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Diversity of prokaryotic
microorganisms in alkaline saline
soil of the Qarhan Salt Lake area
in the Qinghai-Tibet Plateau

Yagiong Wang¥%3* & Guoyuan Bao*

The composition of microbial communities varies considerably across ecological environments,
particularly in extreme environments, where unique microorganisms are typically used as the
indicators of environmental conditions. However, the ecological reasons for the differences in
microbial communities remain largely unknown. Herein, we analyzed taxonomic and functional
community profiles via high-throughput sequencing to determine the alkaline saline soil bacterial and
archaeal communities in the Qarhan Salt Lake area in the Qinghai-Tibet Plateau. The results showed
that Betaproteobacteria (Proteobacteria) and Halobacteria (Euryarchaeota) were the most abundant
in the soils of this area, which are common in high salinity environments. Accordingly, microbes

that can adapt to local extremes typically have unique metabolic pathways and functions, such as
chemoheterotrophy, aerobic chemoheterotrophy, nitrogen fixation, ureolysis, nitrate reduction,
fermentation, dark hydrogen oxidation, and methanogenesis. Methanogenesis pathways include
hydrogenotrophic methanogenesis, CO, reduction with H,, and formate methanogenesis. Thus,
prokaryotic microorganisms in high salinity environments are indispensable in nitrogen and carbon
cycling via particular metabolic pathways.

Extreme environments are defined as harsh conditions that are uninhabitable for most living organisms’. They
are characterized by environmental conditions such as pH, temperature, pressure, nutrients, or saline concentra-
tions that are exceptionally high or low?. Extremophilic microorganisms, such as Thermophiles, Psychrophiles,
Halophiles, Acidophiles, Alkalophiles, Anaerobe, Piezophiles, and Polyextremophiles, live in extreme environ-
ments because they have unique enzymatic systems, cellular structures, unique amino acid composition, or
metabolic mechanisms®=°. Thus, extreme environments provide a unique opportunity to assess microbial types
and complement our understanding of microbial growth parameters and requirements’.

As a result of new technologies such as fluorescence in situ hybridization (FISH) and metagenomics, life can
now be detected in the most extreme environments. Among these, the study of microorganisms in hypersaline
environments such as solar salterns®”, saltpans®, salt mines’, oceans™'’, and salt lakes'!~'® has received consider-
able interest. Microorganisms that have adapted to life at high salt concentrations are found in three domains
of life: Archaea, Bacteria, and Eukarya*!®!7-22, The aerobic halophilic Archaea of the order Halobacteriales,
family Halobacteriaceae, are the halophiles par excellence??**. A few species of the methanogenic Archaea have
adapted to life at high salt concentrations, the majority of which belong to the family Methanosarcinaceae*.
Cultivation-independent metagenomic studies of hypersaline biota have recently led to the discovery of the
third group of halophilic Archaea: the “Nanohaloarchaea?**” Many different types of halophilic and halotoler-
ant microorganisms are found in the domain Bacteria, which is divided into many phylogenetic subgroups®*-?.
Halophiles are scarce within the domain Eucarya; however, the green alga Dunaliella is almost always present
in high-salt environments'”%.

The polyextremophilic behavior of halophilic microorganisms makes them particularly useful in bioreme-
diation processes®, biotechnological applications®!, and as a potentially good choice in carbon, nitrogen, and
sulfur cycling®*=". There is very little information on halophilic microorganisms in the inland Plateau salt lake
region, and more research is required.
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The Qarhan Salt Lake, located in the northeastern Qinghai-Tibet Plateau, is the largest in China, consisting
of ten modern salt lakes®®, with a total area of 5856 km?. The Qarhan Salt Lake area has an extremely arid desert
climate; the mean annual temperature is 5.33 °C, mean annual precipitation is approximately 24 mm, annual
evaporation is approximately 3564 mm, average wind speed is 4.3 m/s, and relative moisture is 27.7%. Qarhan
Salt Lake is also the largest large-scale inland comprehensive salt deposit in China with industrial exploitation
value of quaternary stone salt, potassium salt, magnesium salt, and high concentrations of boron, lithium,
rubidium, cesium, bromine, iodine, and other valuable chemical elements. The salt lake is primarily composed
of potassium and magnesium brine ores that coexist with solid and liquid. Approximately 90% of the sodium
chloride has been deposited into stable solid mineral layers. In contrast, the remainder of the potassium, magne-
sium, lithium, boron, rubidium, cesium, and other minerals are primarily found in brine*. The Qarhan Salt Lake
is an important resource for both industry and agriculture, and it has been studied for decades. Researchers are
also interested in the microbes in this area because they are representative of an extreme high-salt environment.
Zhu et al.** studied the core bacterial communities associated with hypersaline environments in lake water and
sediments from the Qaidam Basin. Liu et al.*! investigated Gammaproteobacterial diversity and carbon utiliza-
tion in lakes on the Qinghai-Tibet Plateau in response to salinity, while Zhong et al.** studied the prokaryotic
community structure influenced by salinity and ionic concentrations in plateau lakes of the Tibetan Plateau.
However, there have been few studies on soil microorganisms in bare land and plant-covered saline-alkali land
around salt lakes in this area, which merits further investigations.

Herein, we present a study of the prokaryotic community of hypersaline soil in the Qarhan Salt Lake area
using high-throughput sequencing and the ecological function of prokaryotes in this area. This study aims to
(1) improve our current understanding of the prokaryotic community in a previously uncharacterized inland
hypersaline environment and (2) provide clues about how microbes adapt to the extreme environments of high
salinity at high altitudes.

Methods

Sample collection. The sampling site is near the Qarhan Salt Lake (36°36'57"N, 95°11'24"E; altitude
2651 m) in the state of Qinghai-Tibet Plateau, China. Soil samples were collected during the summer, on July
14, 2020, at a temperature of 22 °C. Field experiment photographs are shown in Supplementary Fig. S1.

Five soil samples were collected; one from bare land (QSB) and the other four from the grassland (QSG1,
QSG2, QSG3, and QSG4), with a distance of 100 m between each sample. Five sub-samples (100 g) were col-
lected with a hand spade from the 0 to 10 cm layer, pooled, homogeneously mixed into one 500 g sample, and
transported to the laboratory. The samples were sieved with a 5 mm test sieve (WSTYLER, USA) under aseptic
conditions. A portion of the soil (250 g) was used to characterize soil properties, and the remainder (250 g) was
stored at — 80 °C for sequencing. The contents of various elements in the soil samples were determined using the
ZSX Primus IV X-ray fluorescence spectrometer (Rigaku, Japan) according to the manufacturer’s instructions,
and the results are summarized in Supplementary Table S1.

DNA extraction, PCR, and sequencing. Total genomic DNA (gDNA) from soil samples (~ 500 mg) was
extracted using the E.Z.N.A™ Mag-Bind Soil DNA Kit according to the manufacturer’s instructions (OMEGA
Bio-Tek, USA). The DNA yield was quantified with the Qubit3.0 DNA Test Kit (Life Technologies, USA). Puri-
fied DNA was used as the template for the amplification of 16S rDNA genes via polymerase chain reaction
(PCR). Approximately 10-20 ng of gDNA was used as a PCR template for amplification.

There were two rounds of nested PCR amplification for archaea. For the first round, the reaction mixture
(30 uL) contained 10-20 ng of gDNA, the appropriate primers at 1 pL each, and 2 x Hieff* Robust PCR Master Mix
(Yeasen Biotechnology, Shanghai, China) of 15 uL. The archaeal-specific primers used were GU1ST-340F (5'-CCC
TAYGGGGYGCASCAG-3") and GU1ST-1000R (5-GGCCATGCACYWCYTCTC-3")*. Amplification conditions
included a denaturation step for 3 min at 94 °C, followed by 5 cycles consisting of 30 s at 94 °C, 20 s at 45 °C,
30 s at 65 °C; 20 cycles consisting of 20 s at 94 °C, 20 s at 55 °C, 30 s at 72 °C, and a final elongation step at 72 °C
for 5 min. The 20-30 ng of the PCR product in the first round was used as template DNA for the second PCR,
which was conducted using the same PCR conditions and general V3-V4 primer set 349F (5'-GYGCASCAG-
KCGMGAAW-3"), 806R (5-GGACTACVSGGGTATCTAAT-3'), including a barcode on the forward primer.

For bacteria, the primers Nobar_341F (5'-CCTACGGGNGGCWGCAG-3') and Nobar_805R (5-GACTAC
HVGGGTATCTAATCC-3')* were used in the PCR, including a barcode on the forward primer. The PCR reac-
tions were performed in 30 pL reactions for denaturation at 94 °C for 3 min, followed by 5 cycles consisting of
30 s at 94 °C, 20 s at 45 °C, 30 s at 65 °C; 20 cycles consisting of 20 s at 94 °C, 20 s at 55 °C, 30 s at 72 °C, and a
final elongation step at 72 °C for 5 min.

Subsequently, Illumina bridge PCR compatible primers were introduced, and PCR was performed in 30 pL
reactions containing 20-30 ng of PCR product of bacteria or archaea, which was used as template DNA, the
primer F 1 pL, Index-PCR Primer R 1 pL, and 2 x Hieff® Robust PCR Master Mix (Yeasen) 15 pL. The PCR reac-
tions included denaturation at 95 °C for 3 min, followed by 5 cycles of denaturation at 94 °C for 20 s, annealing
at 55 °C for 20 s, extension at 72 °C for 30 s, and a final elongation step at 72 °C for 5 min.

PCR products were assessed via agarose gel electrophoresis. To obtain a uniform long cluster effect and high-
quality sequencing data, the library concentration was determined using a Qubit 3.0 fluorometer (Invitrogen,
USA). Subsequently, the amplicons were loaded onto an Illumina HiSeq platform (Illumina, Inc. San Diego, CA,
USA), according to the manufacturer’s guidelines.

Bioinformatics and statistical analyses. Sequences were analyzed using a combination of USEARCH
11.0.667 and QIIME v1.8.0*. The sequencing primer connector of the Read 3’ -end was removed from Cutadapt
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1.18%. PEAR 0.9.8 was used to merge the pairs of reads into a sequence according to the overlapping relation-
ship between paired-end reads (PE reads)*®. Barcodes were removed from the multiplexed FASTQ files using
the USEARCH python command script fastq_strip_barcode_relabel2.py. PRINSEQ 0.20.4 was used to remove
the bases with a tail mass value below 20 reads, and a window of 10 bp was set. If the average mass value in
the window was lower than 20, the back-end bases were cut off to filter the N-containing sequences and short
sequences after quality control, and the low-complexity sequences were finally filtered out*’. The FASTA files
were de-replicated, abundance sorted, and singleton sequences were removed. The operational taxonomic units
(OTUs) were clustered de novo using USEARCH 11.0.667*. The OTUs were then mapped back to the original
reads, and an OTU table was produced. Taxonomy was assigned to OTUs using the BLAST method in QIIME
and against the RDP 16 S database 2.12: http://rdp.cme.msu.edu/misc/resources.jsp. Mothur 1.43.0 was used
to determine the alpha diversity index®. Principal component analysis was used to reflect the differences and
distances between samples using the vegan R package (v. 2.5-6).The relative abundances of bacterial taxa were
summarized using the Venn diagram package (v. 1.6.20) for R*.

OTU co-occurrence network analysis was conducted using the R graph package (v. 2.0.0) based on the
Bray-Curtis distance metric. Redundancy analysis (RDA) was conducted to evaluate the association between
community composition and environmental parameters using the RDA function of the vegan package for R
(v.2.5-6)°". Correlation heat maps were used evaluate the correlation between microbial classification and envi-
ronmental variables using R (v.3.3.0).

The functional potential of the microbial community was investigated using 16S rRNA abundance data via
PICRUSt v.1.1.4 with default parameters®2. The 16S rRNA-based metagenome was functionally annotated using
KEGG pathway functions using hidden state prediction®. The functional annotation of prokaryotic taxa via
Functional Annotation of Prokaryotic Taxa (FAPROTAX) v.1.2.1 is available online (http://www.zoology.ubc.
ca/louca/FAPROTAX)>.

Results

Microbial community structure in soils around salt lakes. Microbial community composition was
investigated via high-throughput Illumina sequencing. The number of bacterial and archaeal sequences in the
five samples were 205,563 and 283,308, respectively. A total of 643 OTUs were recovered, comprising 611 and
32 bacterial and archaeal OTUs, respectively. The rarefaction curves of all samples were flat, indicating that the
amount of sequencing data was sufficient (See Supplementary Fig. S2).

The bacterial domain was divided into 18 phyla, 42 classes, 66 orders, 115 families, and 195 genera. The
dominant bacterial phyla (relative abundance > 10%) in the five samples belonged to Proteobacteria (85.08%),
followed by Bacteroidetes (10.37%) and Firmicutes (2.99%); these three bacterial phyla constituted more than
98% of all reads (Fig. 1A). The major classes were Betaproteobacteria (66.65%), Alphaproteobacteria (16.01%),
Sphingobacteriia (5.17%), Bacteroidia (4.24%), and Gammaproteobacteria (2.18%), which were among the top
five of the total bacterial classes (Fig. 1B). At the order level, Burkholderiales (66.56%) were the most domi-
nant, followed by Caulobacterales (9.75%), Rhizobiales (5.61%), Sphingobacteriales (5.17%), and Bacteroidales
(4.24%) in total abundance (Fig. 1C). At the family level, Burkholderiaceae (60.76%) was dominant among all
bacterial families (Fig. 1D). Several genera were frequently dominant, with proportions in total sequences of
more than 1% (Fig. 1E). Among the dominant genera, Burkholderia was the most abundant (1 OTU, 50.77%
of total sequences), followed by Phenylobacterium (1 OTU, 9.64%), Ralstonia (2 OTUs, 8.47%), Herbaspirillum
(1 OTU, 5.43%), Prevotella (80 OTUs, 3.41%), Chitinophaga (1 OTU, 2.92%), Bradyrhizobium (1 OTU, 2.49%),
Mesorhizobium (1 OTU, 2.17%), Sediminibacterium (1 OTU, 2.16%), and Cupriavidus (1 OTU, 1.52%) (Fig. 1E).
These ten dominant genera accounted for 88.98% of the total classified sequences.

All the archaea detected belonged to the phylum Euryarchaeota, including 3 classes, 6 orders, 7 families,
and 15 genera. Among these 3 classes, Halobacteria was the most abundant, accounting for 90.63% of the total
32 OTUs, covering 223,081 sequences (78.74% of total 283,308 reads), followed by Methanomicrobia (2 OTUs,
40,511 sequences [14.30%]) and Methanobacteria (1 OTU, 19,716 sequences [6.96%], Fig. 1F). Halobacteriales
(51.30%) dominated among all bacterial orders (Fig. 1G), and Halobacteriaceae (51.30%) dominated among all
bacterial families (Fig. 1H). At the genus level, the dominant archaeal genera (relative abundance > 10%) were
unclassified_Halobacteriaceae, unclassified_Halobacteria, and Methanomicrobium, each with a widely varying
abundance. The subdominant genera (1-10% relative abundance) consisted of Halorussus, Halovivax, Methano-
brevibacter, Halalkalicoccus, unclassified_Methanoregulaceae, Salinarchaeum, unclassified_Natrialbaceae, and
unclassified_Haloferacaceae. Other minor genera included Halomicrobium, Natronoarchaeum, Halorubellus, and
Natronomonas, which constituted small percentages of community abundance (< 1%). (Fig. 11).

Alpha diversity analysis revealed that bacterial and archaeal community richness (Chaol), diversity (Shan-
non and Simpson), and evenness (Shannoneven) varied widely among the samples (Table 1). In particular, the
lowest bacterial richness, diversity, and evenness were samples from QSG4, and the highest richness was QSB,
with the highest diversity and evenness being QSG1. For archaea, the lowest richness and diversity were samples
from QSGI, and the highest were samples from QSG2; the lowest evenness was QSB, and the highest was QSGI.

Alkaline saline soil prokaryotic B-diversity. Unweighted UniFrac distance metrics were used to esti-
mate bacterial and archaeal B-diversity and identify dissimilarities between the samples. The principal coordi-
nate analysis (PCoA) plot illustrated the dissimilarity of OTU composition; the first two principal components
explained 79.18% (PCoA 1+ PCoA 2; bacteria) and 79.18% (PCoA 1+ PCoA 2; archaea) of the total variations
(Fig. 2). For the analysis of multivariate homogeneity among groups, the analysis of similarities (ANOSIM) test
was performed, and the results showed that there were no significant differences between the bare land and the
grassland (p>0.05).
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Figure 1. Relative abundance of prokaryotic microorganisms at different taxonomic units in soils around
the Chaerhan Salt Lake. (A) Bacteria Phylum, (B) Bacteria Class, (C) Bacteria Order, (D) Bacteria Family, (E)
Bacteria Genus, (F) Archaea Class, (G) Archaea Order, (H) Archaea Family, and (I) Archaea Genus). Groups
occupying less than 1% of the distribution were clubbed together and designated as “Others”.

Bacteria from bare land and grassland shared 187 OTUs (Fig. 3A), and unique OTUs (102) were recovered
from QSG3, a number that exceeded the unique OTUs found in bare land QSB (96) (Fig. 3B). For archaea, bare
land and grassland shared seven OTUs (Fig. 3C), more unique OTUs (15) were recovered from QSG2, a number
that also exceeded the unique OTUs found in bare land QSB (3) (Fig. 3D).

Potential correlations between microbial communities and soil variables. RDA was performed
to reveal the relationship between microbial community structures and the soil variables. The first two RDA axes
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QSB 42,785 283 284.909 |2.535 0.273 0.99984 0.449
QSG1 39,352 266 266.857 | 2.690 0.216 0.99990 0.482

Bacteria QSG2 44,574 161 161.000 |2.133 0.284 0.99998 0.420
QSG3 41,922 272 272.500 | 2.529 0.239 0.99995 0.451
QSG4 36,930 117 117.250 | 1.661 0.427 0.99995 0.349
QSB 54,738 10 10.000 | 1.647 0.240 1.00000 0.715
QSG1 54,344 2 2.000 | 0.690 0.504 1.00000 0.995

Archaea QSG2 58,870 20 20.000 |2.570 0.095 0.99998 0.858
QSG3 52,600 6 6.000 | 1.473 0.275 1.00000 0.822
QSG4 62,756 7 7.000 | 1.798 0.176 1.00000 0.924

Table 1. Statistical analysis of microbial diversity in the soil around the Qarhan Salt Lake on the Qinghai-
Tibet Plateau.
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Figure 2. Principal coordinate (Unweighted Unifrac) plot showing the B-diversity of bacterial (A) and archaeal
(B) communities in soils around the Chaerhan Salt Lake.

explained 60.38% and 64.8% of the bacterial and archaeal community variations, respectively (See Supplemen-
tary Fig. $3).

Spearman’s rank correlation test was performed to clarify the relationship between environmental factors and
prokaryotic composition (relative abundance at the genus level) (Fig. 4). For bacteria, Ralstonia and Cupriavidus
were positively correlated with Mg?* and K*, whereas Mesorhizobium, Escherichia, Shigella, and Bradyrhizobium
were negatively correlated with Mg?* and K*; Burkholderia was negatively correlated with Na, whereas Chitin-
ophaga, Phenylobacterium, and Mesorhizobium were positively correlated with the Na, and Phenylobacterium
and Mesorhizobium were negatively correlated with P (Fig. 4A). For archaea, Halovivax was positively correlated
with Mg?** and K*; Halomicrobium and Methanobrevibacter were negatively correlated with Na but positively
correlated with P; Methanomicrobium was positively correlated with Na (Fig. 4B). These findings suggest that
soil variables are important contributing factors for the regulation of soil prokaryotes.

Co-occurrence network of dominant taxa among prokaryotic microorganisms. A co-occur-
rence network was constructed to identify the possible assemblages among prokaryotic microorganism OTUs
in alkaline saline soil. The dominant core taxa in the cluster were strongly correlated with each other (IRI>0.8,
P <0.05). Notably, the network depicted several keystone OTUs that were assigned to the phyla Bacteroidetes,
genus Prevotella (OTU19, and OTU13), Proteobacteria (OTU9— Cupriavidus, OTU3—Ralstonia, OTU1—
Burkholderia, OTU5—Mesorhizobium, OTU7—Herbaspirillum, and OTU2—Phenylobacterium) (Fig. 5A).
For archaeal taxa, including Halobacteria (OTU20, OTUS, and OTU17), Halobacteriaceae (OTU18, OTU29,
OTU12, OTU25, OTU7, and OTU4), Haloferacaceae (OTU19), Natrialbaceae (OTU38, OTU24, OTU16, and
OTU26), Methanoregulaceae (OTU9), Halorussus (OTU13 and OTU5), Halorubellus (OTU23), Salinarchaeum
(0OTU27), Halovivax (OTU3), Methanobrevibacter (OTU6), Halomicrobium (OTU21), and Natronoarchaeum
(OTU22) (Fig. 5B).

The co-occurrence network effectively reveals the relationship between individual group members and the
entire ecosystem >>*. The co-occurrence network clusters suggest that core bacterial and archaeal taxa in alkaline
saline soil are likely to collaborate and play a role in key metabolic steps in response to environmental changes.
(Fig. 5). Thus, the study of physiological and metabolic characteristics belonging to these key species can help
us understand the mechanisms of microbial adaptation to the environment.
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Figure 3. Venn diagram showing the number of shared and unique bacterial (A, B) and archaeal (C, D) OTUs
in soils around the Chaerhan Salt Lake.

Prediction of the ecological function of prokaryotic microorganisms. To gain insights into the
ecological role of bacteria and archaea in alkaline saline soil, the prediction tools PICRUSt and FAPROTAX were
used to determine the functional characteristics of the prokaryotic communities in the soil. Table 2 presents the
number of sequence reads of the predicted genes involved in adaptation to a high-salt environment.

The OTUs detected in all samples were compared with the FAPROTAX annotation rule in an automated
manner; however, most OTUs could not be assigned to any functional group. Thus, only those OTUs that were
successfully annotated were analyzed. Chemoheterotrophy, aerobic chemoheterotrophy, nitrogen fixation, ure-
olysis, nitrate reduction, fermentation, predatory, and exoparasitic were the most abundant bacterial functional
groups (Fig. 6A). Methanogenesis, hydrogenotrophic methanogenesis, methanogenesis by CO, reduction with
H,, chemoheterotrophy, methanogenesis using formate, dark hydrogen oxidation, nitrate reduction, and aerobic
chemoheterotrophy were the most abundance archaeal functional groups (Fig. 6B). These functional groups pro-
vide directions for understanding the mechanisms of the adaptation of prokaryotes to high salinity environments.

The metabolic pathways of microbial consortia predicted by PICRUSt were further analyzed. Metabolic
pathways were identified at three levels. The functions of bacteria and archaea related to the high-salt environ-
ment in level 1 include cellular processes (4.19-4.31%, 1.78-3.99%), environmental information processing
(15.87-17.12%, 10.74-12.55%), genetic information processing (13.44-14.32%, 17.18-18.99%), and metabolism
(49.29-49.62%, 46.69-52.02%). The distribution of bacterial and archaeal functions at level 2 was investigated
further. For bacteria, the relative abundances of membrane transport, amino acid metabolism, carbohydrate
metabolism, and replication and repair were enriched in the alkaline saline soil, with little difference between
the samples (Fig. 7A). However, the relative abundances of amino acid metabolism, carbohydrate metabolism,
membrane transport, energy metabolism, and translation for archaea were enriched in alkaline saline soil. There
was a great deal of variations among samples (Fig. 7B). It is reasonable that bacteria and archaea may adopt
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Figure 4. Heatmap of the bacterial (A) and archaeal (B) environment-sensitivity at the genus level in soils
around the Chaerhan Salt Lake.
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Figure 5. Bacterial (A) and archaeal (B) networks were constructed by calculating the correlations between
species representing significant co-occurrence relationships among the abundance of clades on OTU level in
soils around Chaerhan Salt Lake. The size of nodes in the figure represents the degree of connectivity of species,
and different colors represent different gates. The colors of the lines indicate positive or negative correlations;
the thickness of the line indicates the correlation coefficient, and the thicker the line, the higher the correlation
between species. The more the lines, the closer the relationship between the species and other species. Only
P-values <0.05 and absolute values of correlation > 0.8 are shown in the figures.

different strategies when coping with extreme environments, and the bacterial community is relatively stable,
while the archaea community is reasonably different.

Discussion

Metagenomic technology is a powerful tool to explore microorganisms in extreme habitats and their envi-
ronmental adaptation mechanisms®. Using this technique, we found that the predominant phyla within the
bacterial communities were Proteobacteria (85.08%), followed by Bacteroidetes (10.37%), Firmicutes (2.99%),
and Actinobacteria (0.34%), and Proteobacteria were ubiquitous across all samples in the soil of the Qarhan
Salt Lake area (Fig. 1A). Numerous studies have revealed that the bacterial communities are dominated by Pro-
teobacteria, followed by Firmicutes, Bacteroidetes, Cyanobacteria, Actinobacteria, and Verrucomicrobia!!#>%8,
Among the Proteobacteria, Alpha—(16.01%), Beta—(66.65%), Gamma—(2.18%), and Delta-Proteobacteria
(0.18%) were detected in all samples (Fig. 1B). These taxa have previously been confirmed in other hyper-
saline environments®*>*¢, which is consistent with the present results. Betaproteobacteria were dominant
in the salt water and sediments from Chott El Jerid Lake (75%-95%)'!, and other studies have revealed that
Gammaproteobacteria!®***! and Alphaproteobacteria were the dominant classes®.

Bacteroidetes was the second most abundant phylum; it has been linked to nutrient conversion in lake
sediments®>%. Its relative abundance in inland lakes is strongly correlated with the salinity gradient*>%4-%. The
network revealed two keystone OTUs assigned to the phyla Bacteroidetes, genus Prevotella (OTU19 and OTU13).
Figure 5, combined with the abundance and widespread distribution, demonstrates its ecological significance
in the alkaline saline soil.

The phyla Firmicutes and Actinobacteria were also found in hypersaline environments, which is consist-
ent with our findings'"*’. Actinobacteria can decompose cellulose and other organic materials in hypersaline
environments®. Thus, the ecological role of Actinobacteria is particularly important in vegetation-covered saline-
alkali land.

The top ten bacterial genera (> 1% of all sequences) accounted for 88.98% of the microbial community. Bur-
kholderia was the most abundant, followed by Phenylobacterium and Ralstonia (Fig. 1E). Consistent with other
studies", Burkholderia predominated in our samples, and it has previously been reported to degrade aromatic
hydrocarbons®. Ralstonia was also a common taxon in hypersaline environments!'7%7,

Archaea play an important role in the carbon and nitrogen’> The results showed that archaea in the soil near
Qarhan Salt Lake were dominated by Halobacteria (Fig. 1F). Previous research has also revealed that Halobacteria
live in salt lakes and salterns and propagate in salt crystals’.

The dominant family in these samples was Halobacteriaceae (51.30%) (Fig. 1H), which is consistent with
studies of archaea from Ebinur Lake Wetland”’, heavy metal-contaminated soils’%, salt pans around Bhavnagar
Coast”, inland saltern ecosystems in the Alto Vinalopé Valley’®, and Lake Gasikule of the Tibetan Plateau®’.
These results showed that Halobacteriaceae was the dominant family in the majority of terrestrial high-salt
environments. Halobacteriaceae can accumulate large quantities of inorganic ions (K*, Na*, and CI"). Their
intracellular proteins and macromolecules are not damaged by high intracellular salt concentrations”’, ensuring
their survival and dominance in high salt environments.

The genus-level composition of archaea varied greatly between samples (Fig. 11). In particular, Methanomi-
crobium predominated in samples QSG1 and QSG3, whereas Methanobrevibacter predominated in sample QSB,
which is uncommon in other related studies. Nevertheless, the core genus is significantly different from other
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Abundance
Taxa Enzyme No KEGG No | Type of enzyme QSB QSG1 | QSG2 | QSG3 QSG4

Glutamate synthase (NADPH/NADH)
small chain

1.4.1.13/1.4.1.14 | K00266 30,397 | 30,001 | 33,352 | 31,344 26,406

6.3.1.2 K01915 Glutamine synthetase 26,337 | 26,850 | 31,833 | 27,808 23,459
1.2.1.8 K00130 Betaine-aldehyde dehydrogenase 24,450 | 19,588 | 25,485 |22,474 25,803
1.5.3.1 K00303 Sarcosine oxidase, subunit beta 10,861 | 8942 12,185 | 10,113 10,499
1.5.1.2 K00286 Pyrroline—S—carbnxylate reductase 10,282 | 10,506 | 11,645 | 10,995 8691

Glutamate synthase (NADPH/NADH)

1.4.1.13/1.4.1.14 | K00265 1 .
arge chain

9881 10,661 | 11,912 | 11,643 7185

Glutamate-ammonia-ligase adenylyltrans-

2.7.7.42 K00982 ferase 8380 7815 9945 8467 7853
1.4.1.2 K00260 Glutamate dehydrogenase 6967 6655 8671 7069 6739
1.4.1.3 K00261 Glutamate dehydrogenase (NAD(P)+) 7014 6237 7835 7698 6566
1.5.3.1 K00302 Sarcosine oxidase, subunit alpha 6707 5610 7793 6285 6074
Bacteria 1.5.3.1 K00304 Sarcosine oxidase, subunit delta 6678 5590 7723 6244 6078
1.5.3.1 K00305 Sarcosine oxidase, subunit gamma 6224 5161 7112 5809 5746
3.6.3.32 K02000 SITYEE;%??;;@Z?EM transportsystem | 545 | 4773 | 6228|5528 | 5424
3.1.3.12 K01087 Trehalose-phosphatase 5640 4492 6090 5153 5230
3.1.6.6 K01133 Choline-sulfatase 4959 4072 5275 4672 4815
1.4.7.1 K00284 Glutamate synthase (ferredoxin) 3810 3187 4049 3581 4117
1.5.3.1 K00301 Sarcosine oxidase 2319 2942 3882 2762 2178
1.4.1.4 K00262 Glutamate dehydrogenase (NADP+) 2850 2865 1420 2223 869
1.14.11.- K00674 Ectoine hydroxylase 227 508 704 647 205
3.2.1.93 K01226 Trehalose-6-phosphate hydrolase 150 96 48 35 5
4.2.1.108 K06720 L-Ectoine synthase 107 38 37 71 64
2.3.1.178 K06718 L-2,4-Diaminobutyric acid acetyltransferase | 103 38 37 55 61
1.5.3.1/1.5.3.7 K00306 Sarcosine oxidase/L-pipecolate oxidase 0 0 0 12 0
14.13 K00261 Glutamate dehydrogenase (NAD(P)+) 35,517 | 44,521 | 82,617 | 112,244 | 57,820
6.3.1.2 Ko01915 Glutamine synthetase 35,133 | 59,573 | 35,278 | 50,496 34,394

Glutamate synthase (NADPH/NADH)

1.4.1.13/1.4.1.14 | K00265 .
large chain

26,151 | 19,646 | 62,308 | 53,274 49,897

1.5.3.1 K00303 Sarcosine oxidase, subunit beta 20,100 | 9823 36,957 | 61,074 24,948
1.5.1.2 K00286 Pyrroline-5-carboxylate reductase 20,592 | 34,698 | 17,267 | 14,484 17,282
3.1.6.6 Ko01133 Choline-sulfatase 15,417 | 9823 20,790 | 31,252 17,282
Archaca | L4L13/14.114 | Koozes | Siuamate synhase (NADPH/NADH) 0 49,750 | 0 12380 | 9446
3.1.3.12 K01087 Trehalose-phosphatase 4683 0 14,914 | 29,822 7667
1.2.1.8 K00130 Betaine-aldehyde dehydrogenase 4683 0 12,724 | 29,822 | 7667
3.6.3.32 K02000 SIT}';_igien'zﬁ;agir;gggne transportsystem | 24,875 | 0 6190 | 4723
1.5.3.1 K00301 Sarcosine oxidase 0 0 12,265 | 6864 7667
1.4.14 K00262 Glutamate dehydrogenase (NADP+) 9858 0 0 0 0
1.4.1.2 K00260 Glutamate dehydrogenase 0 0 459 0 256

Table 2. Metabolic enzymes for which cellular abundance was related to adaptation to high-salt conditions.

high salt environments and represents a relatively unique archaea community. However, the percentage of unan-
notated archaea (56.96%) is remarkable.

Network interactions between taxa can capture ecological community habitat preference and taxa
interactions”®”. Statistically, in our prokaryotic microorganisms in the alkaline saline soil of the Qarhan Salt
Lake area, several keystone OTUs with high degrees were identified (Fig. 5), indicating that these OTUs could
make a crucial difference in the soil microbial ecosystem. The metabolism of these keystone taxa is likely to be
critical for the overall stability of the ecosystem, maintaining a fragile ecological balance in high-altitude and
high-salt environments. Thus, the dynamics of any identified keystone OTUs may have a significant impact on
this ecosystem.

The majority of the bacterial and archaeal species in the microbial community in the Qarhan Salt Lake area’s
alkaline saline soil had genes involved in synthesizing halo-adaptation compounds such as ectoine, glycine
betaine, glutamate, trehalose, and choline (Table 2). This result, similar to a study of bacterial communities in
Lake Tuz, indicates that halophilic microbes’ unique cellular enzymatic machinery enables them to effectively
use hydrocarbons as their sole source of both carbon and energy®’.
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Figure 6. Functional community heatmap. Predict gene families based on prokaryotic metagenomes by
modeling genes from 16S rRNA data derived from the generated OTUs and its reference genome database using
FAPROTAX (A—bacteria and B—archaea). Red colors correspond to higher relative abundances.
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Figure 7. Relative abundances of metabolic pathways on KEGG categories (level 2) (A—bacteria and B—
archaea).
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