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ARTICLE INFO ABSTRACT
Keywords: Microorganisms play critical ecological roles in the global biogeochemical cycles. However, extensive infor-
Shotgun metagenomics mation on the microbial communities in Qinghai-Tibet Plateau (QTP), which is the highest plateau in the world,

Microbial community
Extreme environment
Tibet

Qinghai-tibet plateau

is still lacking, particularly in high elevation locations above 4500 m. Here, we performed a survey of th e soil
and water microbial communities in Bamucuo Lake, Tibet, by using shotgun metagenomic methods. In the soil
and water samples, we reconstructed 75 almost complete metagenomic assembly genomes, and 74 of the met-
agenomic assembly genomes from the water sample represented novel species. Proteobacteria and Actino-
bacteria were found to be the dominant bacterial phyla, while Euryarchaeota was the dominant archaeal phylum.
The largest virus, Pandoravirus salinus, was found in the soil microbial community. We concluded that the
microorganisms in Bamucuo Lake are most likely to fix carbon mainly through the 3-hydroxypropionic bi-cycle
pathway. This study, for the first time, characterized the microbial community composition and metabolic ca-
pacity in QTP high-elevation locations with 4555 m, confirming that QTP is a vast and valuable resource pool, in
which many microorganisms can be used to develop new bioactive substances and new antibiotics to which
pathogenic microorganisms have not yet developed resistance.

1. Introduction metabolic pathways, the microorganisms in QTP form the basis of car-
bon, nitrogen and various nutrient cycles (Rui et al., 2015; Cavicchioli
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To address this issue, we initiated this research by using metagenomics
to increase the understanding of the microorganisms in this habitat.

With the advancement of second generation sequencing technology,
it is now possible to collect information from previously uncultured
microorganisms using metagenomics (Jousset et al., 2017). In recent
years, the diversity of the microbial communities of the permafrost in
QTP has become the focus of most research due to its unique and fragile
characteristics, that is, permafrost microbial communities are suscepti-
ble to climate change (Hu et al., 2014, 2016; Wei et al., 2014; Chen etal.,
2017). Han et al. revealed the structure and diversity of the microbial
community at Keke Salt Lake (also in QTP) (Han et al., 2017). Xing’s
research on the soil microbial community in Qaidam Basin showed that
environmental factors are the primary driving force for the establish-
ment of bacterial community structure (Xing et al., 2019). However, at
an elevation of above 4000 m, only a few environmental microbiology
investigations have been conducted, most of them using the simpler 16S
ribosomal RNA gene sequencing technique rather than shotgun meta-
genomic sequencing (Wei et al., 2014; Hu et al., 2016; Chen et al., 2017;
Han et al., 2017; Xing et al., 2019; Ma et al., 2020). In comparison to
shotgun metagenomic sequencing, 16S rRNA gene profiling reveals just
the taxonomic composition of the microbial community but not its
functional annotation (Sunagawa et al., 2013; Ranjan et al., 2016).

Shotgun metagenomic sequencing not only provides a stronger and
more reliable assessment of microbial diversity, but also provides
valuable information on the functional annotation including the meta-
bolic potential of microbial communities (Sharpton, 2014; Zhou et al.,
2015; Alneberg et al., 2018; Wiseschart et al., 2019).

Bamucuo Lake, at an elevation of 4555 m, is located in QTP and is
primarily fed by surface runoff from the surrounding basin.

Because of the harsh environmental conditions, research on the mi-
crobial community of high-altitude lakes is nearly non-existent. We
discovered that there are few high-altitude metagenomics research lit-
eratures in the world, and the majority of the existing literatures are
based on 16S ribosomal RNA gene sequencing. Are the microbial com-
munity distributions at high and low altitudes very different? What are
the different characteristics of the community structure, metabolic po-
tential, material cycles in the ecosystems, and various specific gene
clusters compared with those of microorganisms at low altitudes? These
are issues that the international academic community may be concerned
about. In this regard, there is an urgent need to initiate this research.

Here we investigated the microbial community in Bamucuo Lake
using shotgun metagenomics. To the best of our knowledge, this study is
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the first shotgun metagenomics study of the environmental microbial
community at an elevation of over 4000 m.

2. Materials and methods
2.1. Sampling site and sample collection

The soil and water samples involved in this study were collected on
June 20, 2017 at an elevation of 4555 m in Bamucuo Lake (31°34'N,
90°6’E), Bango County, Nagqu Prefecture, Tibet, China (Fig. 1). To make
the sampling more representative of the lake water, we collected mul-
tiple buckets of water every 10 m at a depth of 0.5m within a range of
about 100 m, and a total of three replicate samples of 30L each were
collected. Then, the water collected was prefiltered through a 3 pm pore
size organic microporous membrane filter, followed by a 0.22 pm pore
size mixed fiber membrane filter, and the water temperature was 13 °C
at the time of sampling. The surrounding air temperature was 19 °C.

Similarly, to make the soil sampling representative of the lakeshore
soil, we also adopted a multi-point sampling strategy. The three repli-
cate soil samples were collected at about 15 m from the bank of the lake,
each of which was a mixture of soil samples from three locations about
100 m apart. For detail, after removing the surface soil, roughly 10g of
meadow soil was taken from 20 cm below the surface and placed in a 50
ml centrifuge tube, which was then stored in ice boxes before being
transported to the laboratory.

After DNA extraction, we selected one sample with the best DNA
extraction quality from three water samples and from three soil samples,
respectively, for subsequent metagenome sequencing. In this paper, we
refer to these two samples as s05-02 (soil) and s05-03 (water).

2.2. DNA extraction and sequencing

According to the manufacturer’s instructions, genomic DNA was
extracted using OMEGA’s DNA extraction kit (http://www.omegabiote
k.com.cn/, Guangzhou, China), and the experimental process was
modified slightly, including the cell lysis step was increased by 5 min,
and the centrifugal force in the DNA extraction step was increased from
12,000*g to 14,000*g, with centrifuge time increased by 20 s. The purity
and concentration of the extracted genomic DNA were measured on
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Massa-
chusetts, United States), and the quality of the extracted genomic DNA
was characterized by 1% agarose gel electrophoresis. The total genomic
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Fig. 1. The map indicating the sampling site in Bamucuo Lake, Tibet.
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DNA was stored in a —20 °C refrigerator. Then, the genomic DNA was
sent to Shanghai Meiji Biomedical Technology Co., Ltd for sequencing.
The length of the DNA library was around 300bp, and Illumina HiSeq
4000 sequencer was used for sequencing with 150 bp paired-end
sequencing.

2.3. Metagenomic assembly and gene abundance analysis

Fastp v. 0.19.5 was used to remove adaptor sequences at the 3’ and 5’
terminals from the raw reads (Chen et al., 2018a). The reads with
lengths less than 50 bp after trimming, reads with average quality values
(Phred values) less than 20, and reads containing N bases were all
removed. FastQC v. 0.11.9 (Cock et al., 2010) was used to perform the
sequence quality control. The assembly module of MetaWRAP v. 1.2.1
(Uritskiy et al., 2018) was then used for assembling, which include the
assembly software MEGAHIT v 1.1.3 (Li et al., 2016), with the following
parameters: minimum contig length of 1000 bp, and k-mer sizes of 21,
29, 39, 59, 79, 99, 119 and 141, respectively. BBMap v. 38.87
(https://sourceforge.net/projects/bbmap/) was used to map clean reads
to each contig for calculating the coverage information. Prokka v. 1.14.6
(Seemann, 2014) was used to annotate the assembled sequence, with all
the parameters set to their default values. Salmon v. 1.3.0 (Patro et al.,
2017) was used to estimate the genetic abundances for each sample.

2.4. Species classification and functional annotation based on
metagenomic data

Based on the metagenomic data, we integrated the annotation data
acquired by Kraken2 v. 2.1.1 (Wood et al., 2019) and Bracken v. 2.6.0
(Lu et al., 2017), viewing the results of the species annotation by Krona
v. 2.7.1 (Ondov et al., 2011).

Using Diamond v. 2.0.5 (Buchfink et al., 2015) as an aligner, align-
ments (e-value<1E-5) were performed against the Non-Redundant
Protein Sequence Database (NR), Carbohydrate-Active Enzyme Data-
base (CAZy) (Lombard et al., 2014), Pathogen-Host Interactions Data-
base (PHI) (Winnenburg et al., 2006), Virulence Factors Database
(VFDB) (Chen et al., 2016), and Biocide and Metal Resistance Genes
Database (BacMet) (Pal et al., 2014). The resistomes were predicted
using Rgi v. 5.1.1, which is based on the Comprehensive Antibiotic
Resistance Database (CARD). The Kyoto Encyclopedia of Genes and
Genomes (KEGG) (Kanehisa and Goto, 2000) annotation was performed
using the KAAS online analysis website (Moriya et al., 2007). Clusters of
Orthologous Groups of Proteins (COG) (Tatusov et al., 1997) and Gene
Ontology (GO) (Ashburner et al., 2000; Carbon et al., 2017, 2019)
functional annotation were performed using emapper v. 2.0.1 (Huer-
ta-Cepas et al., 2017) based on the eggNOG orthology data (Huerta--
Cepas et al., 2019).

2.5. Metagenomic binning

Three modules (MetaBAT2 (Kang et al., 2019), MaxBin2 (Wu et al.,
2016), and CONCOCT (Alneberg et al., 2014)) from MetaWRAP (Urit-
skiy et al., 2018) were used to perform the binning operation for all the
contigs, with the minimum contig length set to 1,500, yielding three
different binning results. To calculate the completeness and contami-
nation, CheckM v 1.0.12 was used (Creevey et al., 2011; Parks et al.,
2015; Momper et al., 2017). Then, the bin_refinement module in Met-
aWRAP was used to obtain the bins with completeness of more than 70%
and with contamination of less than 10% (parameter: ¢ 70 -x 10), and
these bins were called MAGs.

By using the MetaWRAP pipeline (Uritskiy et al., 2018), the clean
reads from each sample were mapped to the assembled MAGs by using
the quant_bins module; the relative abundance of all the MAGs was
estimated; a preliminary gene annotation for each MAG was obtained by
using the annotate_bins module; and the distribution of the contigs in
each bin was visualized by the blobology module.
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2.6. Taxonomic classification and phylogenetic analysis

FastANI v. 1.32 (Jain et al., 2018) was used to cluster the MAGs, and
the MAGs with an average nucleotide identity (ANI) value less than 95%
were considered to be different species of bacteria. GTDB-tk v. 1.3.0
(Chaumeil et al., 2020) “classify” workflow was used to conduct species
classification and to calculate the ANI values of the MAGs based on the
Genome Taxonomy Database (GTDB) (Parks et al., 2018, 2020). For
phylogenetic analysis, we first searched the GTDB database to find the
corresponding reference genomes which are closest to each MAG
(Table S1), and then used GTDB-tk (Chaumeil et al., 2020) “align”
method to perform multiple sequence alignments for the marker genes
in the MAGs and the marker genes in the corresponding reference ge-
nomes. Importing the above alignment results, the “infer” method
(FastTree v. 2.1.10) (Price et al., 2010) was used to construct a phylo-
genetic tree under the Whelan-And-Goldman (WAG) model, with the
parameters set to “default”. Finally, the phylogenetic tree was refined
using ITOL v. 5.7 (Letunic and Bork, 2019).

2.7. Functional analysis of MAGs

The carbohydrate degradation enzymes were identified using dbCAN
(Yin et al., 2012). We examined the KEGG (Kanehisa and Goto, 2000)
biochemical maps for the six known carbon fixation pathways (reductive
acetyl-CoA, 3-hydroxypropionate/4-hydroxybutylate cycle, 3-hydroxy-
propionate bi-cycle, dicarboxylate/4-hydroxybutyrate cycle, reductive
tricarboxylic acid cycle, and Calvin cycle (Momper et al., 2017; Lannes
et al., 2019)) and identified the genes encoding the enzymes involved in
methanogenesis and methane oxidation. The genes with functions in
nitrogen and sulfur metabolism were investigated (Table S2). The
completeness of annotated KEGG pathways was evaluated at three levels
based on the percentage of annotated genes in the whole pathway gene
set: “Full evidence” (All the genes involved in this pathway were pre-
sent), “Strong evidence” (50%-99% genes present), and “Weak evi-
dence” (20%-49% genes present). Diamond (Buchfink et al., 2015) was
used to perform the alignments for all of the MAGs (e-value < 1E-5)
against BacMet Database (Pal et al., 2014). The MAGs were submitted
to the Anti-SMASH v. 5.2.0 (Edgar, 2004; Blin et al., 2019) website to
screen out the secondary metabolite biosynthetic gene clusters (BGCs),
with the model set to ‘strict’. Rgi (Alcock et al., 2020) was used to
predict the resistomes for the MAGs.

3. Results
3.1. Quality controlling and metagenome assembling

Shotgun sequencing yielded 29, 623, 109,936 bp and
24,284,563,524 bp of unassembled raw bases from the soil and water
samples, respectively (Table 1). In total, 194,202,138 (98.99%) and
159,527,496 (99.19%) reads passed the quality control in the soil and
water sample datasets, respectively (Table 1).

After assembling, a total of 160,212 (soil) and 135,994 (water)
contigs were generated. The longest contigs in the soil and water

Table 1
Summary of the metagenomic sequencing.
Soil Water
Raw reads 196,179,536 160,824,924

Raw bases (bp)
Clean reads (%)
Clean bases (%)

29,623,109,936
194,202,138 (98.99%)
29,290,018,832 (98.88%)

24,284,563,524
159,527,496 (99.19%)
24,062,066,782 (99.08%)

Contigs Num 160,212 135,994
Total length (bp) 356,933,003 397,377,554
Max length (bp) 833,193 286,311
N50 (bp) 2289 3841

GC content (%) 60.18 51.33
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samples were 833,193 bp and 286,311 bp, respectively, with GC content
of 60.18% and 51.33% and N50 lengths of 2289 bp and 3841 bp
(Table 1).

After Prokka (Seemann, 2014) annotation, 351,242 genes from the
soil sample and 390,943 from the water sample were discovered
(Table 2).

NR: Non-Redundant Protein Sequence Database; KEGG: Kyoto
Encyclopedia of Genes and Genomes; COG: Clusters of Orthologous
Groups of Proteins; GO: Gene Ontology; CAZy: Carbohydrate-Active
Enzyme Database; VFDB: Virulence Factors Database; BacMet: Biocide
and Metal Resistance Genes Database; PHI: Pathogen-Host Interactions
Database; CARD: Comprehensive Antibiotic Resistance Database.

3.2. Microbial community representation

To reveal the ecological diversity at high elevation locations, we
characterized the microbial community structure in Bamucuo Lake.

For the soil sample, the results showed that bacteria accounted for
the majority (99.5%). Only a small portion was archaea (0.3%), and the
rest was viruses (0.08%) (Fig. 2). The three most abundant phyla in
bacteria were Proteobacteria (54.0%), Actinobacteria (18.6%) and Fir-
micutes (9.8%), and another 29 phyla were identified (Table S3A). For
the most abundant phylum, Proteobacteria, 112 families (Table S3B)
and 408 genera (Table S3C) were identified, while for the Actino-
bacteria, 46 families (Table S3D) and 141 genera (Table S3E) were
identified.

A total of 2400 bacterial species were identified in the whole dataset,
including Bacillus cereus (5.1%), Hymenobacter sedentarius (4.5%),
Gemmatirosa kalamazoonesis (3.0%).

In the archaea (Table S3F), Euryarchaeota (81.9%) accounted for the
largest proportion, followed by Thaumarchaeota (14.7%) and Cren-
archaeota (1.7%). Table S3 G, H, I, and J list the detailed information for
the archaea at the class, order, family, and genus level, respectively.

In the soil sample, eighteen viral species were identified (Table S3K);
Surprisingly, Pandoravirus salinus (15.3%), a giant virus, was the most
abundant, followed by Bacillus virus 250 (11.5%), Mycobacterium phage
Jobu08 (7.7%), etc.

For the water sample, the results showed that bacteria accounted for
99.1%, archaea accounted for 0.4%, and viruses accounted for 0.5%
(Fig. 3). At the phylum level, Proteobacteria (54.4%), Bacteroidetes
(17.9%) and Actinobacteria (15.1%) were the most abundant phyla, and
another 30 phyla were identified (Table S3a). In the Proteobacteria, 124
families (Table S3b) and 464 genera (Table S3c) were identified, while
in the Actinobacteria, 46 families (Table S3d) and 150 genera
(Table S3e) were identified.

A total of 2714 bacterial species were identified, in which Yoonia
vestfoldensis (12.2%), Belliella baltica (5.3%) and Limnohabitans sp.
63ED37-2 (3.6%) were dominant.

Among the archaea, Euryarchaeota (98.8%) accounted for the
largest proportion (Table S3f).

In addition, a total of 52 species of viruses were identified

Table 2
Summary of functional gene annotations against different databases in the two
samples.

Database Soil Water
Predicted genes 351,242 390,943
NR 232,679 294,919
KEGG 104,704 117,467
COG 211,757 222,635
GO 45,638 59,921
CAZy 52,427 51,940
VFDB 45,976 45,547
BacMet 21,273 18,305
PHI 59,516 60,782
CARD 11 12

Environmental Research 217 (2023) 114847

(Table S3k), with Chrysochromulina ericina virus being the most abun-
dant (12.7%), followed by Phaeocystis globosa virus (8.8%) and Syn-
echococcus phage S-PM2 (5.9%).

3.3. Reconstruction of the MAGs

Metagenomic binning yielded 75 reconstructed MAGs with
completeness >70% and contamination <10%, including 18 from the
soil sample and 57 from the water sample (Fig. 4). A total of 20 MAGs
passed the high-quality threshold, with completeness >95% and
contamination <5%, accounting for 26.67% of all the MAGs. The
completeness, contamination, GC content, N50, genomic size, and GTDB
(Parks et al., 2018, 2020) species categorizations are all listed in
Table S4. The original reconstructed MAGs have been reassembled by
using the reassemble_bins module in MetaWRAP (Uritskiy et al., 2018)
and their genomic integrities have been significantly improved
(Table S4). The MAGs from the soil sample had a median genome size of
3.58 Mb and a median GC content of 62.4%, which was similar to the
MAGs from the water sample (median: 3.72 Mb; 60.9%).

3.4. Taxonomic identification

To identify the representative microorganisms in Bamucuo Lake, we
conducted a comprehensive analysis of each reconstructed MAG. We
found that the one-to-one ANI values of all the MAGs were lower than
95%, suggesting that the MAGs are different species, and then, we
performed taxonomic annotation and phylogenetic analysis for the 75
MAGs by using GTDB-tk (Chaumeil et al., 2020), with the results showed
that the 75 MAGs could be taxonomically assigned to 10 phyla (Fig. 5),
including Proteobacteria (16 MAGs, 5 from the soil sample and 11 from
the water sample), Bacteroidota (22 MAGs, 2 from the soil sample and
the remaining 20 from the water sample), and Actinobacteriota (17
MAGs, 3 from the soil sample and 14 from the water sample). Further-
more, by searching the GTDB database, we found that 74 MAGs were not
assigned species names, and only one MAG from the soil sample was
assigned a species name (s05-02_bin.5) with an ANI of 98.06% and a
94% alignment fraction (AF), classified as Lactococcus piscium_C, and
highly related to known Lactococcus_A piscium_C (GCF_000981525.1).
The 74 unspecified MAGs from the soil and water samples were the draft
genomes of potential new bacterial species, which deserve further
isolation, culture and identification.

3.5. Functional analysis based on the MAGs

To further understand the functional potential of the representative
microorganisms in Bamucuo Lake, we analyzed the carbon metabolism,
methane metabolism, nitrogen metabolism, and sulfur metabolism for
the 75 MAGs.

3.5.1. Carbohydrate degradation

In the 75 MAGs, 286 different types of hydrolases were retrieved,
including 165 Glycoside Hydrolases (GHs), 40 Glycosyltransferases
(GTs), 32 Polysaccharide Lyases (PLs), 23 Carbohydrate-Binding Mod-
ules (CBMs), 16 Carbohydrate Esterases (CEs), and 10 Auxiliary Activ-
ities (AAs) (Table S5). In the GH family, GH23 (57 of the 75 MAGs), GH3
(57 of the 75 MAGSs), and GH109 (52 of the 75 MAGs) occurred most
frequently. In ascending order of frequency, the GT4 family was found in
all of the MAGs, followed by GT2, GT51, GT28, GT30, and GT19. In the
CBM family, CBM48 was the most common, followed by CBM9, CBM67
and CBM6. PL10, P11, and P12 were the three most commonly occurring
enzymes in the MAGs among the PLs. Sixteen types of CEs had been
annotated from the MAGs, including CE1, CE11, CE14 and CEA4. As for
the AA family, 10 members were found, such as AA3, AA4, AA7 and
AA1l.

Many other essential enzymes, such as starch-degrading enzymes
(alpha-amylase, beta-amylase, glucoamylase, alpha-glucosidase,
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Fig. 2. The taxonomic composition of soil microbial communities. The Figure shows the classification levels of microbial community. The outermost to inner circles

represent species, genus, family, orders, and phylum levels, respectively.

isoamylase and pullulanase), cellulose-degrading enzymes (endo-1,4-
glucanase, exo-p-1,4-glucanases and p-1, 4-glucosidases), and other
carbohydrate degrading enzymes, have also been annotated.

3.5.2. Carbon fixation

Genus QHXQO1 (s05-02_bin.2) and genus ZDH117 (s05-02_bin.18)
were found to possess genes that participated in nearly all steps of the 3-
hydroxypropionate bi-cycle pathway (Table S6).

On the other hand, we also investigated the four other important
carbon fixation related pathways. Firstly, we found that although one or
more genes encoding the enzymes involved in the reductive tricarbox-
ylic acid cycle pathway were found in all of the MAGs, we cannot
confirm that carbon fixation is through this pathway in Bamucuo Lake.
Secondly, we investigated the Calvin cycle pathway and discovered that
the genus Cyanobium_A (s05-03_bin.15) contained nearly complete gene
sets for this pathway, the genes, encoding the key enzyme ribulose-1,5-
bisphosphate carboxylase-oxygenase (RuBisCO), were only identified in
the two MAGs (family AC-14 s05-02_bin.9 and genus UBA11400 s05-
03_bin.32), and another gene encoding the key enzyme phosphor-
ibulokinase (PRK) was identified in the two MAGs (genus Cyanobium A
s05-03_bin.15 and genus UBA6144 s05-03_bin.44). Thirdly, with the
exception of two MAGs (family AC-14 s05-02 bin.9 and genus Cya-
nobium A s05-03 bin.15), 73 MAGs contained the genes encoding

enzymes involved in the reductive acetyl-CoA pathway. Finally, with the
exception of the genus UBA8290 s05-03 bin.12, we found that the 74
MAGs contained the genes related to the dicarboxylate/4-
hydroxybutyrate cycle pathway.

In conclusion, we can confirm that the microorganisms in Bamucuo
Lake have the potential to fix carbon primarily through the 3-hydroxy-
propionic bi-cycle pathway, and we also found strong evidence of the
existence of the Calvin cycle in the MAG (s05-03_bin.15 genus
Cyanobium_ A).

3.5.3. Methane metabolism

Microbial methanogenesis and methane oxidation play essential
roles in the earth’s biogeochemical cycles. We found that, with the
exception of family UBA7662 s05-03 bin.54, the other 74 MAGs con-
tained genes related to the methanogenesis pathway (Table S6); how-
ever, the gene methyl-coenzyme M reductase (MCR), encoding the key
enzyme in the methanogenesis pathway, was not detected in these 74
MAGs. Furthermore, no gene encoding the enzyme involved in the
methane oxidation pathway was identified in all of the MAGs in the two
samples (Fig. 6).

3.5.4. Nitrogen metabolism
The genes involved in the assimilatory nitrate reduction pathway
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Viruses 0.5% .

Archaea 0.4% .

Fig. 3. Classification composition of the water microbial community. The Figure shows the classification level of the microbial community. The outermost to the
inner circles represent species, genus, family, orders, and phylum levels, respectively.

were identified in eight MAGs (Fig. 6). Weak evidence of the nitrogen
fixation pathway was found in three MAGs (genus Hyphomonas s05-
03_bin.4, genus Oceanicaulis s05-03_bin.31 and genus EhC02 s05-
03_bin.35). The nitrogenase complex is composed of two parts: ferritin
encoded by nifH (also known as nitrogenase reductase) and molybde-
num ferritin encoded by nifD and nifK genes (also known as nitroge-
nase). The nifH gene was identified in three MAGs (genus Hyphomonas
s05-03_bin.4, genus Oceanicaulis s05-03_bin.31 and genus EhC02 s05-
03_bin.35), while the gene nifD and nifK were not found.

In terms of denitrification and nitrification pathways, we found that
four MAGs (Fig. 6) contained the genes linked to the denitrification
pathway, while no MAG contained the genes linked to the nitrification
pathway.

3.5.5. Sulfur metabolism

For sulfur metabolism, 52 MAGs contained the genes related to the
assimilatory sulfate reduction pathway; eight MAGs contained the
genes related to the dissimilatory sulfate reduction pathway; and 12
MAGs contained the genes related to the thiosulfate oxidation by
sulfur-oxidation (SOX) pathway (Fig. 6). Among these 12 MAGs, the
marker gene soxB related to SOX pathway was found in the ten MAGs
(genus QHVTO1 s05-02_bin.1, family UBA7662 s05-03_bin.1, genus
UBA996 s05-03_bin.2, genus EhC02 s05-03_bin.35, genus Rhodo-
nellum s05-03_bin.41, genus UBA6144 s05-03_bin.44, genus Belliella

505-03_bin.46, family UBA955 s05-03_bin.51, family UBA7662 s05-
03_bin.54, and family GCA-2696645 s05-03_bin.55).

3.6. Heavy metal resistance gene identification

To reveal the heavy metal resistance of the microorganisms in
Bamucuo Lake, we investigated the common heavy metal resistance
genes. Annotation data for all the genes with resistance to 19 types of
common heavy metals were retrieved. (Table S7). The results showed
that more than 1064 heavy metal resistance genes were identified in all
of the MAGs (Fig. 7), among which the heavy metal resistance genes
conferring resistance to multi-metals were abundant. Furthermore, the
genes conferring resistance to antimony, arsenic, molybdenum and
tungsten were identified in all of the MAGs.

3.7. Biosynthetic gene cluster identification

We identified the gene clusters and the annotated secondary me-
tabolites in all of the MAGs. A total of 270 potential BGC clusters of
secondary metabolites were collected, with 25 different types of BGCs
found in the 75 MAGs (Table S8). Of the 40 Non-ribosomal peptide
synthetases (NRPSs), 25 existed in the Acidobacteriota MAGs. Terpenes
were found in the 61 MAGs, type III polyketide synthases (T3PKSs) in 17
MAGs, NRPSs in the Acidobacteriota MAGs and Bacteroidota MAGs,
polyketide synthases (PKSs) in the Bacteroidota MAGs and Actino-
bacteria MAGs, and 11 bacteriocins in the Cyanobacteria MAG.
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Fig. 4. Refined bin evaluation. (a) (Water) and (b) (Soil): The distribution of the contigs in each bin. The abscissa represents the GC content of the contigs, and the
ordinate represents the contig abundance, with one dot representing one contig. The contigs in the same color belong to the same bin.

3.8. Antibiotics resistance gene (ARG) identification

To investigate the distribution of ARGs in high elevation locations,
we performed ARG analysis based on the MAGs in the two samples. The
findings revealed that ARGs were discovered in 15 of the 75 MAGs,
including adeF and rpsL (mycobacterium tuberculosis rpsL mutations
conferring resistance to streptomycin). Among these 15 MAGs, adeF was
found solely in the soil sample MAGs, while ampS was found in genus
Microvirga s05-02_bin.10. In the water sample, except for adeF and
ampS associated with antibiotic efflux, mycobacterium tuberculosis rpsL
mutations conferring resistance to streptomycin accounted for the ma-
jority (5 out of 8). The detailed ARGs annotation information with
perfect or strict hits predicted by Rgi is shown in Fig. 8.

4. Discussion
4.1. Microbial community structure

The QTP is the world’s highest plateau, and microbial communities
in such extreme environments play an important role in microbial
ecology. We investigated the relationship between the distribution and
function of the microbial community in Bamucuo Lake on the Qinghai-
Tibet Plateau at an elevation of 4555 m, revealing the composition of the
microbial community. We reconstructed 75 MAGs, including 20 high-
quality MAGs (completeness >95% and contamination <5%). The me-
dian genome size and GC content of the reconstructed MAGs were 2.60
Mb and 56.5%, respectively. However, there were still numerous reads
that were not assigned to any bins due to the presence of the sequence
data from fungi, eukaryotes, and viruses, which adversely affected our
reconstruction of the bacterial MAGs (Nayfach et al., 2021).

As for Archaea, Euryarchaeota is commonly considered as the most
abundant Archaea in many ecosystems. This conclusion was also
confirmed in our study. However, Thaumarchaeota and Crenarchaeota
were only identified in the soil sample in Bamucuo Lake, demonstrating
that the soil and water microbial communities differed. Pandora virus is
the largest known virus reported by Philip et al., isolated from sediments
in the central Chile estuary and freshwater ponds near Melbourne

(Australia) (Philippe et al., 2013); however, in our research, a type of
Pandoravirus, Pandoravirus salinus was detected in the nearshore soil of
Bamucuo Lake. The discovery of Pandoravirus salinus at such a high
altitude is the first in the world, and why it inhabits here remains a
mystery. Isolating, culturing and obtaining the complete genome of
Pandoravirus salinus inhabiting the Qinghai-Tibet Plateau remains a
significant challenge.

4.2. Carbon metabolism

Carbohydrate-Active Enzymes (CAZymes) are enzymes that degrade,
alter, and generate glycosidic bonds. The Bacteroidota MAGs contained
the most abundant CAZymes, followed by the Proteobacteria and Acti-
nobacteriota MAGs (Table S5), showing that these bacterial phyla have
high hydrolytic potential. The number of CAZymes types detected in
Bacteroides MAGs (genus Segetibacter s05-02_bin.16, family Sphingo-
bacteriaceae s05-02_bin.6 and genus UBA11400 s05-03_bin.32, etc.)
accounted for up to 33.63% of the total number of CAZymes types
detected in our investigation, which was consistent with previous re-
ports that the Bacteroidota members may degrade complex
carbohydrate-based biomass (McKee et al., 2021). An intriguing finding
was the presence of GH23, a family of enzymes widely used in bioen-
gineering and medicine (Nahar et al., 2018; Hukic et al., 2018), in the
majority of the MAGs (57 of the 75, accounting for 76%).

As auxiliary enzymes, the GH2 and GH3 were also identified in the
majority of the MAGs. The most common GH families involved in cel-
lulose degradation were identified in 14 MAGs (genus QHVTO1 s05-
02_bin.1, genus Microvirga s05-02_bin.10, genus Sphingomonas A s05-
02_bin.12, genus Segetibacter s05-02_bin.16, family T3Sed10-336 s05-
03_bin.20, and genus Rhodonellum s05-03_bin.41, etc.), including GH5,
GH9 and GH44 (Table S5).

The enzymes involved in xylan degradation were detected in 56
MAGs (genus QHVTO01 s05-02_bin.1, genus QHXQO1 s05-02_bin.2,
family UBA7656 s05-02_bin.3, genus Microvirga s05-02_bin.10, genus
QHXNO1 s05-02_bin.11, genus Sphingomonas A s05-02_bin.12, family
UBA7662 s05-03_bin.1, genus UBA996 s05-03_bin.2, genus Polaribacter
s05-03_bin.3, etc.), including GH8, GH10, GH43, GH51, GH67, GH115,
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Fig. 5. Phylogenetic tree of the 75 MAGs. The maximum likelihood evolutionary tree is reconstructed based on all the 75 MAGs and their nearest neighbor reference
genomes. The MAGs of s05-02 (soil) were represented by the red background and the MAGs of s05-03 (water) by the green background. High quality MAGs, namely
MAGs with completeness >95% and contamination <5%, are marked with a star sign, and the phyla to which they belong were distinguished in outer rings in
different colors. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

GH127, CE1, and CE2.

The pectin-degrading families were identified in a total of 17 MAGs
(family Sphingobacteriaceae s05-02_bin.6, genus AC-37 s05-02_bin.8,
genus Sphingomonas A s05-02_bin.12, genus UBA996 s05-03_bin.2,
family T3Sed10-336 s05-03_bin.20, etc.), including GH28, PL1, PL9,
PL11, CE8, and CE12, suggesting that the microorganisms in Bamucuo
Lake have the ability of pectin degradation.

In addition, the starch-degrading enzymes were identified in 49
MAGs (genus QHVTOI s05-02 bin.1, genus QHXQO1 s05-02_bin.2,
family UBA7656 s05-02_bin.3, family UBA7662 s05-03_bin.1, genus
Polaribacter s05-03_bin.3, genus Pontimonas s05-03_bin.7, etc.),
including GH13, GH77 and GH97. These observations suggest that the
majority of microorganisms in Bamucuo Lake are involved in a variety of
complex carbohydrate degradation reactions for processing organic
matter from decaying plants and manure from various animals.

Carbon fixation is the process by which inorganic carbon from the
atmosphere is assimilated and converted into organic compounds for
further energy storage and biomolecular synthesis (Berg, 2011). Atmo-
spheric carbon fixed by microorganisms and plants can be converted to
dioxide via the chemosynthesis or photosynthesis processes (La Cono
et al., 2018). Currently, the six known carbon fixation pathways are
reductive acetyl-CoA, 3-hydroxypropionate/4-hydroxybutylate cycle,
3-hydroxypropionate bi-cycle, dicarboxylate/4-hydroxybutyrate cycle,

reductive tricarboxylic acid cycle, and Calvin cycle (Momper et al.,
2017; Lannes et al., 2019).

The 3-hydroxypropionate bi-cycle (9.52%-52.38%) and Calvin cycle
(11.76%-52.94%) were most common in the 75 MAGs (Fig. 6), despite
the fact that the 3-hydroxypropionate bi-cycle pathway is generally
rarely found in most environments because of its high energy cost (Berg,
2011). Our findings revealed that the whole gene set related to the
3-hydroxypropionate bi-cycle was found in two MAGs (genus QHXQO01
s05-02_bin.2 and genus ZDH117 s05-02_bin.18; Fig. 6) and the abun-
dance of genes identified to encode enzymes in this pathway was also
high in the remaining MAGs, suggesting that the 3-hydroxypropionate
bi-cycle pathway is the predominant carbon fixation pathway in
Bamucuo Lake.

In a review article, Berg concluded that the 3-hydroxypropionate bi-
cycle pathway does not contain oxygen-sensitive steps, which is most
suitable for mixotrophy and especially advantageous under neutrophilic
and alkaliphilic conditions (Berg, 2011). However, Bamuco Lake is a
saline lake with typical alkaline conditions, providing the most suitable
environmental conditions for the 3-hydroxypropionate bi-cycle
pathway. This may be a reasonable explanation that the 3-hydroxypro-
pionate bi-cycle pathway is dominant in Bamuco Lake.

The Calvin cycle pathway is the main CO,, fixation pathway, which is
proved to be widely present in many autotrophic bacteria in most
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carbon fixation; the red boxes represent methane metabolism; the green boxes represent nitrogen metabolism; and the blue boxes represent sulfur metabolism. Here,
we investigated the pathways of carbon fixation, methanogenesis, methane oxidation, nitrogen metabolism, and sulfur metabolism.

environments, such as Yap Trench (Zhang et al., 2018). However, even if
most genes related to this pathway were detected, only the genus Cya-
nobium A s05-03_bin.15 contained the nearly whole gene set related to
the Calvin cycle in our data. Furthermore, the identified key enzymes
revealed that the genes encoding RuBisCO were exclusively identified in

the two MAGs (family AC-14 s05-02 bin.9 and genus UBA11400
s05-03_bin.32). Thus, the Calvin cycle pathway may not be the domi-
nant carbon fixation pathway in this environment.

Compared with the Calvin cycle pathway, the reductive tricarboxylic
acid pathway has lower energy consumption, which was found in
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Fig. 7. Heavy metal resistance genes identified in the two samples. The black squares represent the presence of the resistance genes, and the blank squares represent
the absence of the resistance genes.

certain autotrophic mesophilic bacteria and archaea (Berg, 2011), and
was often used for biosynthetic purposes. Our results showed that the
annotated gene set related to the reductive tricarboxylic acid pathway is
incomplete (2.33%-37.21%), indicating that the evidence for the

10

presence of the carbon fixation pathway in Bamucuo Lake is weak.

In addition to the most common three carbon fixation pathways
mentioned above, the three less common pathways were the reductive
acetyl-CoA (0-18.75%), dicarboxylate/4-hydroxybutyrate (0-39.13%),
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and 3-hydroxypropionate/4-hydroxybutylate cycle (0-27.78%) path-
ways. The dicarboxylate/4-hydroxybutyrate and reductive acetyl-CoA
pathways are found exclusively in anaerobic organisms (Loder et al.,
2016). Certain enzymes of the dicarboxylate/4-hydroxybutyrate
pathway, which is strictly anaerobic, are sensitive to oxygen (Berg,
2011). In our investigation, weak evidence for the
dicarboxylate/4-hydroxybutyrate pathway was found.

The reductive acetyl-CoA pathway (or the Wood-Ljungdahl
pathway) is the main carbon fixation pathway in anaerobic conditions
(Berg, 2011). However, no MAGs contained the genes encoding ACS/-
CODH complex (CO-Dehydrogenase/Acetyl-CoA  Synthase), a
five-subunit enzyme complex which is responsible for the carbonyl
branch of the Wood-Ljungdahl pathway. The reductive acetyl-CoA
pathway was found to be one of the dominant carbon fixation path-
ways in deep biosphere (Magnabosco et al., 2016; Momper et al., 2017);
however, our data suggested that this pathway does not work for the
microorganisms in Bamucuo Lake.

The 3-hydroxypropionate/4-hydroxybutyrate cycle functions at high
temperatures and also can function in either aerobic bacteria or anaer-
obic bacteria. Ruiz-Fernandez et al. concluded that the 3-hydroxypropi-
onate/4-hydroxybutylate cycle is the dominant pathway in anoxic
marine zones (Ruiz-Fernandez et al., 2020). However, in our investi-
gation, the evidence for the existence of 3-hydroxypropionate/4-hydrox-
ybutylate cycle was weak.

4.3. Methane metabolism

In methane metabolism, CO5 is converted to CHy4, which is the second
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Fig. 8. The circos of the annotation of MAGs by using
CARD (Alcock et al., 2020). The identified ARGs are
on the left side of the peripheral ring, and the MAGs
information is on the right side. The inner ring shows
different MAGs and ARGs in different colors, and the
scale represents the abundance information. The
width of the band is proportional to the abundance of
a particular ARG in each MAG. (For interpretation of
the references to color in this figure legend, the
reader is referred to the Web version of this article.)

largest greenhouse gas, accounting for around 17% of global warming
impact (Cai et al., 2016), with CO, accounting for approximately 60%
(Nakicenovic et al., 2000). Our findings revealed that there was no clear
evidence for the methanogenesis or the methane oxidation pathways
(Fig. 6). In the methanogenesis pathway of microbial communities, the
methane is generated through the key enzyme, MCR. However, in this
investigation, the MCR genes were not identified in neither the MAGs’
KEGG (Kanehisa and Goto, 2000) annotation results nor the meta-
genomic data, which was consistent with previous study reported the
absence of MCR on Pangong Lake (Rathour et al., 2020). The presence of
methanogens, such as Methanobacterium, Methanosarcina, and Meth-
anocaldococcus in the contigs of the two samples, revealed that
methanogens may survive in the hypoxic environment of Bamucuo Lake.
However, no clear evidence for methane production was found in this
environment.

Methane oxidation is an important process to slow down CH4 emis-
sion (Canelhas et al., 2016), which is performed by CH,4 oxidizing bac-
teria (methanotrophs). Methanotrophs, such as Methylomonas,
Methylomicrobium, and Methylococcus, were discovered in the two
samples. However, in the KEGG annotation results, the functional genes
for methane oxidation were not found, which might be due to insuffi-
cient sequencing depth.

4.4. Nitrogen cycle

Nitrogen and the nitrogen cycle play a crucial role in many microbial
biological processes because it catalyzes several reactions. This study
has found evidence for four essential nitrogen metabolism pathways,
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including denitrification, nitrification, nitrogen fixation, and assimila-
tory nitrate reduction.

Denitrification is the primary source of nitrogen loss in QTP (Wang
et al.,, 2019). The genes involved in the denitrification pathway were
discovered in our investigation. Furthermore, denitrifying bacteria, such
as Pseudomonas and Bacillus, were also identified in both samples.

Nitrification is a key process in biogeochemical nitrogen cycling,
which oxidizes ammonia to nitrate via nitrite (Spasov et al., 2020). In
our result, nitrosifyer (such as Nitrosomonas and Nitrosococcus) and ni-
trifying bacteria (such as Nitrobacter and Nitrpspina) were found in low
abundance, and the evidence of the existence of nitrification pathway
was weak, implying that the nitrification process in Bamucuo Lake may
be hampered by the extreme environment.

It was previously reported that Proteobacteria plays an important
role in the nitrogen cycle (Ren et al., 2018), and our findings also
confirmed that the nitrogen fixation pathway has only been found in the
Proteobacteria MAGs (genus Hyphomonas s05-03_bin.4, genus Ocean-
icaulis s05-03_bin.31 and genus EhC02 s05-03_bin.35). As above
described, we detected nifH in three Proteobacterial MAGs; however, the
genes nifD and nifK encoding the essential subunits of nitrogenase were
not identified, which at least indicated that the nitrogen fixation ability
of the 75 bacteria we obtained was not strong. However, this conclusion
cannot be applied to the whole bacterial community of Bamucuo Lake,
because these 75 bacteria represented just a small portion of the bac-
terial community in Bamucuo Lake.

Nitrate assimilation is the main source of nitrogen in soil. In this
study, more genes related to the assimilatory nitrate reduction pathway
were detected than other pathways in the nitrogen cycle, indicating that
this pathway was primary nitrate reduction pathway in Bamucuo Lake,
which is consistent with the report obtained from Pangong Lake, a
unique brackish ecosystem (Rathour et al., 2020).

4.5. Sulfur cycle

The microbial sulfur cycle has been proposed as the driving force for
bacterial survival (Cao et al., 2014). The sulfate-reducing bacteria (e.g.,
Desulfobacterales, Desulfovibrionales, Desulfotomaculum and Desulfo-
sporosinus) in Bamucuo Lake, which can perform anaerobic respiration
utilizing sulfate as the terminal electron acceptor for reducing sulfate to
hydrogen sulfide, were found in the two samples; similar results in
Pangong Lake were reported by Rathour et al. (2020). The assimilatory
sulfate reduction pathway was first discovered in plants; however it has
been shown to exist in certain bacteria, such as Allochromatium vino-
sum (Neumann et al., 2000). Our findings provided compelling evidence
for the presence of an assimilatory sulfate reduction pathway in
Bamucuo Lake (Fig. 6). However, the key functional gene encoding
dissimilatory sulfite reductase for dissimilatory sulfate reduction had
not been identified, indicating the lack of microorganisms that perform
the functions of dissimilatory sulfate reduction.

Generally, the major source of sulfur is plutonic rocks containing
sulfides, which are converted to sulfates during weathering, some of
which dissolve, precipitate, and, depending on the conditions, reduce to
elemental sulfur. The sulfur-oxidizing bacteria such as Sulfuritalea and
Thiobacillus were present with a low abundance, and few genes related to
the thiosulfate oxidation by SOX pathway were identified (Fig. 6).
However, because the essential gene soxB, which is involved in thio-
sulfate oxidation via the SOX pathway, was detected in the majority of
the MAGs, we concluded that sulfur oxidation is crucial in the energy
metabolism of the microorganisms in Bamucuo Lake.

4.6. Metal resistance

The microbial community is the primary driving factor behind metal
resistance gene distribution, and earlier research has shown that these
genes are mostly found in heavy metal-contaminated settings (Song
et al., 2019). However, in our study, abundant heavy metal resistance
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genes were identified (Fig. 7). A study supported that the pollution of
heavy metals in QTP has been on the rise in recent years (Wu et al.,
2018). In addition, rainwater and runoff may cause microorganisms to
accumulate in the lake, being more conducive to the enrichment of
heavy metal resistance genes in the water and nearshore soil microbial
communities. Chen et al. reported that heavy metals can induce DNA
damage and oxidative stress (Chen et al., 2018b). Our study showed that
the DNA repair genes, such as recB, recC, recD, and recF, were found in
majority of the MAGs. The explanation for this is because all eukaryotic
and prokaryotic genomes require some DNA repair genes to repair DNA
damage, and on the other hand, due to the ultraviolet rays in the envi-
ronment at an altitude of 4500 m in Bamucuo Lake.

4.7. Biosynthetic gene clusters and antibiotics resistance genes

Antibiotics have long received special attention as secondary me-
tabolites of bacteria (Atanasov et al., 2021). In recent years, some
pathogens have evolved “drug resistance” to certain antibiotic drugs,
and the number of new antibiotics has steadily decreased (Ventola,
2015). As a result, there is an urgent need to find new resources to obtain
new antibiotic drugs. To discover novel antibiotics, it is necessary to
search in the unexplored microbial ecological environments. Clearly, the
QTP is a very valuable and novel microbial ecological environment.
Several BGCs were found in many MAGs (Table S8), suggesting that
Bamucuo Lake may contain many unique natural product biosynthetic
gene clusters.

Many terpenoids have important physiological activities and are
important sources for obtaining natural bioactive products and new
drugs, which are widely distributed in the genomes of many plants,
fungi and bacteria (Yamada et al., 2015). We found 26 kinds of BGCs in
74 of the 75 MAGs (Table S8), and the three MAGs with the most BGCs
were s05-02_Bin.14 (21 types, soil), s05-02_Bin. 2 (17 types, soil), and
s05-03_ Bin.15 (14 types, water). Among all of the MAGs, terpenes
appeared most frequently in our investigation (35.56%) (Table S8).
Except for terpenes, NRPSs (14.81%) and PKSs (15.93%) were the most
abundant types of BGCs in our study (Table S8), and NRPSs and PKSs are
two families of modular mega-synthases (Cuadrat et al., 2018), which
produce compounds such as antibiotics, antifungals, immunosuppres-
sants, and iron-chelating molecules (Finking and Marahiel, 2004). Many
NRPS and PKS gene clusters were found in Actinobacteria, Acid-
obacteria and Bacteroidetes MAGs, suggesting that Actinobacteria,
Acidobacteria and Bacteroidetes are the potential natural product
biosynthetic producers in Bamucuo Lake. In conclusion, QTP might be a
useful resource for finding novel secondary metabolite clusters.

RpsL is an essential antibiotic resistance gene encoding bacterial 30S
ribosomal protein S12, which is the streptomycin action site. When
streptomycin binds to ribosomal protein S12, the strain’s growth is
hindered (Ochi and Hosaka, 2013). As a result, when a nonsense mu-
tation arises in the rpsL gene, bacteria develop streptomycin resistance.
The rpsL K88R mutation was only found in Actinobacteriata MAGs in
our investigation (family Ilumatobacteraceae s05-03_bin.18, family
S36-B12 s05-03_bin.21, family S36-B12 s05-03_bin.26, genus
CSBr16-110 s05-03_bin.29, and genus UBA4592 s05-03_bin.48) (Fig. 8).

5. Conclusions

The microbial ecology of Bamucuo Lake in QTP was investigated in
this study. Our study revealed the structure and metabolic processes of
the soil and water microbial communities in Bamucuo Lake. The 3-
hydroxypropionate bi-cycle pathway was shown to be the most typical
carbon fixation pathway in Bamucuo Lake. Seventy-four novel MAGs in
the water sample indicate a new contribution to global microbial di-
versity. The existence of Pandoravirus salinus in the soil provides sig-
nificant information for further research into this unique microbe and
the discovery of additional giant viruses. Because Actinobacteria was
one of the dominant bacteria, QTP has the potential to become a
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valuable resource pool where many Actinobacteria-related microor-
ganisms can be employed to generate new bioactive compounds and
new antibiotics. Many draft genomes and genome annotation informa-
tion are provided in this paper for further in-depth study of the microbial
ecology in QTP.
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