This in-
cludes superoxide dismutase, glutathione peroxidase (GPx), glu-
tathione (GSH), catalases, reductases, glutaredoxin and peroxire-
doxin (Supplementary Table S6). These enzymes enable bacteria’s
DNA, proteins, lipid membranes as well as metabolic system and
other cell compartments to function efficiently (Kumar et al. 2019,
Abdel-Mageed et al. 2020). Among other genes detected for ox-
idative stress management are Rbr and the alkyl hydroperoxide
reductase subunit C, which convert endogenously generated hy-
drogen peroxide into water (Imlay 2013). Other compounds pre-
dicted to be effective for the management of oxidative stress in-
clude trehalose, sugar molecule known for its role as stress protec-
tant against the damage caused by environmental stresses, such
as osmotic stress (Chen et al. 2017).

In hypersaline environments, osmotic stress significantly dis-
turbs the internal osmotic balance of microbial life. Genome
mining has identified various genes and solutes that are cru-
cial for neutralizing osmotic stress. Among these key genes
betT, opuAC and proW are responsible for the uptake of choline,
glycine/betaine and glycine betaine/L-proline respectively. These
genes help to counteract osmotic pressure across the membrane
(Kempf and Bremer 1998). In addition, other predicted compounds
include peptide such as NAGGN and ectoines (Sagot et al. 2010).
The presence of these genes and compounds underscores their
potential importance as osmoregulators to counteract osmotic
stress at Lake Afdera.

Conclusion

Our findings present the first metagenomic study that identified
BGCs involved in synthesizing various classes of compounds in
the microbiome of Ethiopia’s Lake Afdera. These include NRPS,
NRP-metallophore, bacteriocins, RiPP like and ectoine. These iden-

tified BGCs possess a wide range of potential uses in industry and
could also hold significant potential in environmental and medic-
inal fields. Additionally, the study isolated and identified strains
of Bacillus. The sequencing analysis also highlighted BGCs asso-
ciated with microbial adaptation to harsh environmental condi-
tions. These genes equip microorganisms to withstand challenges
such as salinity, extreme temperatures, high metal concentra-
tions, intense radiation and desiccation. Consequently, the anal-
ysis of these BGCs has revealed natural products that could be
significant for the environmental adaptation of Lake Afdera mi-
crobiome, Afar Depression. Further research is needed to gain a
detailed understanding of the molecular mechanisms underlying
poly-extremophiles in Lake Afdera and to elucidate the anti-stress
mechanisms these organisms employ.

Author contributions

Ermias Sissay Balcha, Michael C. Macey, Mesfin Tafesse Gemeda,
Barbara Cavalazzi, and Adugna Abdi Woldesemayat

Acknowledgments

We are grateful to the Afar regional state mine resource develop-
ment bureau for granting us research permits and allowing ac-
cess to the sampling sites. We would like to extend our appre-
ciation to the Department of Biotechnology, Addis Ababa Science
and Technology University for providing the necessary infrastruc-
ture to conduct this research. We are also grateful to Dr. Stefano
Bertuzzi for his contribution with bioinformatics work. Further-
more, we are immensely thankful to Prof. Karen Olson, Director
of astrobiology, Open University, for providing an infrastructure
required to carry out the bioinformatics of this research work and
for her comments of this paper.

Supplementary data
Supplementary data is available at FEMSMC Journal online.

Conflict of interest: The authors declare that they have no competing
interests

Funding

No specific fund is available for this research work

Data availability

The raw metagenomic reads were deposited to Sequence Read
Archive (SRA), NCBI and Bio-Sample and SRA accession num-
bers were received. The accession number PRJNA895852 corre-
sponds to Lake Afdera. The bacterial isolates were archived in the
GenBank database (https://www.ncbi.nlm.nih.gov/genbank/) un-
der accession numbers OR230583 and OR230582.

References

Abdel-Mageed WM, Lehri B, Jarmusch SA et al. Whole genome se-
quencing of four bacterial strains from south shetland trench
revealing biosynthetic and environmental adaptation gene clus-
ters. Mar Geonomics 2020;54:100782. https://doi.org/10.1016/j.ma
rgen.2020.100782.

$20Z JaquianoN | | uo 1sanb Aq 60Z+29//8008BIX/OWSWAY/EE0 L 0| /I0P/3]21LB/S8go.I0IWSWa)/Wod dno-olwapese//:sdny woJj papeojumoq


https://academic.oup.com/femsmc/article-lookup/doi/10.1093/femsmc/xtae008#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae008#supplementary-data
https://www.ncbi.nlm.nih.gov/genbank/
https://doi.org/10.1016/j.margen.2020.100782

Alneberg J, Bjarnason BS, Bruijn ID et al. Binning metagenomic con-
tigs by coverage and composition. Nat Methods 2014;11:1144-6.
https://doi.org/10.1038/nmeth.3103.

Altschup SF, Gish W, Miller W et al. Basic local alignment search tool.
J Mol Biol 1990;215;403-10.

Amoozegar MA, Siroosi M, Atashgahi S et al. Systematics of haloar-
chaea and biotechnological potential of their hydrolytic enzymes.
Microbiology society 2017. https://doi.org/10.1099/mic.0.000463.

Aziz RK, Bartels D, Best A et al. The RAST server: rapid annotations
using subsystems technology. Bmc Genomics [Electronic Resource]
2008;9:75. https://doi.org/10.1186/1471-2164-9-75.

Azua-Bustos A, Caro-Lara L, Vicuila R. Discovery and microbial con-
tent of the driest site of the hyperarid atacama desert, Chile. Env-
iron Microbiol Rep 2015;7:388-94. https://doi.org/10.1111/1758-222
9.12261.

Barkay T, Kritee K, Boyd E et al. A thermophilic bacterial origin
and subsequent constraints by redox, light and salinity on the
evolution of the microbial mercuric reductase. Environ Microbiol
2010;12:2904-17. https://doi.org/10.1111/j.1462-2920.2010.02260
X.

Bekele A, Schmerold R. Characterization of brines and evaporite
deposits for their lithium contents in the northern part of the
danakil depression and in some selected areas of the main
ethiopian rift lakes. ] Afr Earth Sci 2020;170:1-17. https://doi.org/
10.1016/j jafrearsci.2020.103904.

Belilla J, Moreira D, Jardillier L et al. Hyperdiverse archaea near life
limits at the polyextreme geothermal dallol area. Nat Ecol Evol
2019;3:1552-61. https://doi.org/10.1038/s41559-019-1005-0.

Benison KC The physical and chemical sedimentology of two high-
altitude acid salars in Chile: sedimentary processes in an extreme
environment. J Sediment Res 2019;89:147-67. https://doi.org/10.2
110/js1.2019.9.

Blin K, Shaw S, Kloosterman AM et al. AntiSMASH 6.0: improving
cluster detection and comparison capabilities. Nucleic Acids Res
2021;49:W29-35. https://doi.org/10.1093/nar/gkab335.

Buchfink B, Xie C, Huson DH. Fast and sensitive protein alignment us-
ing DIAMOND. Nature Methods. 2014. https://doi.org/10.1038/nm
eth.3176.

Burns BP, Seifert A, Goh F et al. Genetic potential for secondary
metabolite production in stromatolite communities. FEMS Micro-
biol Lett 2005;243:293-301. https://doi.org/10.1016/j.femsle.2004.
12.019.

Chan DCK, Burrows LL. Thiopeptides: antibiotics with unique chem-
ical structures and diverse biological activities. ] Antibiot 2021.
https://doi.org/10.1038/s41429-020-00387-X.

Charlesworth JC, Burns BP. Untapped resources: biotechnological po-
tential of peptides and secondary metabolites in archaea. Archaea
2015;2015:1-7. https://doi.org/10.1155/2015/282035.

Chen R, Lun Wong H, Kindler GS et al. Discovery of an abundance
of biosynthetic gene clusters in shark bay microbial mats. Front
Microbiol 2020;11. https://doi.org/10.3389/fmicb.2020.01950.

Chen X, An L, Fan X et al. A trehalose biosynthetic enzyme doubles
as an osmotic stress sensor to regulate bacterial morphogene-
sis. PLoS Genet 2017;13:€1007062. https://doi.org/10.1371/journal.
pgen.1007062.

Cimermancic P, Medema MH, Claesen ] et al. Insights into secondary
metabolism from a global analysis of prokaryotic biosynthetic
gene clusters. Cell 2014;158:412-21. https://doi.org/10.1016/j.cell
.2014.06.034.

Corral P, Amoozegar MA, Ventosa A. Halophiles and their
biomolecules: recent advances and future applications
in biomedicine. Mar Drugs 2020;8:33, MDPI AG. https:
//doi.org/10.3390/md18010033.

Balchaetal. | 11

Cotter PD, Ross RP, Hill C. Bacteriocins-a viable alternative to antibi-
otics? Nat Rev Micro 2013;1:95-105, https://doi.org/10.1038/nrmi
€ro2937.

Crawford MA, Henard CA, Tapscott T et al. DksA-dependent tran-
scriptional regulation in salmonella experiencing nitrosative
stress. Front Microbiol 2016;7. https://doi.org/10.3389/fmicb.2016.0
0444.

Dassarma P, Coker JA, Huse V et al. Halophiles, industrial applica-
tions. 2010.

Donia MS, Cimermancic P, Schulze CJ et al. A systematic analysis of
biosynthetic gene clusters in the human microbiome reveals a
common family of antibiotics. Cell 2014;158:1402-14. https://doi.
0rg/10.1016/j.cell.2014.08.032.

Dopson M, Holmes DS. Metal resistance in acidophilic microor-
ganisms and its significance for biotechnologies. Appl Microbiol
Biotechnol 2014;98:8133-44. https://doi.org/10.1007/s00253-014-5
982-2.

Gibtan A, Park K, Woo M et al. Diversity of extremely halophilic ar-
chaeal and bacterial communities from commercial salts. Front
Microbiol 2017;8. https://doi.org/10.3389/fmicb.2017.00799.

Hallsworth JE, Yakimov MM, Golyshin PN et al. Limits of life in MgCl2-
containing environments: chaotropicity defines the window. En-
viron Microbiol 2007;9:801-13. https://doi.org/10.1111/j.1462-2920.
2006.01212.x.

Heel AJV, Jong AD, Song C et al. BAGEL4: a user-friendly web server
to thoroughly mine ripps and bacteriocins. Nucleic Acids Res
2018;46:W278-81. https://doi.org/10.1093/nar/gky383.

Huson DH, Mitra S, Ruscheweyh HJ et al. Integrative analysis of envi-
ronmental sequences using MEGAN4. Genome Res 2011;21:1552—
60. https://doi.org/10.1101/gr.120618.111.

Imlay JA Stress: lessons from a model bacterium. Nat Rev Micro
2013;11:443-54. https://doi.org/10.1038/nrmicro3032.

Jorge CD, Borges N, Bagyan I et al. Potential applications of stress so-
lutes from extremophiles in protein folding diseases and health-
care. Extremophiles 2016;20:251-9, https://doi.org/10.1007/s00792
-016-0828-8.

Kang DD, Li F, Kirton E et al. MetaBAT 2: an adaptive binning al-
gorithm for robust and efficient genome reconstruction from
metagenome assemblies. Peer] 2019;7:e7359. https://doi.org/10.7
717 //peerj.7359.

Kempf B, Bremer E. Uptake and synthesis of compatible solutes as
microbial stress responses to high-osmolality environments. Arch
Microbiol 1998;170:319-30. https://doi.org/10.1007/s00203005064
9.

Kiadehi MSH, Amoozegar MA, Asad S et al. Exploring the potential
of halophilic archaea for the decolorization of azo dyes. Water Sci
Technol 2018;77:1602-11. https://doi.org/10.2166/wst.2018.040.

Kiki MJ. A new medium for the isolation and enrichment of halophilic
actinobacteria. Life Science Journal 2016;13:65-71. https://doi.org/
10.7537/marslsj13011610.

Kumar R, Acharya V, Mukhia S et al. Complete genome sequence
of pseudomonas frederiksbergensis ERDD5:01 revealed genetic
bases for survivability at high altitude ecosystem and bioprospec-
tion potential. Genomics 2019;111:492-9. https://doi.org/10.1016/].
ygeno.2018.03.008.

Langmead B, Salzberg SL. Fast gapped-read alignment with bowtie 2.
Nat Methods 2012;9:357-9. https://doi.org/10.1038/nmeth.1923.
Lee CJD, McMullan PE, O’Kane CJ et al. NaCl-saturated brines are ther-
modynamically moderate, rather than extreme, microbial habi-
tats. FEMS Microbiol Rev 2018;42:672-93. https://doi.org/10.1093/fe

msre/fuy026.

Letunic I, Bork P. ITOL: interactive tree of life. 2021. https://itol.emb
l.de / (12 August 2023, date last accessed).

$20Z JaquianoN | | uo 1sanb Aq 60Z+29//8008BIX/OWSWAY/EE0 L 0| /I0P/3]21LB/S8go.I0IWSWa)/Wod dno-olwapese//:sdny woJj papeojumoq


https://doi.org/10.1038/nmeth.3103
https://doi.org/10.1099/mic.0.000463
https://doi.org/10.1186/1471-2164-9-75
https://doi.org/10.1111/1758-2229.12261
https://doi.org/10.1111/j.1462-2920.2010.02260.x
https://doi.org/10.1016/j.jafrearsci.2020.103904
https://doi.org/10.1038/s41559-019-1005-0
https://doi.org/10.2110/jsr.2019.9
https://doi.org/10.1093/nar/gkab335
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1016/j.femsle.2004.12.019
https://doi.org/10.1038/s41429-020-00387-x
https://doi.org/10.1155/2015/282035
https://doi.org/10.3389/fmicb.2020.01950
https://doi.org/10.1371/journal.pgen.1007062
https://doi.org/10.1016/j.cell.2014.06.034
https://doi.org/10.3390/md18010033
https://doi.org/10.1038/nrmicro2937
https://doi.org/10.3389/fmicb.2016.00444
https://doi.org/10.1016/j.cell.2014.08.032
https://doi.org/10.1007/s00253-014-5982-2
https://doi.org/10.3389/fmicb.2017.00799
https://doi.org/10.1111/j.1462-2920.2006.01212.x
https://doi.org/10.1093/nar/gky383
https://doi.org/10.1101/gr.120618.111
https://doi.org/10.1038/nrmicro3032
https://doi.org/10.1007/s00792-016-0828-8
https://doi.org/10.7717/peerj.7359
https://doi.org/10.1007/s002030050649
https://doi.org/10.2166/wst.2018.040
https://doi.org/10.7537/marslsj13011610
https://doi.org/10.1016/j.ygeno.2018.03.008
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1093/femsre/fuy026
https://itol.embl.de

12 | FEMS Microbes, 2024, Vol. 5

LiD, Liu CM, Luo R et al. MEGAHIT: an ultra-fast single-node solution
for large and complex metagenomics assembly via succinct de
bruijn graph. Bioinformatics 2015;31:1674-6. https://doi.org/10.109
3/bioinformatics/btv033.

LiJ, Jia H, Cai X et al. An integrated catalog of reference genes in
the human gut microbiome. Nat Biotechnol 2014;32:834-41. https:
//doi.org/10.1038/nbt.2942.

LiY, Rebuffat S. The manifold roles of microbial ribosomal peptide-
based natural products in physiology and ecology. J Biol Chem
2020;95:34-54, https://doi.org/10.1074/jbc.REV119.006545.

Ma'Y, Galinski EA, Grant WD et al. Halophiles 2010: life in saline envi-
ronments. Appl Environ Microb 2010;6:6971-81, https://doi.org/10
.1128/AEM.01868-10.

Makarova KS, Wolf YI, Karamycheva S et al. Antimicrobial peptides,
polymorphic toxins, and self-nonself recognition systems in ar-
chaea: an untapped armory for intermicrobial conflicts. mBio
2019;10:10. https://doi.org/10.1128/mbio.00715-19.

Medema MH, Kottmann R, Yilmaz P et al. Minimum information
about a biosynthetic gene cluster. Nat Chem Biol 2015;1:625-31,
https://doi.org/10.1038/nchembio.1890.

Mende DR, Waller AS, Sunagawa S et al. Assessment of metage-
nomic assembly using simulated next generation sequencing
data. PLoS One 2012;7:e31386. https://doi.org/10.1371/journal.po
ne.0031386.

Mikhaylina A, Ksibe AZ, Scanlan DJ et al. Bacterial zinc uptake regula-
tor proteins and their regulons. Biochem Soc Trans 2018;6:983-1001,
https://doi.org/10.1042/BST20170228.

Montalban-Lépez M, Scott TA, Ramesh S et al. New developments
in RiPP discovery, enzymology and engineering. Nat Prod Rep
2021;38:130-239. https://doi.org/10.1039/d0np00027b.

Nielsen HB, Almeida M, Juncker AS et al. Identification and assembly
of genomes and genetic elements in complex metagenomic sam-
ples without using reference genomes. Nat Biotechnol 2014;32:822—
8. https://doi.org/10.1038/nbt.2939.

Orellana R, Macaya C, Bravo G et al. Living at the frontiers of life: ex-
tremophiles in chile and their potential for bioremediation. Front
Microbiol 2018;9:1-25. https://doi.org/10.3389/fmicb.2018.02309.

Oren A Halophilic microbial communities and their environments.
Current Opinion in Biotechnology. 2015. https://doi.org/10.1016/j.co
pbio.2015.02.005.

Parks DH, Imelfort M, Skennerton CT et al. CheckM: assessing the
quality of microbial genomes recovered from isolates, single cells,
and metagenomes. Genome Res 2015;25:1043-55. https://doi.org/
10.1101/gr.186072.114.

Quintanar L, Stoj C, Taylor AB et al. Shall we dance? how a multicop-
per oxidase chooses its electron transfer partner. Acc Chem Res
2007;40:445-52. https://doi.org/10.1021/ar600051a.

Raaijmakers JM, Bruijn Id, Nybroe O et al. Natural functions of
lipopeptides from bacillus and pseudomonas: more than surfac-
tants and antibiotics. FEMS Microbiol Rev 2010;4:1037-62, https:
//doi.org/10.1111/§.1574-6976.2010.00221 x.

Sagot B, Gaysinski M, Mehiri M et al. Osmotically induced syn-
thesis of the dipeptide n-acetylglutaminylglutamine amide is
mediated by a new pathway conserved among bacteria. P Natl
Acad Sci USA 2010;107:12652—7. https://doi.org/10.1073/pnas.100
3063107.

Sieber CMK, Probst AJ, Sharrar A et al. Recovery of genomes from
metagenomes via a dereplication, aggregation and scoring strat-
egy. Nat Microbiol 2018;3:836-43. https://doi.org/10.1038/s41564-0
18-0171-1.

Singh TA, Passari AK, Jajoo A et al. Tapping into actinobacterial
genomes for natural product discovery. Front Microbiol 2021. https:
//doi.org/10.3389/fmicb.2021.655620.

Stevenson A, Cray JA, Williams JP et al. Is there a common
water-activity limit for the three domains of life. ISME Journal
2015;9:1333-51. https://doi.org/10.1038/ismej.2014.219.

Tatusov RL, Fedorova ND, Jackson JD et al. The COG database: an up-
dated version includes eukaryotes. 2003. http://www.biomedcent
ral.com/1471-2105/4/41.

Tillett D, Dittmann E, Erhard M et al. Structural organization of mi-
crocystin biosynthesis in microcystis aeruginosa pcc7806: an in-
tegrated peptide-polyketide synthetase system. Chem Biol 2000;7.
https://doi.org/10.1016/51074-5521(00)00021- 1.

Udwary DW, Zeigler L, Asolkar RN et al. Genome sequencing reveals
complex secondary metabolome in the marine actinomycete
Salinispora tropica. 2007;104:10376-81. https://doi.org/10.1073/pn
as.0700962104 (18 August 2023, date last accessed).

Waditee-Sirisattha R, Kageyama H, Takabe T. Halophilic microorgan-
ism resources and their applications in industrial and environ-
mental biotechnology. AIMS Microbiol 2016;2:42-54. https://doi.or
9/10.3934/microbiol.2016.1.42.

Wang H, Fewer DP, Holm L et al. Atlas of nonribosomal peptide and
polyketide biosynthetic pathways reveals common occurrence of
nonmodular enzymes. Proc Nat Acad Sci USA 2014;111:9259-64.
https://doi.org/10.1073/pnas.1401734111.

Wang S, Zheng Z, Zou H et al. Characterization of the secondary
metabolite biosynthetic gene clusters in archaea. Comput Biol
Chem 2019;78:165-69. https://doi.org/10.1016/j.compbiolchem.2
018.11.019.

Weimer BC, Rompato G. Microbial biodiversity of great salt lake, utah.
Nat Resour 2009;15:15-22. http://digitalcommons.usu.edu/cgi/vie
weontent.cgi?article=1311&context=nrei (21 May 2023, date last
accessed).

Welday T, DesseHaki G, Abera S et al. Isolation and characteri-
zation of thermo-stable fungal alpha amylase from geother-
mal sites of afar, Ethiopia. Int J] Adv Pharm, Biol Chem 2014;3:
120-27.

Wiel HJVD. Determination of elements by ICP-AES and ICP-MS. 2003.

Wolferen Mv, Orell A, Albers SV. Archaeal biofilm formation. Nat Rev
Microbiol 2018. https://doi.org/10.1038/s41579-018-0058-4.

Wong HL, White RA, Visscher PT et al. Disentangling the drivers of
functional complexity at the metagenomic level in shark bay mi-
crobial mat microbiomes. ISME ] 2018;12:2619-39. https://doi.or
g/10.1038/541396-018-0208-8.

Wu YW, Simmons BA, Singer SW. MaxBin 2.0: an automated bin-
ning algorithm to recover genomes from multiple metagenomic
datasets. Bioinformatics 2016;32:605-7. https://doi.org/10.1093/bi
oinformatics/btv638.

Yang C, Chowdhury D, Zhang Z et al. A review of computational tools
for generating metagenome-assembled genomes from metage-
nomic sequencing data. Comput Struct Biotechnol J 2021, https:
//doi.org/10.1016/j.csbj.2021.11.028.

Yassin SN, Jiru TM, Indracanti M. Screening and characteriza-
tion of thermostable amylase-producing bacteria isolated from
soil samples of afdera, afar region, and molecular detection of
amylase-coding gene. Int ] Microbiol 2021. https://doi.org/10.1155/
2021/5592885.

Yeak KYC, Perko M, Staring G et al. Lichenysin production by bacillus
licheniformis food isolates and toxicity to human cells. Front Mi-
crobiol 2022;13:1-16. https://doi.org/10.3389/fmicb.2022.831033.

Yin J, Chen JC, Wu Q et al. Halophiles, coming stars for industrial
biotechnology. Biotechnol Adv 2015. https://doi.org/10.1016/].biot
echadv.2014.10.008.

Zeller G, Tap J, Voigt AY et al. Potential of fecal microbiota for early-
stage detection of colorectal cancer. Mol Syst Biol 2014;10. https:
//doi.org/10.15252/msb.20145645.

$20Z JaquianoN | | uo 1sanb Aq 60Z+29//8008BIX/OWSWAY/EE0 L 0| /I0P/3]21LB/S8go.I0IWSWa)/Wod dno-olwapese//:sdny woJj papeojumoq


https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.1038/nbt.2942
https://doi.org/10.1074/jbc.REV119.006545
https://doi.org/10.1128/AEM.01868-10
https://doi.org/10.1128/mbio.00715-19
https://doi.org/10.1038/nchembio.1890
https://doi.org/10.1371/journal.pone.0031386
https://doi.org/10.1042/BST20170228
https://doi.org/10.1039/d0np00027b
https://doi.org/10.1038/nbt.2939
https://doi.org/10.3389/fmicb.2018.02309
https://doi.org/10.1016/j.copbio.2015.02.005
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1021/ar600051a
https://doi.org/10.1111/j.1574-6976.2010.00221.x
https://doi.org/10.1073/pnas.1003063107
https://doi.org/10.1038/s41564-018-0171-1
https://doi.org/10.3389/fmicb.2021.655620
https://doi.org/10.1038/ismej.2014.219
http://www.biomedcentral.com/1471-2105/4/41
https://doi.org/10.1016/S1074-5521(00)00021-1
https://doi.org/10.1073/pnas.0700962104
https://doi.org/10.3934/microbiol.2016.1.42
https://doi.org/10.1073/pnas.1401734111
https://doi.org/10.1016/j.compbiolchem.2018.11.019
http://digitalcommons.usu.edu/cgi/viewcontent.cgi?article=1311&context=nrei
https://doi.org/10.1038/s41579-018-0058-4
https://doi.org/10.1038/s41396-018-0208-8
https://doi.org/10.1093/bioinformatics/btv638
https://doi.org/10.1016/j.csbj.2021.11.028
https://doi.org/10.1155/2021/5592885
https://doi.org/10.3389/fmicb.2022.831033
https://doi.org/10.1016/j.biotechadv.2014.10.008
https://doi.org/10.15252/msb.20145645

Zhou J, Bruns MA, Tiedje JM. DNA recovery from soils of diverse com-
position. Appl Environ Microbiol 1996;62:316-22.

Ziemert N, Podell S, Penn K et al. The natural product domain seeker
napdos: a phylogeny based bioinformatic tool to classify sec-
ondary metabolite gene diversity. PLoS One 2012;7. https://doi.or
g/10.1371/journal.pone.0034064.

Balchaetal. | 13

Ziko L, Adel M, Malash MN et al. IInsights into red sea
brine pool specialized metabolism gene clusters encoding
potential metabolites for biotechnological applications
and extremophile survival. Mar Drugs 2019;17:273. https:
//doi.org/10.3390/md17050273.

Received 2 September 2023; revised 24 January 2024; accepted 5 March 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of FEMS. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original

work is properly cited.

$202 18qWaAoN | | Uo 1senB Aq 602129./8009BIX/OWSWaY/SE0L "0 /I0P/301B/S8q0I0ILSWa)/Wod dnoolwapeoe//:sdiy Woll papeojumoq


https://doi.org/10.1371/journal.pone.0034064
https://doi.org/10.3390/md17050273
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Results
	Discussion
	Conclusion
	Author contributions
	Acknowledgments
	Supplementary data
	Funding
	Data availability
	References

