& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY
Baolei Jia,
Xianghu Lab, China

REVIEWED BY
Heng-Lin Cui,

Jiangsu University, China
Tao Wang,

RayBiotech, United States
Xiaopeng Wang,

Ningbo University, China

*CORRESPONDENCE
Can Chen
chen_can_1990@163.com
Min Wu
wumin@zju.edu.cn

RECEIVED 23 December 2024
ACCEPTED 07 April 2025
PUBLISHED 04 June 2025

CITATION

Xamxidin M, Zhang X, Zheng G, Chen C and
Wu M (2025) Metagenomics-assembled
genomes reveal microbial metabolic
adaptation to athalassohaline environment,
the case Lake Barkol, China.

Front. Microbiol. 16:1550346.

doi: 10.3389/fmicb.2025.1550346

COPYRIGHT

© 2025 Xamxidin, Zhang, Zheng, Chen and
Wu. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that
the original publication in this journal is cited,
in accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Microbiology

Frontiers in Microbiology

TYPE Original Research
PUBLISHED 04 June 2025
pol 10.3389/fmicb.2025.1550346

Metagenomics-assembled
genomes reveal microbial
metabolic adaptation to
athalassohaline environment, the
case Lake Barkol, China

Maripat Xamxidin', Xuangi Zhang? Gang Zheng?, Can Chen'*
and Min Wu'*

!College of Life Sciences, Zhejiang University, Hangzhou, China, 2College of Architecture and
Engineering, Zhejiang University, Hangzhou, China, *Ocean Research Center of Zhoushan, Zhejiang
University, Zhoushan, China

Salt-tolerant and halophilic microorganisms are critical drivers of ecosystem stability
and biogeochemical cycling in athalassohaline environments. Lake Barkol, a high-
altitude inland saline lake, provides a valuable natural setting for investigating microbial
community dynamics and adaptation mechanisms under extreme salinity. In this
study, we employed high-throughput metagenomic sequencing to characterize
the taxonomic composition, metabolic potential, and ecological functions of
microbial communities in both water and sediment samples from Lake Barkol.
We reconstructed 309 metagenome-assembled genomes (MAGs), comprising 279
bacterial and 30 archaeal genomes. Notably, approximately 97% of the MAGs could
not be classified at the species level, indicating substantial taxonomic novelty in
this ecosystem. Dominant bacterial phyla included Pseudomonadota, Bacteroidota,
Desulfobacterota, Planctomycetota, and Verrucomicrobiota, while archaeal
communities were primarily composed of Halobacteriota, Thermoplasmatota, and
Nanoarchaeota. Metabolic reconstruction revealed the presence of diverse carbon
fixation pathways, including the Calvin-Benson-Bassham (CBB) cycle, the Arnon-
Buchanan reductive tricarboxylic acid (rTCA) cycle, and the Wood-Ljungdahl pathway.
Autotrophic sulfur-oxidizing bacteria, alongside members of Cyanobacteria and
Desulfobacterota, were implicated in primary production and carbon assimilation.
Nitrogen metabolism was predominantly mediated by Gammaproteobacteria, with
evidence for both nitrogen fixation and denitrification processes. Sulfur cycling
was largely driven by Desulfobacterota and Pseudomonadota, contributing to
sulfate reduction and sulfur oxidation pathways. Microbial communities exhibited
distinct osmoadaptation strategies. The “salt-in" strategy was characterized by ion
transport systems such as Trk/Ktr potassium uptake and Na*/H* antiporters, enabling
active intracellular ion homeostasis. In contrast, the “salt-out” strategy involved
the biosynthesis and uptake of compatible solutes including ectoine, trehalose,
and glycine betaine. These strategies were differentially enriched between water
and sediment habitats, suggesting spatially distinct adaptive responses to local
salinity gradients and nutrient regimes. Additionally, genes encoding microbial
rhodopsins were widely distributed, suggesting that rhodopsin-based phototrophy
may contribute to supplemental energy acquisition under osmotic stress conditions.
The integration of functional and taxonomic data highlights the metabolic versatility
and ecological roles of microbial taxa in sustaining biogeochemical processes
under hypersaline conditions. Overall, this study reveals extensive taxonomic
novelty and functional plasticity among microbial communities in Lake Barkol
and underscores the influence of salinity in structuring microbial assemblages
and metabolic pathways in athalassohaline ecosystems.
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1 Introduction

Hypersaline environments, including solar salterns and
athalassohaline lakes, are characterized by salinity levels exceeding
that of seawater (~35 g/L) and represent important ecosystems for
understanding microbial adaptation to extreme osmotic stress,
particularly under conditions ranging from 100 g/L to halite saturation
(Sacco etal., 2021). The ecological dynamics in these extreme habitats
are predominantly governed by halophilic microbial communities that
have evolved specialized mechanisms to survive under such harsh
conditions. Metagenomics, a culture-independent approach first
introduced by Handelsman et al. (1998), enables the investigation of
microbial communities in situ without the need for cultivation,
allowing the exploration of their functional potential, including genes
and metabolic pathways critical for environmental adaptation
(Riesenfeld et al., 2004). Extensive metagenomic studies have revealed
surprising microbial diversity and niche-specific adaptations across
diverse hypersaline habitats (Liu et al., 2023), and this approach has
proven particularly transformative in studying extremophiles
inhabiting hypersaline ecosystems (Braga et al., 2016; La Cono
etal., 2024).

For instance, metagenomic analyses of Lake Hillier in Australia,
known for its characteristic pink coloration, uncovered a community
of polyextremophiles that produces bacterioruberin and other
carotenoids as a response to combined salinity and UV stress (Sierra
et al,, 2022). Similarly, in the acidic hypersaline lakes of the Yilgarn
Craton, microbial communities were found to perform complex sulfur
oxidation pathways, offering insights into early Martian
biogeochemistry (Johnson et al., 2015). Studies in hypersaline soda
lakes of the Kulunda Steppe and Xinjiang have highlighted the role of
ionic composition in shaping microbial function, revealing
haloalkaliphiles that synthesize glycine betaine for osmoprotection
(Vavourakis et al., 2016), as well as salinity-dependent dynamics of
antimicrobial resistance genes associated with Halomonas and
Salinibacter (Liang et al., 2021). Notably, metagenomic sequencing of
Siberian soda lake sediments provided the first genomic evidence for
Candidate Phyla Radiation (CPR) microbes adapted to haloalkaline
conditions, expanding current understanding of the metabolic
versatility of uncultured prokaryotes in sulfur disproportionation and
CO, fixation (Vavourakis et al., 2018).

Lake ecosystems play a central role in biogeochemical cycling,
with microbial communities driving key processes that regulate
nutrient dynamics (Bertrand et al., 2015). A mechanistic understanding
of microbial core traits is essential for linking community composition
with elemental cycling and ecosystem function (Litchman et al., 2015;
Zufiiga et al., 2017). Athalassohaline lakes, distinct from thalassohaline
systems derived from marine sources, typically occur in arid or semi-
arid regions and are characterized by low precipitation and high
evaporation rates (Mackenzie et al, 1995). In Xinjiang, China,
numerous enclosed hypersaline lakes exist in such climates, where
limited precipitation and intense evaporation facilitate salt
accumulation, giving rise to athalassohaline conditions shaped by
regional hydroclimate (Ma et al., 2004). The water balance in these
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lakes is sustained by groundwater recharge and seasonal river inflow,
yet evaporation consistently exceeds input, resulting in high
concentrations of dissolved salts and minerals (Zheng, 1987). As a
result, athalassohaline lakes serve as unique natural laboratories for
studying microbial diversity, adaptation strategies under extreme
conditions, and the discovery of novel microbial taxa and potential
biotechnological applications (Ponomarova and Patil, 2015).

Lake Barkol (43.61°N, 92.82°E), located in the arid temperate
continental zone of the eastern Tianshan Mountains in Xinjiang, is a
representative athalassohaline hypersaline lake. It exhibits extreme
salinity levels, reaching up to 244 g/L, and is classified as a sodium
sulfate-type system dominated by SO, and Na* ions. Sulfate
concentrations in lake water can reach 90.6 g/L, far exceeding those of
Cl™ and CO;*". Sediments also contain extremely high sulfate levels, up
to0 303.59 mg/g (Lu et al., 2012; Liu et al., 2023, 2024; Cai et al., 2023).
The hydrological regime of the lake is marked by low annual precipitation
(~210 mm) and a high evaporation rate (~2,250 mm/year), contributing
to its persistent hypersalinity and shallow water depth, which averages
approximately ~0.6 m. Despite previous studies characterizing microbial
community structure and isolating microbial strains from Lake Barkol
using approaches such as geochemical profiling, 16S rRNA gene
sequencing, amplicon sequencing, and metagenomic binning (Han
et al,, 2018; Gao et al.,, 2022, 2024), genome-resolved insights into
adaptive traits, particularly across the water-sediment interface, remain
lacking. Prior research has provided valuable insights into microbial
community composition, functional potential, and key metabolic
pathways involved in nitrogen and sulfur cycling across different habitats
within Lake Barkol. Additionally, analyses of biosynthetic gene clusters
(BGCs) have highlighted biotechnologically relevant potential.

Although prior studies have characterized microbial composition
and function at Lake Barkol, genome-resolved insights into adaptive
traits, particularly across the water-sediment interface, remain lacking.
Given these unique physicochemical conditions, Lake Barkol provides
an ideal model system for exploring genomic-level microbial
adaptation strategies to extreme salinity. In this study, we employed
genome-resolved metagenomics to reconstruct a comprehensive set of
MAGs from both surface water and sediment samples from Lake
Barkol. Our study offers foundational genomic insights into microbial
adaptations to extreme hypersalinity at Lake Barkol’s water-sediment
interface, identifying previously unexplored genetic pathways involved
in carbon, nitrogen, and sulfur cycling as well as mechanisms
underlying adaptation to high-salinity stress. These results provide a
valuable genomic framework for understanding functional microbial
ecology in hypersaline inland lakes and set the stage for in-depth
comparative and biogeochemical analyses.

2 Materials and methods
2.1 Sample collection

Water and sediment samples were systematically collected from
Lake Barkol, Xinjiang, China (Supplementary Figure S1). Three water
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samples were collected from distinct locations across the lake in August
2019, and three sediment samples were collected from the seasonally
exposed shoreline in November 2020. Water samples (~2 L per site)
were collected into sterile bottles and immediately pre-filtered through
10-pm polycarbonate (PC) membranes (Millipore, United States),
followed by sequential filtration through 3-pm and 0.22-um PC
membranes. DNA for metagenomic analyses was extracted from
biomass retained on the 3-pm and 0.22-pm filters. Sediment samples
(0-5 cm depth) were collected after gently removing superficial debris
to minimize potential surface contamination. All samples were
immediately frozen on dry ice and stored at —80°C until DNA extraction.

At each sampling site, in situ environmental parameters, including
water temperature, pH, electrical conductivity (EC), and salinity, were
measured using a YSI ProDSS Multiparameter Digital Water
Measurement System (YSI Inc., United States). Total organic carbon
(TOC) in water samples was analyzed using a TOC analyzer via high-
temperature catalytic oxidation (Shimadzu TOC-L, Japan). Total
nitrogen (TN) concentrations in water samples were determined using
ultraviolet spectrophotometry following Li et al. (2020). For sediment
samples, TOC was determined using the combustion oxidation
non-dispersive infrared absorption method (HT 501-2009, 2012) after
extraction at a 1:5 soil-to-water ratio (w/v), and TN content was
similarly measured via ultraviolet spectrophotometry as described by
Li et al. (2020).

2.2 DNA extraction and metagenome
sequencing

Total metagenomic DNA was extracted from water and sediment
samples using the ALFA-SEQ Advanced Water DNA Kit and ALFA-
Soil DNA Extraction Kit (Guangdong Magigene Biotechnology Co.,
Ltd., Guangzhou, China), respectively, following the manufacturer’s
protocols. DNA concentration and purity were assessed using a
NanoDrop 2000  spectrophotometer  (Thermo  Scientific,
United States), with OD,60/OD2s, ratios ranging from 1.8 to 2.0 and
DNA concentrations >1 pg. Metagenomic sequencing was performed
on the Illumina HiSeq 2500 platform (Illumina Inc., San Diego, CA,
United States) to generate 2 x 150 bp paired-end reads. Approximately
60 Gb and 30 Gb of raw data were obtained per sample for water and
sediment, respectively. Adapter sequences and low-quality bases in
raw reads were removed using Trimmomatic v0.36 (Bolger et al.,
2014). The quality and quantity of cleaned reads were evaluated using
SeqKit v0.15.0 (Liu et al., 2021) and FastQC v0.11.9 (Andrews, 2010).!

2.3 Metagenomic assembly

High-quality reads from each sample were assembled into contigs
using MEGAHIT v1.1.2 (Li et al,, 2015), which is optimized for complex
metagenomic datasets. To ensure assembly quality, contigs shorter than
500 bp were discarded prior to downstream analyses. Gene prediction
was performed on the resulting contigs using Prodigal v2.6.3 (Hyatt
etal, 2010) in metagenomic mode (—p meta) to identify open reading

1 https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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frames (ORFs). Only complete ORFs, defined as those containing both
start and stop codons, were retained. Non-redundant gene catalogs were
generated by clustering predicted ORFs at 95% sequence identity using
CD-HIT v4.8.1 (Li and Godzik, 2006) with parameters -c 0.95 -aS 0.9 -G
0 -g 1 -d 0. Clean reads from each sample were mapped back to the
assembled contigs using BWA-MEM v0.7.17 (Li and Durbin, 2009).
Resulting SAM-format mapping files were converted and sorted using
SAMtools v1.10 (Li et al., 2009) to calculate contig coverage. Gene
abundances were normalized and expressed as counts per million
(CPM) by dividing the number of mapped reads per gene by its length,
followed by normalization against the total number of mapped reads per
sample, as previously described by Nayfach and Pollard (2016).
Functional annotation of the non-redundant gene catalog was
performed using KofamScan v1.3.0 (Aramaki et al., 2020), which
employs HMMER searches against the KEGG Orthology (KO) database
(Kanehisa and Goto, 2000). Based on KO annotations, genes associated
with carbon, nitrogen, and sulfur cycling, as well as genes potentially
involved in microbial adaptation to high-salinity stress, were specifically
extracted. The relative abundance of each KO was calculated by
summing the CPM-normalized abundances of all genes annotated to
that KO.

The MAG reconstruction, reads were reassembled using the
assembly module of the MetaWRAP v1.2.1 pipeline (Uritskiy et al.,
2018), which internally uses MEGAHIT v1.1.3 (Li et al., 2016). To
enhance the reliability of downstream genome binning, contigs
shorter than 2,000 bp were removed. Assembly quality metrics were
evaluated using QUAST v5.0.2 (Gurevich et al., 2013). MAG
reconstruction was performed using the binning module of
MetaWRAP, which integrates three independent binning algorithms:
MetaBAT2 v2.15 (Kang et al., 2019), MaxBin2 v2.2.7 (Wu et al., 2016),
and CONCOCT v1.1.0 (Alneberg et al., 2014). The resulting bins were
subsequently refined using the bin_refinement module in
MetaWRAP. The completeness and contamination levels of all refined
bins were assessed with CheckM v1.1.3 (Parks et al., 2015), and only
bins exhibiting >75% completeness and <10% contamination was
retained for downstream analyses. High-quality MAGs were
dereplicated using dRep v3.4.2 (Olm et al., 2017) employing a two-step
clustering strategy. Primary clustering involved MASH-based
pre-screening using a > 95% average nucleotide identity (ANI)
threshold and a minimum genome alignment fraction (—nc 0.3) of
>30%. Secondary clustering was conducted at the species level using
a>95% ANI threshold over >30% aligned genomic regions (—sa
0.95), ensuring high-resolution dereplication. The relative abundance
of each dereplicated MAG across samples was calculated using
CoverM v0.7.0, with parameters --min-read-percent-identity 0.95
and --min-covered-fraction 0.75.

2.4 Statistical analyses of microbial
diversity

Redundancy Analysis (RDA) was applied to explore the relationships
between environmental factors and microbial community composition
at the phylum level. Environmental variables included temperature

2 https://github.com/wwood/CoverM
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(Temp), salinity, total organic carbon (TOC), and total nitrogen (TN).
RDA analyses were conducted using the vegan package in R (v4.2.3).

2.5 Taxonomy and functional annotation

The taxonomy of dereplicated MAGs was determined using
GTDB-Tk v2.2.6 (Chaumeil et al., 2020), a standardized toolkit for
prokaryotic genome classification, with reference to the GTDB R214
database. To validate taxonomic assignments, a maximum-likelihood
phylogenetic tree was constructed using pplacer v1.1 (Matsen et al.,
2010), aligning MAGs to the GTDB-Tk reference tree. Taxonomic
assignments were further cross-validated through marker gene
phylogenies and Average Nucleotide Identity (ANI) clustering.
Phylogenetic trees were visualized using the ChiPlot online platform.’
Functional annotation of MAGs was performed using PROKKA
v1.14.5 (Seemann et al., 2014) for standardized gene calling and
functional assignment. KEGG Orthology (KO) annotations were
assigned using KofamScan v1.3.0 (Aramaki et al, 2020) with a
minimum score threshold of 0.7. Pathway completeness for each MAG
was evaluated using KEGG Decoder, with a focus on biogeochemical
processes, including carbon, nitrogen, and sulfur metabolism. In
addition, METABOLIC v4.0 (Zhou et al., 2022) was used to predict
metabolic potentials and biogeochemical functions across MAGs,
providing high-resolution insights into microbial ecological traits.

3 https://www.chiplot.online/

10.3389/fmicb.2025.1550346

2.6 Data availability

The original research findings from the study are openly accessible
to the public. The dataset is located at the following link: https://www.
ncbi.nlm.nih.gov/bioproject/PRINA1200918/.

3 Results
3.1 Study site and sample collection

Six samples were collected from Lake Barkol in August 2019
and November 2020, comprising three surface water samples
(W_1, W_4, W_8) and three sediment samples (S_1, S_2, S_3)
(Figure 1). Environmental parameters exhibited marked variation
between sample types and across seasons (Table 1). Salinity ranged
from 9.5 to 20.2%, while pH values remained relatively stable,
ranging from 7.99 to 8.18. Total organic carbon (TOC) and total
nitrogen (TN) concentrations were consistently higher in water
samples (TOC: 85-185 mg/L; TN: 16-34 mg/L) compared to
sediment samples (TOC: 33-67 mg/L; TN: 11-29 mg/L).
Temperature differences were also pronounced between seasons,
with summer water samples ranging from 19.7°C to 29.9°C,
whereas sediment samples collected in late autumn showed
significantly lower temperatures (0.2-2.4°C). These gradients
indicate clear seasonal and habitat-based environmental
differentiation across Lake Barkol.

FIGURE 1

92°46/30"E 92°51'0"E

Location of sampling sites in Lake Barkol, Xinjiang Province, China. The maps show the geographic position of Lake Barkol within China and Xinjiang
Province. The right panel presents the detailed distribution of sampling sites around the lake, where red squares indicate sediment sampling locations
and blue squares indicate lake water sampling locations. Insets provide photographs highlighting the lake’s typical salt flat environment and
surrounding landscape. The base map was adapted from Tianditu (https://www.tianditu.gov.cn/), the National Platform for Common Geospatial
Information Services of China, hosted by the Ministry of Natural Resources of the People’s Republic of China.
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TABLE 1 Sample information and environmental characteristics of lake water and sediment samples from Lake Barkol.

Sample Sampling Sample Temp pH Salinity Cond. TOC TN
date type (°C) (%) (SPC) (mg/L) (mg/L)
pS/cm

w_1 Aug-19 Brine 4393639" N 29.9 8.18 15.4 125,166 90 19
92°47°29"E

W_4 Aug-19 Brine 43377247 N 21.6 8.02 20.2 151,020 185 34
92°47'1"E

w_8 Aug-19 Brine 43°39'59” N 19.7 8.11 15.9 121,327 85 16
92°48'37"E

S.1 Nov-20 Sediment 430417017 N 02 8.00 15 ND 67 29
92°47'50"E

S22 Nov-20 Sediment 43°3652" N 1.9 7.99 115 ND 54 21
92°49'06"E

S 3 Nov-20 Sediment 43°36'36” N 24 8.00 9.5 ND 33 11
92°47°29"E

3.2 Metagenomic zonation of carbon,
nitrogen, and sulfur cycling pathways and
stress responses in hypersaline Lake Barkol

Gene-centric metagenomic analysis of Lake Barkol, a hypersaline
inland lake, revealed spatial partitioning of carbon (C), nitrogen (N),
and sulfur (S) cycling pathways between the oxygenated water column
(W1-W38) and anoxic sediments (S1-S3), driven by salinity gradients
and redox stratification. From 12.48 million predicted open reading
frames (ORFs), identified 8.1 million non-redundant ORFs, among
which 6,278 unique KO identifiers were annotated, reflecting a wide
range of metabolic functions. To quantify pathway-level activity, CPM
(Counts Per Million) values were calculated for each KO across
samples, enabling comparative analysis of carbon, nitrogen, and sulfur
cycling gene abundances between water and sediment environments
(Supplementary Table S1a).

Carbon cycling genes showed stratified distribution. Reductive
CO, fixation pathways via the WL pathway were enriched in
sediments (cdhD, cdhE, cooS; cooS: S2 = 445.4 vs. W1 = 6.0), along
with methanogenesis genes (mttB: S2 = 1888.9 vs. W1 = 341.8). In the
water column, phototrophic carbon fixation genes (rbcL: S1 = 76.7 vs.
W1 =7.3) and fermentation-related genes (fdh: W4 = 837.1) were
more abundant. Reverse TCA cycle activity was low (aclA: S2 = 2.3).
Methane oxidation genes (pmoB, mmoX) were not detected.
Anoxygenic photosynthesis gene pufM was present at low levels in the
water column (W1 =43.9) (Supplementary Figure SI). Nitrogen
cycling genes also demonstrated spatial separation. Sediments
exhibited higher abundances of genes for denitrification (norB:
S1=41.2 vs. W1=33.3), dissimilatory nitrate reduction to
ammonium (DNRA; nrfA: S1=91.8 vs. WI1=127), and
ammonification (gdhA: S1 =375.2 vs. W1 =91.4). Water column
samples contained more genes for assimilatory nitrate reduction
(nasA: W8 = 15.6 vs. SI = 0.0) and nitrogen fixation (nifD: W1 =1.9
vs. S1 = 15.3). Ammonium transporter genes (amt) were abundant in
both environments (W1 = 367.1; S1 = 469.7). Genes associated with
nitrification (hao: S1 = 67.3) and anammox were of low abundance or
undetected (Supplementary Figure S2). Sulfur cycling gene profiles
exhibited similar compartmentalization. Sediments showed elevated
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dissimilatory sulfate reduction genes (aprA: S1 =122.0 vs. W1 =6.2;
dsrA: S1 = 41.4), and water column samples had higher abundances
of tst (W1 =371.5 vs. S1 = 233.5). Aerobic sulfide oxidation genes
(sqr: W4 = 318.1) were abundant in both layers. Thiosulfate oxidation
genes (soxB: S1=162.7 vs. W1 =129.5) and assimilatory sulfate
reduction genes (cysH, cysN) were more abundant in sediments
(Supplementary Figure S3).

Salinity adaptation genes were differentially enriched. Sediment
metagenomes contained higher abundances of Na*/H" antiporter
genes (mnhD: S1=2838.7 vs. W1 =651.3) and compatible solute
synthesis genes (ectA: S1 = 77.8; betA: S1 = 133.1). Water column
samples showed higher expression of K* transporters (ktrB:
W4 =1116.6) and trehalose biosynthesis genes (otsB: S2 = 305.9).
Ectoine degradation genes (doeD: S1 =75.2 vs. W1 = 184.9) were
detected in both. Stress response genes showed compartment-specific
patterns. Water column samples contained higher DNA repair gene
abundance (uvrA: W1 = 958.0), whereas sediment samples contained
more halorhodopsin (hop: S1 =5.9). Osmoprotectant transporter
genes (proX) were more abundant in sediments (S1 =551.2 vs.
W1 = 287.7). Mechanosensitive channel genes (mscS) were detected
in the water column (W1 = 320.6). Redox- and salinity-associated
metabolic gene profiles defined distinct microbial niches in Lake
Barkol. Sediments were characterized by enrichment of genes involved
in reductive carbon, nitrogen, and sulfur pathways, coupled with
osmoprotectant biosynthesis and ion transport. Water column
samples exhibited greater abundance of genes related to oxidative
metabolism, DNA repair, and osmotic regulation. These patterns
delineate stratified functional potential of microbial communities
redox-structured conditions

under hypersaline,

(Supplementary Figure S4).

3.3 Taxonomic composition of MAGs

Sequencing and assembly of water and sediment samples
generated 90,686-85,871 and 146,935-208,102 contigs, respectively,
with water-derived contigs exhibiting higher assembly quality,
including longer average lengths and N50 values (7,114-10,810 bp vs.
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5,559-6,485 bp in sediments) (Supplementary Table S1b). From
these, 309 non-redundant metagenome-assembled genomes (MAGs)
were reconstructed under stringent (ANI > 95%,
completeness > 75%, contamination < 10%), of which 168 met high-
quality standards (completeness > 90%, contamination < 5%). These
MAGs spanned a size range of 0.49 to 8.57 Mb with an average N50
of 23,644 bp and exhibited a broad GC content variation 25.3-75.3%
(Figure 2; Supplementary Table S3). Taxonomic classification
resolved 33 bacterial phyla, dominated by Pseudomonadota
(Gammaproteobacteria: 51 MAGs; Alphaproteobacteria: 37 MAGs),
Bacteroidota (50 MAGs), and Desulfobacterota (37 MAGs), alongside
Planctomycetota, Verrucomicrobiota, and Actinobacteriota. Archaeal
MAGs (n =30) were primarily affiliated with Halobacteriota (10

criteria

10.3389/fmicb.2025.1550346

MAGs) and Thermoplasmatota (8 MAGs), consistent with adaptations
to hypersaline conditions. Sediment samples consistently showed
higher microbial abundance (S_1: 52.42%) compared to water
samples (W_4: 30.81%) (Figure 3A), correlating with lower salinity
(9.5-15%) and temperature (0.2-2.4°C) in sediments. In contrast,
elevated salinity (20.2%) and temperature (21.6°C) in brine samples
restricted diversity, highlighting these factors as key environmental
filters. Redundancy Analysis (RDA) (Supplementary Figure S5)
further demonstrated that water communities (W_8) aligned with
temperature and salinity gradients, supporting the dominance of
halophilic taxa such as Halobacteria (Halobacteriota) and
Wenzhouxiangellaceae, whereas sediment communities (S_1)
correlated with total organic carbon (TOC) and total nitrogen (TN),

w
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reflecting the prevalence of taxa like the unclassified Dehalococcoidia
lineage AB-539-J10 and Pontimonas (Actinobacteriota), which
reached 22.59% relative abundance in S_1. Pontimonas’s association
with moderate salinity (9.2-15.4%) and seasonal dynamics (Gorrasi
et al,, 2022) aligns with its role in organic matter utilization under
varying conditions (Figure 3B). Archaeal communities diverged
sharply, with water dominated by Halobacteria and sediments
enriched in Thermoplasmatota lineages (EX4484-6 and E2), known
for low-energy habitat adaptations (Pavloudi and Zafeiropoulos,
2022). Twelve archaeal MAGs remained unclassified at the genus
level, underscoring the prevalence of uncultivated lineages (Figure 4;
Supplementary Table S3). These results illustrate how temperature,
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salinity, and nutrient availability drive microbial niche partitioning,
shaping taxonomic composition and biogeochemical cycling in Lake
Barkol’s hypersaline ecosystem.

3.4 Diversity of carbon metabolic pathways
and major microbial contributors in Lake
Barkol

The carbon cycle is crucial for the primary productivity and
stability of ecosystems. Lake Barkol harbors diverse carbon
fixation and organic carbon transformation pathways, reflecting
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the metabolic versatility and functional redundancy of its
microbial communities under extreme hypersaline conditions
(Figure 5; Supplementary Tables S4, S5). By integrating MAG
based functional annotation with gene abundance profiling,
we identified distinct microbial phyla that contribute differentially
to major carbon metabolism routes across sediment and
water environments.

The CBB cycle is autotrophs convert inorganic carbon into
organic carbon, playing a central role in primary production
(Mobberley et al., 2013; Ebenhoh and Spelberg et al., 2018), and is the
most widespread carbon fixation pathway on Earth, commonly found
in cyanobacteria, plants, algae, and certain chemotrophic bacteria. In
Lake Barkol, predominantly associated with Cyanobacteriota and
Pseudomonadota, with gene expression almost exclusively observed
in water column samples. This distribution underscores the reliance
of the CBB cycle on phototrophic organisms and light-penetrating
aquatic habitats. The key enzyme ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) was detected in multiple MAGs,
with both Form I and Form II RuBisCO genes present in one MAG
associated with Hydrogenobacteria, while other MAGs contained
only Form I genes. These findings suggest the potential for
autotrophic metabolism via the CBB cycle in these microbes, though
further validation via transcriptomics or stable isotope labeling is
necessary. Metagenomic analyses Gammaproteobacteria encoding a
complete set of CBB cycle genes, supporting their putative role in
carbon fixation under high-salinity conditions (Vavourakis et al.,
2016). This aligns with previous studies demonstrating that
Gammaproteobacteria contribute significantly to primary production
in high-salinity lake sediments and Tibetan Plateau saline-alkaline
lakes (Liu et al., 2018). Specifically, autotrophic extremophiles (e.g.,
Ectothiorhodospiraceae) and chemolithoautotrophic lineages (e.g.,
Thioalkalivibrio) have been shown to play pivotal roles in carbon
cycling (Fang et al., 2022; Kovaleva et al., 2011). Our findings further
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support the hypothesis that these microbial groups possess
autotrophic capabilities via the CBB cycle, emphasizing the ecological
significance of Gammaproteobacteria in saline environments.
Additionally, two MAGs assigned to Cyanobacteria (family
Rubidibacteraceae and Cyanobiaceae) were detected, both known
halophiles capable of thriving at salt concentrations exceeding
100-150 g/L (Oren, 2011). These MAGs likely contribute to carbon
fixation via photosynthesis, supporting primary production in
Lake Barkol.

The WL pathway is a predominant carbon fixation mechanism
in anaerobic microbes, allowing CO, conversion into acetyl-CoA,
a central metabolic intermediate. This pathway operates with
extremely low ATP requirements (<1 ATP per cycle) and is well-
adapted to low-energy environments (Bar-Even et al., 2012). In
Lake Barkol is primarily active in sediment samples and 48 MAGs
associated with the WL pathway were identified, is largely
contributed by Desulfobacterota, Chloroflexota, Planctomycetota,
Armatimonadota, Bacillota_D, Bipolaricaulota, and Spirochaetota,
as well as archaeal phyla Thermoproteota and Thermoplasmatota.
The dominance of this low-energy-demanding pathway in anoxic
environments supports its ecological advantage under energy-
limited and these microbes play a major role in anaerobic carbon
cycling, particularly under highly saline and reducing conditions.
Additionally, some microorganisms fix carbon through the rTCA
cycle, and anaerobic

commonly found in autotrophic

photoautotrophic bacteria in anaerobic microaerobic

environments (Berg, 2011; Bhatnagar et al., 2020). The rTCA cycle,
as an alternative to the WL pathway, provides essential intermediates

or

for energy metabolism and appears to be particularly well-adapted
to high-temperature and low-oxygen environments. Several studies
have demonstrated that the rTCA cycle is one of the dominant
carbon fixation pathways in hydrothermal vents (Hiigler and
Sievert, 2011). Moreover, the rTCA cycle is prevalent in non-saline
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pathways can be found in Supplementary Table S4.

Functional profiles of the main microbial groups involved in main carbon cycling in Lake Barkol. The red arrow is the Calvin-Benson-Bassham (CBB)
cycle, the yellow arrow is the rTCA cycle, the green arrow is Wood-Ljungdahl (WL) pathway, the light blue arrow is Aerobic CO oxidation pathway, and
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soils on the Qinghai-Tibet Plateau (Li et al., 2021). In our study,
r'TCA cycle is driven mainly by Chloroflexota, Desulfobacterota, and
the of
chemolithoautotrophs that oxidize reduced sulfur compounds and

Sulfurovaceae,  family Campylobacterota  are
molecular hydrogen, their metabolic versatility allows adaptation
to diverse ecological niches, including deep-sea hydrothermal vents
and brine-seawater interfaces (Alamoudi et al., 2025). Additionally,
4 MAGs from Thermoplasmatota, which encode the rTCA pathway,
were obtained from sediment samples. The broader ecological niche
of the rTCA cycle indicates that these representative microbial
groups and their physiological adaptations play a key role in
adapting to extreme saline environments.

Genes involved in methanogenesis are predominantly encoded
by Halobacteriota. A Methanohalophilus halophilus MAG (95.58%
completeness, 1.31% contamination) was identified in sediment
samples. This taxon is a known halophilic methanogen, capable of
metabolizing substrates such as methanol, acetic acid,
dimethylsulfide, trimethylamine, and dimethylamine. To cope with
osmotic stress, M. halophilus synthesizes organic solutes, which also
serve as substrates for methane metabolism (Garrity and
Stanley, 2001).

In aerobic environments, carbon monoxide (CO) oxidation is
mediated by type I carbon monoxide dehydrogenase (CODH),
which channels electrons into either ATP generation or the CBB
cycle for CO, fixation (King and Weber, 2007; Bay et al., 2021).
We detected 40 MAGs encoding the coxSML gene cluster
associated with CO oxidation, spanning Pseudomonadota (Alpha-
and Gammaproteobacteria), Actinomycetota, Chloroflexota, and
Halobacteriota (genus Natronomonas). These microbes play a key
role in CO detoxification and serve as an alternative energy source
2019; Leung

et al., 2024). Fermentative metabolism is broadly distributed and

under organic carbon limitation (Cordero et al.,
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contributed by multiple phyla including Pseudomonadota,
Bacteroidota, and Chloroflexota, consistent with widespread
anaerobic degradation of organic matter. These results
demonstrate a clear ecological partitioning of carbon metabolism
in Lake Barkol, phototrophic carbon fixation via the CBB cycle
dominates the water column, while anaerobic autotrophy via the
WL and rTCA pathways prevails in sediments. This functional
differentiation highlights the adaptation of microbial communities
to the lake’s redox gradients and extreme salinity, underpinning
primary productivity and biogeochemical resilience in this
hypersaline ecosystem.

3.5 Nitrogen metabolism in Lake Barkol

The nitrogen cycle in Lake Barkol is strongly structured by
environmental gradients between the oxygenated water column and
the anoxic sediment, as reflected by the spatial distribution of
functional genes and metabolic pathways. Analysis of KEGG ortholog
that
ammonification, dissimilatory nitrate reduction (DNRA) pathways

abundance revealed nitrogen fixation, nitrification,
were more enriched in sediment, while urease activity, ammonium
transport and assimilatory nitrate reduction dominated in the water
column (Figure 6; Supplementary Tables S4, S5).

Microorganisms convert atmospheric nitrogen into ammonia
through the nitrogen fixation pathway (nifD, nifH, nifK), ensuring a
continuous source of nitrogen to the lake ecosystem. The nifH gene
binds the iron-sulfur cofactor, whereas nifD and nifK catalyze key
steps in nitrogenase activity (Gruber and Galloway, 2008). In this
study, nitrogen fixation genes were identified in multiple taxonomic
groups, including Campylobacterota,

Desulfobacterota, and Pseudomonadota.

Cyanobacteriota,
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Phylum-level distribution and relative abundance of key nitrogen cycling genes (KEGG Orthology identifiers) in microbial communities from Lake
Barkol. Dot size represents gene abundance, and color indicates functional category. Archaeal phyla are shown in red

A total of 15 MAGs harbored napAB or narGHI genes for nitrate
reduction, while 44 MAGs carried nrfAH and nirBD, completing the
DNRA pathway. These were affiliated with Campylobacterota,
Desulfobacterota,
Pseudomonadota, underscoring DNRA’s ecological role in nitrogen

Chrysiogenota, Marinisomatota, and
retention. Denitrification, a key nitrogen loss pathway, converts nitrate
to N,. We identified nirK and nirS genes in five bacterial and one
archaeal MAG. Additionally, Pseudomonadota and Gemmatimonadota
MAGs encoded norBC genes, catalyzing NO to N,O reduction. While
nitrate may originate from external inputs or in situ processes, the
apparent absence of amoABC genes suggests that canonical
nitrification is incomplete or suppressed in Lake Barkol.

The urea hydrolysis pathway (ureABC) was present in 51 MAGs,
affiliated with Pseudomonadota, Gemmatimonadota, Cyanobacteriota,
and Halobacteriota, providing an additional nitrogen source.
Ammonia released via urea degradation supports microbial growth,
while concomitant CO, production may benefit phototrophs (Gruber,
2008). Collectively, these findings reveal a nitrogen cycle shaped by
functional redundancy and metabolic plasticity, where canonical
pathways like nitrification may be suppressed by hypersaline and
redox stressors (Bernhard et al., 2005; Boey et al., 2022), and microbial
communities compensate via alternative routes to maintain nitrogen
flux and ecosystem stability.

Frontiers in Microbiology

3.6 The main sulfur cycling processes
dominated by sulfur-oxidizing and
sulfur-reducing microbes in Lake Barkol

The biogeochemical sulfur cycle is a key driver of microbial redox
processes in athalassohaline lake ecosystems, where salinity and
stratified redox conditions shape microbial metabolism (Holmer and
Storkholm, 2001; Oren, 2011). Sulfur oxidation and reduction are the
main metabolic processes in Lake Barkol. Sulfur-oxidizing bacteria
(SOBs) are widely distributed in hypersaline and alkaline ecosystems,
particularly in neutral-pH, high-salinity environments such as inland
salt lakes and salt flats, where they exhibit substantial taxonomic and
metabolic diversity (Sorokin et al, 2006). In this study,
we reconstructed 14 high-quality MAGs affiliated with the families
Rhodobacteraceae, Halothiobacillaceae, and Thiomicrospiraceae, all of
which harbor genes encoding a complete Sox enzyme complex
(soxXYZABCD), indicating potential for thiosulfate oxidation. Genes
encoding SoxA/XYZ components were detected primarily in
Gammaproteobacteria, including members of the
Thioalkalivibrionaceae, Thiohalospiraceae, and unclassified UBA6429.
Sulfide:quinone oxidoreductase (sqr) genes were present in members
of Pseudomonadota, Campylobacterota, and Cyanobacteriota.
Additionally, fccA and fccB, encoding flavocytochrome ¢ sulfide
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dehydrogenase, were found in Thioalkalivibrionaceae MAGs,
suggesting active sulfide oxidation under saline-alkaline conditions.
These results are consistent with observations from global hypersaline
environments, such as soda lakes, salt marshes, and deep saline pools,
where SOBs exhibit conserved sulfur metabolic strategies (Wood and
Kelly, 1991; Giri et al., 2004; McGonigle et al., 2022; Qiu et al., 2024).
The SOBs identified in Lake Barkol thus exemplify the metabolic
convergence driven by hypersaline selective pressures and underscore
their ecological significance in sulfur turnover under extreme
conditions (Figure 7; Supplementary Tables S4, S5).

Sulfate, a key intermediate in the sulfur cycle, is commonly
produced via microbial-mediated sulfide oxidation. Sulfate-reducing
microorganisms (SRMs) utilize sulfate as a terminal electron acceptor
during anaerobic respiration. While most SRMs thrive under neutral
to slightly alkaline conditions, some exhibit remarkable tolerance to
extreme environments, including hot springs and deep-sea
hydrothermal vents (Muyzer and Stams, 2008). Hypersaline
environments such as salt lakes, marshes, and pans serve as important
habitats for SRMs that maintain sulfate-reducing activity despite high
osmotic stress (Oren, 2011). SRMs share the same sulfate respiration
pathway, and their core enzymes include ATP sulfurylase, adenosine
sulfate reductase, and dissimilatory sulfite reductase. In this study,

10.3389/fmicb.2025.1550346

we identified 16 MAGs affiliated with Desulfobacterota encoding the
complete dissimilatory sulfate reduction (dsr) pathway, suggesting
their role in reducing sulfate to sulfide. Previous studies on Lake
Barkol have shown that Desulfobacterota may represent a key
microbial group involved in the lake’s biogeochemical cycles,
particularly in the sulfur cycle and its coupling with other
biogeochemical processes (Liu et al., 2024). The reverse dissimilatory
sulfate reduction (rDsr) pathway, previously observed in phototrophic
and chemolithotrophic sulfur-oxidizing microorganisms (SOMs),
was also detected in our metagenomic data (Jia et al., 2025).
Specifically, chemolithoautotrophic genera such as Thiohalophilus
and Thioalkalivibrio_B were found to harbor sat, aprAB, dsrAB, and
soxA/XYZ, indicating potential for sulfide oxidation via the rDsr
pathway. These organisms may also contribute to carbon fixation
through the CBB cycle.

A total of 161 MAGs harbored at least one gene associated with
assimilatory sulfate reduction, including cycND, cysC, cysH, and
cysJL Notably, five MAGs were affiliated with archaeal lineages, including
E2)
Woesearchaeales), expanding the known taxonomic diversity of sulfate-

Thermoplasmatota  (class and  Nanoarchaeota  (order

assimilating organisms in hypersaline ecosystems. This process likely
relies on syntrophic or complementary metabolic interactions among
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diverse microbial taxa that facilitate sulfate assimilation in distinct
ecological niches. The sulfur cycle in Lake Barkol is mediated by
phylogenetically diverse communities, primarily Pseudomonadota and
Desulfobacterota, along with archaeal taxa, extending the known lineages
contributing to sulfur metabolism (Figure 7). These findings provide new
insights into sulfur metabolic diversity in hypersaline environments,
underscoring the ecological role of sulfur-transforming microbes in
sustaining biogeochemical processes under extreme conditions.

3.7 Mechanisms of osmoadaptation

Microorganisms inhabiting hypersaline environments employ
multiple strategies to maintain osmotic equilibrium under high salinity
and fluctuating salt conditions. These strategies can be categorized into
two main approaches, the salt-in strategy (salt sequestration) and the
compatible solute strategy (salt-exclusion). In the salt-in strategy,
microorganisms achieve osmotic equilibrium by accumulating high
concentrations of inorganic salts or ions within their cytoplasm (Jensen
etal, 2015; Gunde-Cimerman et al., 2018). Potassium (K*) is typically
the primary cation, and chloride (CI") is the predominant anion stored
intracellularly, while sodium (Na*) ions are generally expelled from the
cells. High cytosolic potassium ions are less damaging to cellular
enzymes compared to elevated levels of sodium ions (van de Vossenberg
et al,, 2000). This ion regulation is facilitated by mechanisms such as
ATP-driven pumps, antiporters, or other transport systems that help
manage ion transport across cellular membranes (Daoud and Ali, 2020).
Among the salt adaptation-related functions, potassium uptake systems
and Na'/H* antiporters displayed approximately equal relative
abundance across lake water and sediment metagenomes. This function
represents a core mechanism for maintaining intracellular ionic balance
under osmotic stress in Lake Barkol (Figure 8). Maintaining high
intracellular potassium (K*) levels is essential for microbial survival. A
number of studies have demonstrated that the Trk and Ktr uptake
systems primarily respond to osmotic stress induced by elevated salinity
and constitutes a pivotal component of salt stress in environments with
higher salinity (Wu et al.,, 2024; Zhang et al., 2024). While Na*/H*
antiporters play a key role in ion homeostasis by expelling excess sodium
(Na*) and regulating intracellular pH through proton exchange (Wang
etal, 2023). The balanced representation of nhaA/B/C and mnh complex
genes across both sample types indicates a shared requirement for
sodium extrusion mechanisms in both planktonic and benthic microbial
communities, despite differences in bulk salinity and sediment chemistry
in Lake Barkol.

In this study, functional enrichment analysis, revealed that lake
water microbiomes were significantly enriched in genes associated
with compatible solute metabolism and photoactive energy
generation. Specifically, genes encoding bacterial rhodopsin, sensory
rhodopsin, and halorhodopsin were highly represented. These light-
driven proton pumps may provide an auxiliary energy source under
high osmotic stress. They help maintain ion homeostasis and cellular
activity when conventional metabolic pathways are limited. Halophilic
archaea rhodopsins function as key ion pumps that contribute to both
energy production and pH regulation under extreme salinity
conditions (Fotiadis et al., 2006). In Lake Barkol, Halobacteriota,
Pseudomonadota and Bacteroidota were particularly enriched in genes
encoding light-driven proton pumps, emphasizing the utilization of
light-driven proton pumps is an auxiliary energy-conservation
mechanism in the photic and osmotically dynamic water column.
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The glycine betaine biosynthesis genes betA and betB were detected
at relatively low abundance and were limited to a few phyla, including
Bacteroidota, Desulfobacterota, Pseudomonadota, and Halobacteriota,
genes encoding the ectoine biosynthesis pathway (ectA, ectB, ectC)
exhibited broader phylogenetic representation, and were identified in
MAGs affiliated with Actinomycetota, Bacillota, Bacteroidota,
Campylobacterota, Hydrogenedentota, Myxococcota, Pseudomonadota,
and Verrucomicrobiota. The final product, ectoine, may be further
hydroxylated into 5-hydroxyectoine by ectoine hydroxylase (ectD),
detected across multiple MAGs, particularly within the phyla
Campylobacterota, Hydrogenedentota, and Pseudomonadota. Previous
studies have demonstrated that Pseudomonadota, including Pseudomonas
stutzeri, utilize ectD to produce hydroxyectoine as a dominant
2011). Similarly, halophilic
Gammaproteobacteria like Chromohalobacter salexigens upregulate

osmoprotectant (Stoveken et al,

hydroxyectoine synthesis under heat and salt stress, underlining its dual
role in osmoprotectant and thermoprotection (Garcia-Estepa et al.,
2006). The detection of ectD in Hydrogenedentota and Campylobacterota
further expands the known distribution of hydroxyectoine biosynthesis
capacity among extremophiles. Proline synthesis, and glycine betaine
synthesis and transport (betA, betB, proVWX, opu operons) were
notably enriched in lake water microbiomes, members of Halobacteriota
possess diverse strategies for coping with osmotic stress, notably through
de novo synthesis of trehalose and proline, as well as the uptake of
compatible solutes such as glycine-betaine. Trehalose biosynthesis via the
OtsAB pathway, has been shown to accumulate in low-salinity
environments, offering membrane stabilization and protein protection.
At higher salinities, cells preferentially uptake glycine-betaine, indicating
a dynamic switch in osmoprotective strategies. The ectoine degradation
genes (doeBDAC) were generally low in abundance, and several were
absent from many dominant microbial phyla. Notably, Pseudomonadota
was among the most abundant phyla. The widespread presence of
trehalose and proline metabolism genes across Halobacteriales genomes
suggests the critical role of organic osmolyte-mediated osmoprotection
under hypersaline stress (Youssef et al., 2013). These groups are well
known for their adaptability to hypersaline environments and likely rely
on hydroxyectoine biosynthesis for maintaining cellular homeostasis
under osmotic pressure. Similarly, proline and glycine betaine are well-
established compatible solutes in halophiles, functioning as osmotically
neutral intracellular solutes that help maintain turgor pressure and
prevent dehydration (da Costa et al., 1998; Bremer and Kramer, 2000).
These results suggest that halophilic archaea exhibit metabolic versatility,
allowing for survival across a broad range of salinity levels and
environmental fluctuations. The flexibility of microbial communities in
switching between de novo synthesis and environmental uptake of such
solutes to cope with fluctuating osmotic gradients. In addition to the
osmoadaptive strategies described above, microorganisms inhabiting
hypersaline environments must also cope with osmotic downshocks,
such as sudden decreases in external salinity. Under such conditions, the
cells are subjected to hypoosmotic stress, requiring rapid expulsion of
accumulated compatible solutes to prevent cell lysis. One key mechanism
for this response involves mechanosensitive (MS) channels, which act as
emergency release valves to dissipate internal pressure by allowing ions
and small solutes to exit the cell (Blount and Moe, 1999; Ramsey
etal, 2024).

Among the MS
mechanosensitive channel (MscS, mscM]J), large-conductance

channels, the small-conductance

mechanosensitive channel (MscL) in our metagenomic dataset,
were present in a broader range of microbial phyla. Moreover, the
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Salt adaptation-related KO distribution across microbial phyla
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presence of genes associated with stress-induced DNA repair
systems indicates an additional layer of protection, enabling the
repair of macromolecular damage triggered by osmotic and
oxidative stress (Storz and Hengge-Aronis, 2000). These integrated
responses reflect a multifaceted survival strategy in which
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microorganisms coordinate osmolyte metabolism, membrane
transport, and genetic maintenance to sustain cellular viability
under extreme environmental pressures. Collectively, these findings
reveal a composite adaptation strategy whereby microorganisms
integrate compatible solute metabolism, light-driven energy
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conservation, and ion homeostasis to maintain viability under
extreme osmotic conditions in lake Barkol.

4 Conclusion

This the
environmental gradients and microbial functional partitioning in

study unravels intricate interplay between
Lake Barkol, a hypersaline ecosystem characterized by pronounced

redox and salinity stratification. Through metagenomic
reconstruction of 309 MAGs, we revealed a taxonomically diverse
microbial community dominated by novel, unclassified lineages (27
classes, 84 orders, 138 families, and 210 genera), underscoring the
vast microbial “dark matter” thriving in this extreme habitat. These
communities exhibited stark metabolic zonation: oxygenated
surface waters hosted phototrophic carbon fixation via the CBB
cycle, driven by Cyanobacteriota and chemolithoautotrophic
Gammaproteobacteria, while anoxic sediments favored energy-
efficient reductive pathways (WL and rTCA cycles) mediated by
Desulfobacterota, Chloroflexota, and archaeal Thermoplasmatota.
Such stratification highlights how redox and salinity gradients
shape microbial resource partitioning, with methanogenic
Halobacteriota further contributing to sedimentary carbon cycling
under hypersaline constraints.

Compartmentalized nitrogen and sulfur cycling further
emphasized habitat-specific adaptations. Nitrogen fixation and urea
hydrolysis dominated the water column, whereas dissimilatory nitrate
reduction (DNRA), denitrification, and ammonification prevailed in
sediments, with Pseudomonadota serving as keystone taxa across
these pathways. Sulfur metabolism mirrored this redox divide, with
sulfur-oxidizing ~ Rhodobacteraceae  and  sulfate-reducing
Desulfobacterota mediating oxidative and reductive processes in
water and sediments, respectively. These findings illustrate how
microbial consortia partition biogeochemical roles to exploit niche-
specific redox potentials, sustaining nutrient cycling in a
hypersaline matrix.

Osmoadaptation strategies further delineated microbial niche
specialization. Surface communities prioritized light-driven proton
pumps (rhodopsins) and compatible solutes (ectoine, trehalose) for
energy conservation and osmotic balance, whereas benthic lineages
relied on ion transporters (Na*/H* antiporters) and stress-resilient
pathways (hydroxyectoine synthesis) to mitigate fluctuating salinity.
The absence of canonical nitrification and methane oxidation
pathways suggests hypersaline suppression of these processes,
compensated by metabolic redundancy (DNRA) and cross-
pathway interactions.

By integrating MAG-based functional annotation with
environmental metadata, this study advances our understanding of
microbial resilience in athalassohaline ecosystems. The discovery of
unclassified lineages and niche-specific metabolic innovations
highlights Lake Barkol as a reservoir of untapped microbial
diversity and adaptive strategies. These insights not only refine
models of biogeochemical cycling in extreme environments but also
the

(metatranscriptomics, proteomics) to resolve activity patterns and

emphasize need for multi-omics  approaches
syntrophic networks. Future work should explore how fluctuating
salinity and climate-driven perturbations modulate microbial
interactions, with broader implications for ecosystem stability in

global hypersaline lakes.
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