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The nitrogen (N) cycle is the foundation of the biogeochemistry on Earth and
plays a crucial role in global climate stability. It is one of the most important
nutrient cycles in high-altitude lakes. The biogeochemistry of nitrogen is almost
entirely dependent on redox reactions mediated by microorganisms. However,
the nitrogen cycling of microbial communities in the high-altitude saline
lakes of the Qinghai-Tibet Plateau (QTP), the world's "third pole” has not been
investigated extensively. In this study, we used a metagenomic approach to
investigate the microbial communities in four high-altitude pristine saline lakes in
the Altun mountain on the QTP. We observed that Proteobacteria, Bacteroidota,
and Actinobacteriota were dominant in these lakes. We reconstructed 1,593
bacterial MAGs and 8 archaeal MAGs, 1,060 of which were found to contain
nitrogen cycle related genes. Our analysis revealed that nitrite reduction, nitrogen
fixation, and assimilatory nitrate reduction processes might be active in the lakes.
Denitrification might be a major mechanism driving the potential nitrogen loss,
while nitrification might be inactive. A wide variety of microorganisms in the
lake, dominated by Proteobacteria, participate together in the nitrogen cycle.
The prevalence of the dominant taxon Yoonia in these lakes may be attributed to
its well-established nitrogen functions and the coupled proton dynamics. This
study is the first to systematically investigate the structure and nitrogen function
of the microbial community in the high-altitude pristine saline lakes in the Altun
mountain on the QTP. As such, it contributes to a better comprehension of
biogeochemistry of high-altitude saline lakes.
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metagenomics, high-altitude pristine saline lakes, nitrogen cycle, Qinghai-Tibetan
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1 Introduction

Nitrogen is a vital element for organisms, critical for nucleic
acid and protein synthesis, and is often the key element limiting
the primary productivity of ecosystems (Falkowski, 1997).
Nitrogen exists in the environment in many chemical compounds
with oxidation states ranging from +5 to —3. The processes by
which nitrogen converts between its different chemical forms are
described in the nitrogen cycle, which is the foundation of the
biogeochemistry on Earth (Martinez-Espinosa et al., 2011). The
biogeochemistry of nitrogen is almost entirely dependent on redox
reactions mediated by microorganisms (Canfield et al., 2010). The
microorganisms are involved in seven main processes of nitrogen
cycling in ecosystems: nitrogen fixation, ammonification, DNRA
(dissimilatory nitrate reduction), assimilation, nitrification,
denitrification, and anammox (Kuypers et al., 2018; Hutchins and
Capone, 2022). The structure and function of microbial
communities are closely related to the ecosystem function
(Bottomley et al., 2012; Zhang et al., 2023).

The global nitrogen cycle has been severely disturbed since the
20th century by human activities including burning fossil fuels and
applying artificial nitrogen fertilizers (Gruber and Galloway, 2008).
Numerous environmental issues, including eutrophication of
terrestrial and aquatic systems, an increase in the greenhouse gas
nitrous oxide, and ozone depletion in the stratosphere, have been
linked to the significant nitrogen input (Galloway et al., 2003; Lin and
Lin, 2022). Over the past few decades, advancements in ecological
studies have provided profound insights into the intricate pathways
and mechanisms of nitrogen cycling in various terrestrial and aquatic
environments, particularly in the soil and marine environment
(Casciotti, 2016; Nelson et al., 2016; Tu et al., 2017; Pajares and
Ramos, 2019). From unraveling the complexities of microbial
nitrogen transformations to assessing the effects of human activities
on nitrogen fluxes, recent research has significantly expanded our
understanding of the complex networks of interactions among
nitrogen-transforming microorganisms and their implications for the
global biogeochemical nitrogen cycling. In the last 15 years, four new
reactions have been discovered: oxidation of hydroxylamine to NO
(Caranto and Lancaster, 2017), dismutation of NO to N, and O,
(Ettwig et al., 2010), hydrazine synthesis (Kartal et al., 2011) and
oxidation of hydrazine to N, (Kartal et al., 2011). Numerous new
metabolic processes were also discovered, including complete
ammonia oxidation (comammox) to nitrate (Daims et al., 2015; Van
Kessel et al., 2015) and phototrophic nitrite oxidation (Griffin et al.,
2007). In addition, novel microorganisms, such as symbiotic
heterotrophic nitrogen-fixing cyanobacteria (Thompson et al., 2012)
and ammonia-oxidizing archaea (Konneke et al., 2005) were also
identified. Nitrogen cycling in microbial communities is carried out
by complex networks of microorganisms with great diversity. Studies
of microbial communities in marine, agricultural and soil
environments have found cyanobacteria (Gruber, 2008), Nitrospina
spp. (Pachiadaki et al., 2017), “Candidatus. Methanoperedens” spp.
(Vaksmaa et al., 2017) and other significant nitrogen-functioning
microbial species. However, although nitrogen cycling in these
environments has been studied in some depth, little research has
been done on nitrogen cycling in high-altitude lakes, especially high-
altitude saline lakes in the pristine areas of the QTP. Although some
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studies have analyzed the taxa composition, functions and
distribution of microorganisms involved in specific nitrogen
functions in lakes on the QTP (Jiang et al., 2009; Yang et al., 2012,
2013, 2015), the majority of the studies focused on a single functional
taxon and lacked an understanding of the microbial community’s role
in the overall nitrogen cycle. Furthermore, the investigation locations
were situated in places with lower altitude and higher levels of human
activity, rather than high-altitude pristine areas. It was not until 2023
that the first Shotgun metagenomics study for the microbial
community of a lake above 4,000 meters above sea level (lake
Bamucuo on the QTP) was reported (Wei et al., 2023). However,
because this study only included data from one lake, it lacked
systematization and did not comprehensively analyze the nitrogen
cycling function of the lake’s microbial community. There is yet to
be a comprehensive and systematic research of the microbial
communities involved in nitrogen cycling in several lakes at an
altitude of more than 4,000m on the Altun Mountain of the
Tibetan Plateau.

The “third pole,” the Qinghai-Tibetan Plateau (QTP), is the
world’s highest plateau (average altitude of 4,500 m) and the largest
plateau (2x10°km?) (Yang et al., 2013). It contains thousands of
lakes, which account for more than half of China’s total lake area
(Kong et al., 2023). The plateau lake ecosystem is an important
component of the plateau ecosystem. The QTP, along with the Arctic
and Antarctic regions, is one of the most sensitive and vulnerable
ecosystems in the world to global climate change, as well as a
significant regulator of regional and global climate (Kuang and Jiao,
2016). However, despite being known as the “third pole,” there is far
less data available for the QTP than for the Arctic and Antarctic (Qiu,
2008). Although many high-altitude lakes are located in areas of low
human activity and are typically oligotrophic environments, in the
context of a substantial increase in global nitrogen fluxes and an
intensification of the greenhouse effect, and influenced by factors
such as increased snow and ice melt, increased erosive power of
rainfall, and atmospheric deposition, high-altitude lakes have
continued to receive an increased amount of nitrogen from the
environment (Wolfe et al., 2001; Vreca and Muri, 2006; Brahney et al.,
2015; Zhang et al., 2019). On the QTP, data from the Lake Qinghai
reveal that nitrogen from human activities enters the lake through
atmospheric deposition, potentially impacting the aquatic ecosystem
of the lake (Zhang et al., 2019). Four alpine lakes in the Sanjiangyuan
Region (Lake Eling, Lake Longbao, Lake Sea Star, and Lake Zhaling)
have shown an increasing tendency in numerous nitrogen and
phosphorus indicators year after year (Lu et al., 2017). Over the last
three decades, Lake Hurleg in the northeastern portion of the QTP
has experienced an increase in nitrogen and phosphorus
concentrations, although receiving very little direct human
disturbance (Wu et al., 2021). Therefore, understanding the nitrogen
cycling function of microbial communities in high-altitude lakes on
the QTP in the context of increasing global nitrogen fluxes can
contribute to our understanding of global biogeochemical cycling
and microbial community responses to climate change.

In this context, the objectives of this study were (i) to investigate
the structure of microbial communities in four high-altitude pristine
saline lakes in the Altun Mountains on the QTP and (ii) to reveal the
characteristics of the microbial nitrogen cycle and the microbial taxa
involved in the nitrogen cycle in these lakes.
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2 Materials and methods
2.1 Environmental samples collection

The study area is located in the Altun Shan National Nature
Reserve on the northern edge of the QTP in China. From 2019 to
2021, we sampled four high-altitude pristine saline lakes in the Altun
mountain (Lake Aqqikkol, Lake Ayakkum, Lake Jingyu and Lake
Wausuxiao) multiple times (Supplementary Figures S1-S5). The
sampling period covered the entire year, including April, July, October
and November. Therefore, the samples were able to provide a
comprehensive picture of the state of the lake microbial communities
across time (Supplementary Table S1). 6-10L of surface lake water
were collected and promptly filtered using sterile filter membranes.
The water was initially filtered with 10 pm membranes to remove bulk
contaminants, then with 3 pm and 0.22 pm membranes, sequentially.
The acquired filter membranes were folded inward twice into a
90-degree fan form, coated in sterile tin foil, and stored in plastic
ziplock bags. The plastic ziplock bags were kept in dry ice and shipped
to the company (Magigen, China) for DNA extraction and sequencing.
Alkaline potassium persulfate digestion UV spectrophotometric
method (HJ 636-2012) was used to determine the total nitrogen of the
water samples (Huang et al, 2023). Environmental factors were
measured using a YSI multiparameter digital water quality meter (YSI,
America).

2.2 DNA extraction and metagenome
sequencing

DNA from 30 lake water samples was extracted with the Advanced
Water DNA Kit (ALFA-SEQ). Integrity and purity of extracted DNA
were monitored on 1% agarose gels. PE150 strategy was performed on
the Illumina HiSeq 2,500 high-throughput sequencing platform. The
quality of raw sequencing data was evaluated by Illumina filters and
Trimmomatic v0.36 (Bolger et al., 2014), which removed adapters,
primers, and low-quality data (Zhao et al., 2023). The cleaned data
were assessed for quality and basic information statistics with the
SeqKit v0.9.3 (Shen et al., 2016).

2.3 Metagenomic assembly and binning

The cleaned data were de novo assembled using MEGAHIT
v1.2.9 (Li et al., 2015) with the parameter --presets meta-sensitive
(--min-count 1 --k-list 21,29,39,49,...,129,141). Contigs shorter
than 2Kb were removed from the assembled metagenomic
sequences. The assembled and filtered sequences were analyzed
for quality and basic information statistics using the QUAST
v5.0.2 (Gurevich et al, 2013). Metagenomic binning was
performed using MetaBAT v2.12.1 (Kang et al, 2019) and
CONCOCT v0.5.0 (Alneberg et al., 2014). The binning results
produced by these two software programs were later integrated
using DAS Tool v1.1.1 (Sieber et al., 2018) to build non-redundant
MAGs (Metagenome-Assembled Genomes). The completeness
and contamination of MAGs were assessed using CheckM v1.1.3
with “lineage_wf” workflow (Parks et al., 2015). For further
analysis, only high- and medium-quality MAGs meeting the
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MIMAG standard (completeness >50% and contamination <10%)
(Bowers et al., 2017) were retained. Taxonomic classification of
MAGs was conducted using GTDB-Tk (v2.1.1, database r207)
(Chaumeil et al., 2022). Because the samples were collected from
special high-altitude pristine saline lake water habitats, the
majority of MAGs could not be identified to the species level in
the GTDB database. At the species level, ANI between MAGs was
calculated using FastANI v1.32 (Jain et al., 2018) to distinguish
between species with a 95% threshold (Richter and Rossello-
Mora, 2009).

2.4 Data analysis

2.4.1 Gene annotation and abundance calculation

Genes in assembled contigs or MAGs were predicted using
Prodigal v2.6.3 (Hyatt et al., 2010) with the -p meta parameter. KAAS
(KEGG automatic annotation server) (Moriya et al., 2007) was used
to perform functional annotation of predicted genes using KEGG
(Kyoto Encyclopedia of Genes and Genomes) database (Kanehisa and
Goto, 2000). For the genomic features of a specific taxon, we used all
the MAGs associated with that taxon. A gene was considered to
be present in the taxon if it appeared in more than 25% of the MAGs
or in high-quality MAGs with greater than 90% completeness (Nelson
et al., 2020).

To evaluate the abundance of a given gene in the samples, we first
performed a HMMER v3.3.1 (Eddy, 2011) search across contigs for
both the gene of interest and the marker gene rpsB (ribosomal protein
S$2), assumed to be present in every bacterial genome. Then, we divided
the total depth of the contigs containing the gene of interest by the total
depth of the contigs containing the marker gene. This allowed us to
interpret the gene abundance as the average copy number of that gene
in the sample. Specifically, we calculated the gene abundance as:

2 qeqRPKMg

Gene Depth= ——————
> RPKM,
ceC

where RPKM; (Mortazavi et al., 2008) is the count of reads per
kilobase million for contig i, Q is the set of contigs that contain the
gene of interest, and C is the set of contigs that contain the
marker gene.

2.4.2 Genome-wide phylogenetic tree
construction

Only MAGs with >70% genomic completeness and<7%
contamination were retained to construct the phylogenetic tree with
the GTDB marker genes (120 bacterial marker genes or 122 archaeal
marker genes). Sequence alignment was first performed using MAFFT
v7.453 (Katoh and Standley, 2013), then again using MUSCLE
v5.0.1278 (Edgar, 2004), and finally the aligned sequences were
trimmed using trimAL v1.4 (Capella-Gutierrez et al, 2009).
Maximum likelihood (ML) tree building was performed using
RAXML v8.2.11 (Stamatakis, 2014) with the parameter -m
PROTGAMMAAUTO -N autoMRE to automatically set the number
of replications of tree building and to calculate the bootstraps.
Phylogenetic trees were visualized using the iTOL (Interactive Tree Of
Life) online tool (Letunic and Bork, 2007).
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2.4.3 MAGs abundance calculation

Reads from cleaned sequencing data for each sample were
recruited to MAGs using the “mem” module of BWA v0.7.17 (Heng,
2013). The result files were formatted and sorted using SAMtools v1.7
(Danecek et al., 2021). The depth of each contig within each MAG for
every sample, i.e., the count of reads mapped to each genomic locus,
was calculated using the “jgi_summarise_bam_contig_depths”
program contained in MetaBAT v2.12.1 (Kang et al.,, 2019). The
aggregate depth of all contigs within a sample for each MAG, termed
as “MAG Raw Depth,” was derived by summing the depths of
individual contigs. This “MAG Raw Depth” was then normalized for
the size of the MAG and the size of the sample sequencing reads data.
The formula is as follows:

MAG Raw Depth
MAG Size

MAG Depth = ———————
Raw Reads Size

The resulting depth values can reflect the abundance of MAGs in
the samples. Furthermore, these normalized results can be compared
across different MAGs and samples.

2.4.4 Species abundance in microbial
communities

Species-level abundance was obtained using mOTUs v3 (Milanese
et al., 2019) based on unassembled metagenomic sequencing data.
This information was then utilized to assess the structural composition
of the microbial communities in the samples.

2.4.5 Statistical analysis

All statistical analyses were performed in the R programming
language version 4.2 (R Core Team, 2013). The significance of the
difference in the abundance of genes across samples was assessed
using the wilcox.test() function. The plots were created using the
ggplot2 package (Villanueva and Chen, 2019).

3 Results

3.1 The microbially mediated nitrogen
cycle

The high-altitude pristine saline lakes in the Altun mountain are an
oligonitrogenous environment, with a total nitrogen content of
0.2-0.5mg/L. According to the metagenomic data, the nirB, nifH, and
nasA genes were abundant in high-altitude pristine saline lakes in the
Altun mountain, with median values of 4.27, 2.12, and 1.12, respectively
(p<0.05) (Figure 1; Supplementary Figure S6). Additionally, the nirA,
nirK, and nirS genes also showed relatively high abundance, with median
values of 0.33, 0.30, and 0.26, respectively (p <0.05 compared to other
genes, except for these three) (Figure 1; Supplementary Figure S6).
Therefore, the nitrite reduction, nitrogen fixation, and assimilatory
nitrate reduction processes might be active in the lakes. Especially the
nitrite reduction process. The abundance of genes for the processes of
dissimilatory nitrite reduction (nirB), assimilatory nitrite reduction
(nirA) and nitrite reduction to nitric oxide (nirK/nirS) were all relatively
high, implying the presence of numerous active nitrite reduction in the
lake. Only the [FeMo]-nitrogenase gene (nif) was found in lake water
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samples; neither the [FeV]-nitrogenase gene (vnf) nor the [FeFe]-
nitrogenase gene (anf) were discovered. In the four lakes, the depth
profiles of nitrogen related genes showed similar patterns
(Supplementary Figure S7). Among the six genes with high abundance,
the nirB, nifH, nirK, and nirS genes showed no significant difference
among the different lakes. The depth of the nasA gene was lower in Lake
Ayakkum compared to Lake Aqqikkol and Lake Jingyu. Similarly, the
depth of the nirA gene was lower in Lake Ayakkum than in Lake
Aqqikkol (Supplementary Figure S8). This might suggest that
dissimilatory nitrate reduction is relatively inactive in Lake Ayakkum
compared to the other three lakes. In different sampling months (April,
July, October, November), the nirB, nifH, nirK, and nirS genes also
showed no significant difference. However, the depth of the nasA gene
and the nirA gene was higher in October than in the other months
(Supplementary Figure S9). These results indicated that the nirB, nifH,
nirK, and nirS genes had a consistent and stable distribution in the lakes,
whereas the nasA and nirA genes had a variable distribution across
different lakes and varied in abundance over time.

3.2 Genome reconstruction and microbial
community composition

A total of 1,975.8 GB of Illumina paired-end shotgun sequencing
data was obtained from 30 lake water samples. The total size of de novo
assembly (after removing contigs shorter than 2 KB) was 15.4 GB with
average N50 7,618bp (Supplementary Table S2). Binning the
metagenomic data resulted in the reconstruction of 1,601 MAGs with
quality higher than the medium quality standard (completeness >50%
and contamination <10%) (Bowers et al., 2017). Among these MAGs,
1,593 were bacterial genomes and 8 were archaeal genomes (Figure 2;
Supplementary Figure S10; Supplementary Table S3).

Of the 1,593 bacterial MAGs recovered from the lake water, a total
of 24 phyla, 54 classes, 130 orders, 208 families, and 314 genera could
be clearly categorized using the GTDB database. The ANI between
MAGs was calculated, and a total of 701 species were obtained by
dividing them with a 95% threshold. One MAG was classified as an
unknown phylum, five MAGs were classified as unknown orders, 38
MAGs were classified as unknown families (2.4%), 376 MAGs were
classified as unknown genera (23.6%), and 1,440 MAGs were classified
as unknown species (90.4%). The 8 archaeal MAGs obtained from the
lake water belonged to three phyla, three classes, three orders, and five
families. They were all categorized as unknown species. Among them,
two MAGs of the phylum Thermoplasmatota were classified as
unknown families, and both were of good quality, suggesting the
possibility of new taxonomic groups. The highest number of MAGs
recovered from lake water samples was from Proteobacteria (696,
including 377 Alphaproteobacteria, 318 Gammaproteobacteria, and 1
(461) and
Actinobacteriota (148) (Figure 2; Supplementary Figure SI0;
Supplementary Table S3). Based on the depth of the MAGs, the three
most abundant phyla in the lakes were the same: Bacteroidota (33.1%),
(30.3%), and (18.8%)
(Supplementary Figure S10; Supplementary Table S3). At the family
level, Rhodobacteraceae (Alphaproteobacteria) had the most MAGs
(201), followed by Flavobacteriaceae (Bacteroidota) (101), and
Microbacteriaceae (Actinobacteriota) (81) (Supplementary Table S3).
Based on the depth of the MAGs, the three most abundant families in

Zetaproteobacteria), followed by  Bacteroidota

Proteobacteria Actinobacteriota
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FIGURE 1
The abundance of functional genes involved in nitrogen cycling. (A) Nitrogen cycle, with the thickness of lines showing gene abundance and dashed
lines showing that the genes were not found by annotation. (B) Abundance of nitrogen cycle related pathways. (C) Abundance of nitrogen cycle
related genes.

the lakes were the same: Flavobacteriaceae (13.7%), Microbacteriaceae
(13.5%), and Rhodobacteraceae (8.4%) (Supplementary Figure S10;
Supplementary Table S3). In all four lakes, the highest number of
MAGs was found in these three phyla. At the family level, the
distribution of MAGs varied among the lakes (Table 1). Notably,
Flavobacteriaceae and Rhodobacteraceae consistently ranked within
the top five families in terms of MAG counts across all four lakes.
Furthermore, Balneolaceae, Burkholderiaceae, Cyclobacteriaceae,
Microbacteriaceae, and Saprospiraceae featured among the top five
MAG-rich families in two lakes. All of the 14 genera present in all the
four sampled lakes (Supplementary Table S4) encoded complete
pathways related to low nitrogen in the two-component system (i.e.,
the NtrC family of nitrogen-regulation systems GInL, GInG, GInA or
NtrY, NtrX, NifA), whereas pathways associated with low phosphorus
or low potassium were missing. Considering this, it could
be hypothesized that functions related to nitrogen cycling may be one
of the reasons why these taxa were able to prevail in these lakes. The
classification results of MAGs suggested that microorganisms in high-
altitude pristine saline lakes in the Altun mountain had a high species
diversity, and a huge number of species had not yet been discovered
and studied. Besides, nitrogen related functions played a significant
role in the microbial communities of these lakes.

Frontiers in Microbiology

3.3 MAGs contain nitrogen cycle related
genes and their classification

A total of 1,060 MAGs in 24 phyla and 157 families were found to
contain nitrogen cycle related genes (Figure 2; Supplementary Table S5).
In all four lakes, the most abundant phyla, both in terms of number
and depth of MAGs, were Proteobacteria, Bacteroidota, and
Actinobacteriota. The six most abundant nitrogen circle related genes
were also mainly encoded by these phyla. Specifically, the nirB gene
was mainly encoded by Bacteroidota and Proteobacteria, the nifH gene
by Proteobacteria, the nasA gene by Proteobacteria, the nirA gene by
Bacteroidota, the nirK gene by Proteobacteria, Bacteroidota, and
Actinobacteriota, the nirS gene by Proteobacteria
(Supplementary Table S5). The major phyla encoding the six most
abundant nitrogen cycle related genes were broadly similar across

and

each lake, though some differences were observed. In Lake Aqqikkol,
the nasA gene was mainly encoded by the phyla Proteobacteria,
Bacteroidota, and Actinobacteriota, while the nirA gene was mainly
encoded by Verrucomicrobiota. In Lake Jingyu, the nirA gene was
mainly encoded by Bacteroidota and Proteobacteria, and the MAG
encoding the nirS gene was not annotated. In Lake Wusuxiao, the nirA
gene was mainly encoded by Cyanobacteria (Supplementary Table S6).
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FIGURE 2
Phylogenetic trees of metagenome-assembled genomes (MAGs). (A) The phylogenetic tree of bacterial MAGs involved in the nitrogen cycle. (B) The
phylogenetic tree of archaeal MAGs. Red dots indicate MAGs. The colors of the branches show different phyla. Solid circles on the branches represent
bootstrap values >70% from 100 replicates. The outer circles show the nitrogen cycle related pathways encoded by each MAG, arranged from the
center to the outside: Ammonification, Anammox, Assimilatory nitrate reduction, Denitrification, Dissimilatory nitrate reduction, Nitrification, and
Nitrogen fixation.

TABLE 1 The top 5 families in terms of counts of MAGs in the water of four lakes.

Lakes Lake Aqqgikkol (AQK) Lake Ayakkum (AYK) Lake Jingyu (JYH) Lake Wusuxiao (WSX)
Family Counts  Family Counts of Family Counts of Family Counts
of MAGs MAGs MAGs of MAGs
1 f 17 Rhodobacteraceae 173 Burkholderiaceae 12 Rhodobacteraceae 12
2 Planctomycetaceae 8 Flavobacteriaceae 77 Microbacteriaceae 11 Flavobacteriaceae 8
3 Cyclobacteriaceae 8 Microbacteriaceae 63 Flavobacteriaceae 10 Alteromonadaceae 3
4 Saprospiraceae 7 Saprospiraceae 61 Cyclobacteriaceae 9 Balneolaceae 3
5 Rhodobacteraceae 7 Burkholderiaceae 55 Rhodobacteraceae 9 f 3
6 Flavobacteriaceae 6 Balneolaceae 50 Pseudohongiellaceae 7 Parvularculaceae 3

Besides, we found two archaeal MAGs that encoded nitrogen circle
related genes (Figure 2; Supplementary Table S5). One belonged to
Halobacteriota and encoded seven types of nitrogen circle related
genes: napA, narG, narH, nirA, nirK, norB, and nosZ. The other one
belonged to Thermoplasmatota and encoded napA and nirK genes.
(Figure 2; Supplementary Table S5).

The genus Yoonia of Alphaproteobacteria, Rhodobacterales,
Rhodobacteraceae was the most prevalent taxon in the majority of lake
samples, accounting for 17 to 80% of the microbial community
(Figure 3B). This genus was more abundant in Lake Aqqikkol and
Lake Jingyu, and less abundant in Lake Ayakkum and Lake Wusuxiao
(Figure 3B). Yoonia encoded a variety of nitrogen cycle functional
genes, including the [FeMo]-nitrogenase nifH gene, the nirK gene, the
narGHI genes, and the nasAB genes, etc. (Figure 4A). It contributed
an average of 23.9% of the depth of the nirH gene, 47.2% of the depth
of the nasA gene, and 23.9% of the depth of the nirA gene in the
microbial communities of the lakes (Supplementary Figure SI1).
Therefore, Yoonia might play an important role in the nitrogen cycle
of high-altitude pristine saline lakes. Bacteroidota mainly encoded
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nirB, nosZ, and nirK genes in the lake water (Figure 3A), and
Cyclobacterium (Bacteroidota, Bacteroidia,

Cyclobacteriacea) was a typical genus of Bacteroidota that encoded all

Cytophagales,

these three genes simultaneously (Figure 3C).

3.4 Nitrogen cycle related genes in Yoonia
and Cyclobacterium

Yoonia was the genus with the greatest abundance in lake water
samples. There were five mOTUs within the genus Yoonia, including
four species. In lake water samples, two mOTUs of Y. vestfoldensis,
[ref_mOTU_v3_10885] and [ref_mOTU_v3_06935], accounted for
99% of the overall abundance of Yoonia. Y. vestfoldensis strains were
recovered from microbial mats in Antarctic lakes, indicating its
preference for pristine habitats (Van Trappen et al., 2004). It has been
reported that Yoonia dominates the microbial community in the polar
ocean with a proportion of approximately 11.1% (Zeng et al., 2022;
Ding et al., 2023). However, the strong dominance (17-80%) of Yoonia
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FIGURE 3
Species encoding genes with nitrogen cycle functions. (A) Number of MAGs encoding genes with nitrogen cycle functions in each phylum.
(B) Abundance of Yoonia (Alphaproteobacteria) encoding nitrogenase in four high-altitude pristine lakes. (C) Number of MAGs encoding nirB, nosZ,
and nirK genes in the total of 13 MAGs of Cyclobacterium (Bacteroidota). The dashed lines show that the genes were not found by annotation.

in the lakes of the Altun mountain has not been observed in any other
environment, thus making Yoonia a unique geospecific taxon in this
setting. A total of 27 MAGs of Yoonia were recovered. Of these 27
MAGs, 11 were classified as invalid species name Y. sp018402175 and
the remainders could not be categorized at the species level in the
GTDB database.

Yoonia had the ability to convert inorganic nitrogen into amino
acids. In addition, it encoded cyanase (CynS), urease (UreABC) and
nitrilase (NIT1), which could use cyanate, urea and nitrile as nitrogen
sources. This might favor its survival in low-nitrogen environments.
As regards the nitrogen transport system, Yoonia encoded the Amt
family ammonium transporter (AMT), the NNP family nitrate/nitrite
transporter (NRT) and the nitrate/nitrite/Cyanate ABC transport
system (NrtABCD). Yoonia had the ability to efficiently take up
nitrogen from its surroundings (Figure 4A).

Yoonia encoded membrane-bound respiratory nitrate reductases
(NarGHI), which is a membrane protein complex consisting of three
different subunits. The Narl subunit anchors the NarG and NarH
subunits, which are situated in the cytoplasm, to the membrane. NarG
and NarH form the reductase module, receiving electrons from Narl,
an integral membrane protein that binds two b-type hemes and draws
electrons from the menaquinol pool to NarH. Menaquinol is oxidized
at the periplasmic side of Narl, where electrons are transferred from
the haem on the P side to the haem on the N side, ultimately reducing
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nitrate at the N side of the cytoplasmic membrane. The electrogenic
(or proton) motive of NarGHI is caused by the transmembrane charge
separation. The nitrate reduction by NarGHI is coupled to electron
input from formate via the nitrate-inducible formate dehydrogenase
(Fdh-N), forming the full proton motive redox loop (Simon
et al., 2008).

Yoonia encoded the [FeMo]-nitrogenase (NifH), which uses eight
electrons and 16 ATP to reduce each N, molecule to two NH,
molecules (Sohm et al., 2011). Electrons and ATP can be obtained via
coupling with oxidative phosphorylation. However, a greater
challenge for nitrogen fixation is the management of oxygen. Since
nitrogenase is oxygen-sensitive, aerobic nitrogen-fixing bacteria must
employ techniques to protect nitrogenase from oxygen (Inomura
et al., 2017). Yoonia is exposed to lower oxygen pressures because
high altitudes are low-oxygen habitats. Yoonia encoded Fe-Mn family
superoxide dismutase (SOD2), which may help protect its
nitrogenase. Additionally, it has been found that aquatic heterotrophic
organisms can fix nitrogen as long as there is a sufficient amount of
carbohydrate substrate (Bentzon-Tilia et al., 2015). Yoonia’s ability to
use a wide variety of carbon substrates, as well as its extensive
transport systems, might also potentially be helpful for its nitrogen-
fixing function.

Yoonia encoded not only a protein system associated with
bacterial chemotaxis, namely: methyl-accepting chemotaxis protein
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FIGURE 4

with greater than 90% completeness. (A) Yoonia. (B) Cyclobacterium.

The proposed model of nitrogen metabolism in Yoonia and Cyclobacterium. Nitrogen cycle and coupled carbon cycle, oxidative phosphorylation and
transmembrane transporters. A gene was considered to be present in the taxon if it appeared in more than 25% of the MAGs or in high-quality MAGs

(MCP), chemotaxis protein (Che), flagellar motor switch protein (Fli),
and chemotaxis protein (Mot), but also four transmembrane
chemoreceptors homologous to Escherichia coli, namely: serine sensor
receptor (Tsr), aspartate sensor receptor (Tar), ribose and galactose
sensor (Trg), and peptide sensor receptor (Tap) (Lane et al., 2006).
Yoonia also encoded genes for flagellar assembly, therefore it might
be motile. Yoonia might be more capable of sensing chemicals and
chemotaxis, allowing it have a greater ability to thrive in the
oligonitrogenous lake environment.

A total of 13 MAGs of Cyclobacterium were recovered. Using the
GTDB database, all of these MAGs could not be categorized at the
species level. Except for organic nitrogen synthase like GInA, GItBD
and GdhA and nitrogen-containing compound hydrolase NIT1, as a
typical genus of Bacteroidota, Cyclobacterium also encoded nirB, nrfA,
nosZ, and nirK genes (Figure 4).

The soluble cytoplasmic NADH-dependent nitrite reductase (Nir)
catalyzes the reduction of nitrite to ammonium (Macdonald et al.,
1985). Nir does not generate a proton gradient, but instead specifically
uses NADH as the electron donor. NirB is the catalytic subunit.
Cytochrome ¢-552 nitrite reductase (Nrf) is a soluble periplasmic
enzyme. Different species may use NrfH protein or a complex consisting
of NrfB, NrfC and NrfD proteins as the electron donor for NrfA. These
are two genetically distinct systems, but both use NrfA as the catalytic
enzyme (Lockwood et al,, 2011). Both Nir and Nrf catalyze dissimilatory
nitrite reduction to ammonium, which is the critical reaction in the
dissimilatory nitrate reduction to ammonium (DNRA). Cyclobacterium
may grow by coupling DNRA with the oxidation of electron donors
such as organic substances and sulfide (Brunet and Garcia-Gil, 1996).
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Encoding multiple kinds of nitrite reductases may provide strains with
enhanced environmental adaptation. Escherichia coli encodes both Nir
and Nrf. Their expression is complementary: in environments with low
nitrate or nitrite concentrations, E. coli synthesizes Nrf; in environments
with high nitrate or nitrite concentrations, E. coli synthesizes Nir; and
in environments with moderate nitrate concentrations, both enzymes
are produced (Wang and Gunsalus, 2000). The coding and expression
of these enzymes gives E. coli the ability to cope with a wide range of
nitrate and nitrite concentrations in various settings. A similar pattern
may exist in Cyclobacterium. NirK is located in the periplasm and use a
c-type cytochrome as its electron source (Helen et al., 2016). NosZ is
also located in the periplasm and use a c-type cytochrome or accessory
proteins as its electron source (Wunsch and Zumft, 2005). Neither of
them directly contributes to energy conservation through the proton
motive force.

Yoonia encoded nitrate reduction but not nitrite reduction, and
Cyclobacterium did not encode nitrate reduction but does encoded nitrite
reduction. Cyclobacterium also encoded nosZ which was not encoded by
Yoonia. Yoonia and Cyclobacterium is a good example to show that the
classical process of nitrogen transformation is seldom accomplished by
one single microorganism. In microbial communities, the nitrogen
cycling is usually engaged by a wide variety of microorganisms.

4 Discussion

Nitrogenase (Nif) genes was found in all four lakes, with a total of
204 MAGs encoding nitrogenase genes belonging to four phyla:
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Proteobacteria, Cyanobacteria, Myxococcota and Desulfobacterota
(Supplementary Table S5). Proteobacteria accounted for the majority,
with 197 MAGs that encoded nitrogenase being extensively dispersed
among the four lakes. High abundance of the nifH gene was observed
in high-altitude pristine saline lakes in the Altun Mountains on the
QTP, These
oligonitrogenous environments. In such environments, microbial

implying active nitrogen fixation. lakes are
nitrogen fixation is an important source of nitrogen input to the
ecosystem (Church et al., 2005). High diversity of the nifH gene has
been observed in oligonitrogenous environments like Antarctica and
the Arctic (Jungblut and Neilan, 2010; Diez et al., 2012). Additionally,
the nifH gene of Alphaproteobacteria has been detected in the
oligotrophic waters of the Atlantic and Pacific Oceans and alpine lake
lakes (Zehr et al., 1998; Wang et al., 2020; Li et al., 2024). This is
consistent with our findings that Alphaproteobacteria might assume a
nitrogen-fixing function in oligonitrogenous aquatic environments.
Rhodobacteraceae (Yoonia’s family, Alphaproteobacteria) was the only
family with nitrogenase (Nif) genes annotated in all four lakes.
Furthermore, Rhodobacteraceae was one of the most abundant taxa in
the four lakes. Therefore, it is reasonable to hypothesize that
Rhodobacteraceae is the main bearer of the nitrogen fixation function
that is prevalent in the high-altitude pristine saline lakes in the Altun
mountain. In addition to this family, each lake has its own specific
nitrogen-fixing taxa.

In the denitrification pathway, nitrite reductase (NirK/NirS) and
nitrous oxide reductase (NosZ) genes were more abundant, but nitric
oxide reductase (NorBC) genes were less abundant (Figure 1).
Similarly, a total of 115 MAGs encoding both subunits of nitric oxide
reductase (NorBC) belonging to 6 phyla and 24 families were found,
which was lower in number and variety compared to the taxa
encoding nitrite reductase (NirK/NirS) (310 MAGs belonging to 17
phyla and 77 families) and nitrous oxide reductase (NosZ) (239
MAGs, phyla and 10
(Supplementary Table S5). The low abundance and limited distribution

belonging to 10 families)
of nitric oxide reductase genes (norBC) implied that the microbial
community was weak in reducing nitrous oxide to nitrous oxide,
whereas the high abundance and wide distribution of nitrous oxide
reductase gene (nosZ) implied that the microbial community
possessed a relatively high potential for reducing nitrous oxide.
Therefore, the microbial community in high-altitude pristine saline
lakes in the Altun mountain may prefer to release the end product
nitrogen gas after completing the reduction of nitrous oxide in the
process of denitrification.

The hydrazine synthase gene (hzs) was found to be less abundant
in the lake than the nitrite reductase genes (nirK/nirS) (Figure 1;
Supplementary Figure S12), and only four MAGs of Planctomycetota
were found to encode the hzs gene (Supplementary Table S5).
Therefore, anammox may not be active in the lakes, however
denitrification may be a major mechanism driving the potential
nitrogen loss in the high-altitude pristine saline lakes in the Altun
mountain, which is consistent with the findings from high-altitude
rivers on the QTP (Zhang et al., 2021). The abundance of the nirK gene
in the lake water was similar to that of the nirS gene (Figure 1;
Supplementary Figure S12), indicating that the denitrifier communities
in the lake water were the mixed nirK/nirS type. Usually, nirK- and
nirS-type denitrifier communities have different species compositions
and respond differently to different environmental factors, which leads
to changes in the species structure of the communities, and

Frontiers in Microbiology

10.3389/fmicb.2024.1424368

consequently affects the nitrogen loss process in the environment
(Chen et al,, 2021; Wang et al., 2021). The vast majority of MAGs
encoding the nitrite reductase gene (nirK/nirS) (303 MAGs, 97.7%)
encoded only one type of nitrite reductase gene, with only a few MAGs
encoding both #nirK and nirS genes (7 MAGs, 2.3%, 4
Gammaproteobacteria, 2 Deinococcota, and 1 Acidobacteriae). Recent
research has found that the two types of nir genes are not mutually
exclusive (Graf et al., 2014), however the functions of two different
nitrite reductase types in one organism still need to be confirmed by
further studies (Helen et al., 2016). Interestingly, 27 MAGs encoding
nirS/nirK genes were found in Rhodobacteraceae, of which 23
(belonging to four genera Yoonia, Roseovarius, Flavimaricola and
Cypionkella) also encoded the nitrogenase gene (nif). These strains had
the potential to both increase and decrease nitrogen in the environment.

Microbial communities in the high-altitude pristine saline lakes
in the Altun mountain encoded all three types of nitrate reductase
common in prokaryotes. A total of 341 MAGs encoding at least one
type of nitrate reductase were annotated from all lake water samples,
accounting for 21.3% of the total number of MAGs (1,601) and
belonging to 17 phyla and 88 families. The majority of them encoded
only one type of nitrate reductase, and there were 47 MAGs (13.78%)
with more than one kind of nitrate reductase. The encoding of more
than one types of nitrate reductase was observed mainly in
Proteobacteria, especially in Gammaproteobacteria. Species encoding
each nitrate reductase had considerable diversity, with significant
variations in species composition among lakes. This implied that,
whereas nitrate reduction to nitrite was a prevalent pathway in the
lakes, different microbial taxa might achieve it in different lakes. It is
important to note that the boundary between assimilatory and
dissimilatory nitrate reduction is not absolute. Nitrite produced by
assimilatory nitrate reduction can be further reduced in the respiratory
chain. Experiments have demonstrated that Mycobacterium
tuberculosis can use the NarGHI complex for assimilatory nitrate
reduction (Malm et al., 2009).

Notably, although nitrate reductase (NarGHI) catalyzes nitrate
reduction to nitrite, and nitrite oxidoreductase (NxrAB) catalyzes
nitrite oxidation to nitrate, narGHI and nxrAB genes are homologs
(Simon and Klotz, 2013). In the KEGG database, narG and nxrA genes
share the same KO ID, as do narH and nxrB genes. As a result, they
are difficult to distinguish from each other through annotations.
Therefore, we did not single out the nxr genes, and the results
annotated to each of these KOs were counted as narGHI genes.

Microbial communities in the high-altitude pristine saline lakes
in the Altun mountain also encoded all three types of nitrite reductase
common in prokaryotes. A total of 206 MAGs encoding one or more
nitrite reductase genes were annotated from all lake water samples,
accounting for 12.87% of the total number of MAGs (1,601) and
belonging to 18 phyla and 61 families. The majority of them encoded
only one type of nitrite reductase, and there were onlyl8 MAGs
(8.74%) with more than one kind of nitrite reductase, including
Cyclobacterium, which encoded two kinds. Similar to the microbial
taxa encoding nitrate reductase, species encoding each nitrite
reductase had considerable diversity, with significant variations in
species composition among lakes. Although encoding multiple types
of nitrite reductases may provide strains with adaptations to cope with
the wide range of nitrate and nitrite concentrations in the environment
(Wang and Gunsalus, 2000), it may be that because nitrate and nitrite
concentrations in high-altitude pristine saline lakes remain stable and
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low for long periods of time, microorganisms living in the water do
not have the need to cope with drastic changes in nitrate and nitrite
concentrations, and therefore do not require the complementary
action of multiple enzymes.

In all lake water samples, a total of 424 MAGs were annotated with
the potential to participate in the process of assimilatory or
dissimilatory nitrate reduction, i.e., encoding nitrate reductase and/or
nitrite reductase. There were 123 MAGs encoding both nitrate lyase
and nitrite reductase, 218 MAGs encoding only nitrate reductase, and
83 MAGs encoding only nitrite reductase. Even taking into account
missing genes due to incomplete MAGs, there are still many
microorganisms that in fact encode only one functional enzyme and
complete only one step of the catalytic reaction in the lakes. Because
of the metabolic diversity of microorganisms and the complicated
network of interactions in their communities, the classical process of
nitrogen transformation is seldom accomplished by one single
microorganism. Microbial communities are the units that carry out
the nitrogen cycle in the environment, and communities are able to
recycle nitrogen more efficiently than individual microbes. In
microbial communities, the wide variety of microorganisms involved
in nitrogen transformation processes generate complicated nitrogen
cycling networks. To achieve optimal growth, each microbe has
unique physiological demands and performs distinct nitrogen cycling
functions (Kuypers et al., 2018).

The number of MAGs encoding the napA gene was detected to
be only half of the number of MAGs encoding the narGHI genes, but
the number of families to which they belonged was similar to the
number of families to which MAGs encoding the narGHI genes
belonged, and the number of phyla to which they belonged was even
greater than that of the phyla to which MAGs encoding the narGHI
genes belonged. It suggested that the distribution pattern of
microorganisms encoding the napA gene in high-altitude pristine
saline lakes in the Altun mountain was dispersed at the family level
and above, with the napA gene encoded in microorganisms of many
families but only a few strains of microorganisms in each family rather
than universally. This distribution pattern could suggest the potential
for the transfer of the napA gene across high-level taxonomic units, or
gene acquisition and loss events that occurred relatively early in the
evolutionary process. The abundance of the amo gene in the lake water
was low and only one MAG encoding amo gene was found, belonging
to Nitrosomonas in Nitrosomonadaceae of Gammaproteobacteria. It
was implied that nitrification was not abundant in the lake water
microbial community of high-altitude pristine saline lakes in the
Altun mountain, although it might exist.

We noticed that for some genes, such as nirB, nifH, and nasA, the
depth of these genes and the number and depth of the MAGs encoding
these genes were consistent. However, for urease (ureABC genes), the
gene depth was low, yet we found many MAGs encoding these genes
(Figures 1, 3A). This might be due to binning biases. While powerful,
the binning process in metagenomics is not without its biases. Nelson
et al. (2020) found that repeat sequences and regions with variant
nucleotide compositions were frequently not binned, leading to biases
in the sequence characteristics and gene content of MAGs. They also
discovered that genes located in the non-binned regions were strongly
biased towards ribosomal RNAs, transfer RNAs, mobile element
functions, and genes of unknown function. Conversely, coding
sequences with known functions are more likely to be binned. While
it is unclear if this preference reflects differences in specific genes, it is
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plausible to speculate that microorganisms containing particular
genes (e.g., the ureABC gene) are more likely to be binned. Although
this bias may exist during binning, it has a greater impact on the
annotation and abundance analyses of non-coding sequences and
unknown genes in the microbial communities, and a lesser impact on
the analyses of the distribution of known genes in different taxa.
Therefore, combining gene abundance and functional annotation of
MAG:s to jointly determine the abundance of functional genes in
microbial communities and their distribution across different taxa is
a more reliable method.

High abundance of the nirB gene was observed in the lakes,
along with high abundance of the nasA gene (Figure 1), indicating
a high overall abundance of the nitrate reduction pathways.
However, genes related to nitrite reduction were more abundant
than those related to nitrate reduction. The abundance of nitrogen
related genes in the environment is influenced by various
environmental factors. Under low oxygen conditions, nitrite
concentrations are high and nitrate concentrations are low, leading
to increased activity and abundance of nitrite reductase (Canfield
et al., 2010). Salinity may also affect the abundance of nitrogen
related genes in the environment. For example, the abundance of
nasA genes was significantly negatively correlated with
environmental salinity (Liu et al., 2022). Thus, the relative
abundance of nitrate reduction related genes and nitrite reduction
related genes varies across different environments. In some settings,
nitrate reduction related genes are more abundant, while in others,
nitrite reduction related genes are more abundant (Nelson et al.,
2015; Ren et al., 2018; Zhang and Lv, 2021; Mosley et al., 2022).

No nitrate-reducing activity has been observed in the nine species
of the genus Yoonia that have been isolated and cultured, according to
the List of Prokaryotic names with Standing in Nomenclature (LPSN)'
(Parte et al., 2020). However, Yoonia was initially isolated from
Loktanella in 2018 (Wirth and Whitman, 2018). Notably, nitrate-
reducing activity has been observed in species of the genus Loktanella
that are taxonomically related to Yoonia (Lee, 2012). The genus Yoonia
has been poorly studied, and its nitrite-reducing or nitrogen-fixing
enzyme activities are unknown. Yoonia has a distinctive distribution,
being more abundant in water bodies that are less disturbed by human
activities, cold, at high altitudes, or at high latitudes (Zeng et al., 2021,
2022; Feng and Xing, 2023). This unique distribution makes it worthy
of further in-depth study. All strains of Cyclobacterium obtained from
our samples were unknown species. However, previous isolation and
culture studies have shown that C. plantarum within this genus has
positive nitrate and nitrite reduction, with gas formation from nitrate
(Shahinpei et al., 2020). Nevertheless, nitrate reduction, but not nitrite
reduction, was observed in several species, including C. amurskyense;
C. qasimii; C. marinum; C. lianum, and C. caenipelagi (Jung et al.,
2013). Therefore, it was possible that the MAGs we obtained had
nitrite-reducing activities but not nitrate-reducing activities, and
further experimental verification is needed.

In conclusion, we revealed the structure and the nitrogen cycle of
microbial communities in four high-altitude pristine saline lakes in
the Altun mountain on the QTP. We observed that Proteobacteria,
Bacteroidota, and Actinobacteriota were dominant in these lakes.

1 https://lpsn.dsmz.de/
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We recovered 1,601 MAGs, of which 1,440 belong to unknown
species, and 1,060 contained nitrogen cycle related genes. This
significantly expanded the microbial genomic data resources.
We found that the nitrite reduction, nitrogen fixation, and assimilatory
nitrate reduction processes may be active in the lakes. Denitrification
may be a major mechanism driving the potential nitrogen loss. The
dominance of the taxon Yoonia in the lake could be attributed to its
well-established nitrogen functions. This study contributes to our
understanding of microbial diversity and nitrogen function in high-
altitude saline lakes on the QTP.
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