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As the most important component of ecosystems, microbial communities play a
significant role in global biogeochemical cycles. Geographical barriers created by
topographic differences are proposed as one of the main factors to shape
microbial diversity, functional composition and their evolution across aquatic
ecosystem. There are few studies that compare the microbial community
structure and functional potential of lakes with different terrain ladders (terrains
of contrasting elevation levels), especially those involving Qinghai-Tibet Plateau.
This study compared microbial 16S rRNA data from 51 lakes with different terrain
ladders, showing that the composition of the dominant microbial community was
similar, but themicrobial abundancewas quite different in different terrain ladders.
Actinobacteria, Proteobacteria, Cyanobacteria, Planctomycete, Verrucomicrobia
and Bacteroidetes were the dominant taxa. Through the correlation analysis
between environmental factors and the microbial community structure, it was
found that two environmental factors (elevation and salinity) had significant
contributions to the microbial composition. Metagenomics of six
representative lakes revealed the relationship between microbial composition
and metabolic processes related to carbon, nitrogen and sulfur cycles. The
comparative analysis of genes related to metabolism cycles showed that
functional processes such as aerobic respiration, nitrogen assimilation, the
mineralization of nitrogen and sulfur had highest metabolic potential in the
ecosystems. The analysis of indicator species based on the metabolic process
in the carbon, nitrogen and sulfur cycles showed that the microbial community
structure is related to the dominant metabolic functions within biogeochemical
cycles. Different dominant species play an important and distinct role in lakes with
different gradients. Actinobacteria, Cyanobacteria and Proteobacteria were the
most important indicator species on the Qinghai-Tibet Plateau, Yunnan-Guizhou
Plateau and the middle and lower reaches of the Yangtze River Plain, respectively.
In general, this study explored the functional distribution patterns of the dominant
microbial communities in the lakes in biogeocycles.
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Introduction

Carbon, nitrogen and sulfur in biosphere are the basic
components of living organisms and important nutrient limiting
factors (Tran et al., 2021), which are exchanged between water,
atmosphere and soil in different forms. Hydrosphere, as the bond
connecting diverse ecosystems, is habitat to more than half of the
planet’s microbial populations that are important participants in the
material cycle and energy flow in ecosystems (Williamson et al.,
2009). For example, Water microbes help to slow down the
greenhouse effect by fixing atmospheric carbon dioxide and
releasing dimethyl sulfide (DMS) (Ding et al., 2021). The
transformation of nitrogen by water microbes will alter carbon
dynamics and biodiversity (Kuypers et al., 2018). The surface
water body lies between the atmosphere and the sediment layer.
It is an important scientific problem to explore how microbial
community composition and functional diversity affect
biogeochemical cycle.

With the iterative development of high-throughput sequencing
technology, metagenomics technology can analyze lake microbial
diversity and functional metabolism without isolating and culturing
microbes. In recent years, many studies have focused on exploring
the impact of environmental factors on the composition of microbial
community (Yang et al., 2019; Ji et al., 2022; Shang et al., 2022; Zha
et al., 2022). Salinity, pH, and geographic isolation are important
factors of lake microbial distribution worldwide (Filker et al., 2016;
Glasl et al., 2018). Lakes with different terrain ladders (terrains of
contrasting elevation levels) have special living environments and
abundant microbial taxa, which play diverse roles in energy
metabolism and material circulation (Eiler et al., 2012; Xing
et al., 2020; Tran et al., 2021). Many studies have shown that
different microbial communities can complement each other in
the biogeochemical cycle (Rathour et al., 2020; Liu et al., 2021).
However, there are few studies on the lateral comparison of the
microbial community structure among lakes in different ladders and
their roles in biogeochemical cycles using functional metagenomics.

In order to figure out the microbial community of lakes with
different topographical ladders and their role in biogeochemical
cycles, this study took the three terrains of contrasting elevation
levels formed on the eastern side of the Himalayas as the research
object. The continuous collision of the Eurasian plate and the Indian
plate formed the Qinghai-Tibet Plateau and the Himalayas, and this
process of uplift has continued from 50 million years ago to the
present (Tapponnier et al., 2001). From the east side of the
Himalayas to the Pacific Ocean, there is an obvious three-level
terrain ladder that located in different watersheds and climate zones.
Therefore, it is of great significance to understand the relationship
between microbial community diversity and metabolic potential in
typical lakes according to terrain differences. Based on the
metagenomics technology, this study conducted a horizontal
comparative analysis on the surface water microbial community
composition of 51 lakes in three terrain ladders, and focused on six
typical lakes to deeply analyze the relationship between microbial
composition and functional diversity. This study is the first to use
metagenomic sequencing technology to reveal the microbial
characteristics of the Ngari region on the Qinghai-Tibet Plateau.
By comparing the microbes among lakes in different ladders, this
study tries to answer two questions: 1) how environmental factors

drive the difference of microbial composition in surface water
among lakes; 2) how the microbial community structure is
related to the dominant metabolic functions within
biogeochemical cycles.

Materials and methods

Sample collection

According to the difference of the terrain ladder, the Qinghai-
Tibet Plateau lakes of the first terrain ladder are labeled as TL1 (the
elevation is over 4,000 m), the Yunnan-Guizhou Plateau lakes of the
second terrain ladder are labeled as TL2 (the elevation is between
1,000 and 2000 m), and the lakes of the middle and lower reaches of
the Yangtze River plain of the third terrain ladder are labeled as TL3
(the elevation is under 500 m).

The 16S rRNA gene of surface water of 51 lakes (16 in TL1, 11 in
TL2, 24 in TL3, Figure 1) in three ladders was downloaded from
National Center for Biotechnology Information (NCBI) according
to relevant research (Hong et al., 2011; Liao et at., 2016; Liu et al.,
2019; Bai et al., 2020). 51 lakes collected in the literature were
sampled in July and September of 2017 and the surface water (top
50 cm) was collected at each lake. The filter membrane is made of
polycarbonate with the pore size of 0.7 um (TL1) and 0.22 um
(TL2 and TL3). This study collected and unified the geographical
data (Supplementary Table S1) and the physicochemical variables of
these lakes. The environmental factors used for subsequent analysis
include temperature (Temp), salinity (Salinity), pH, dissolved
oxygen (DO), total nitrogen (TN), total phosphorus (TP), and
chlorophyll a content (chl a) (Supplementary Table S2).

In this study, 6 typical lakes from 51 lakes were selected to collect
surface water samples. In September 2019, surface water samples
from two lakes [Mandong Co (MD) and Kunzhong Co (KZ)] on
Qinghai-Tibet Plateau and two lakes (Erhai (EH) and Fuxian Lake
(FX)) on Yunnan-Guizhou Plateau were collected (Shen et al., 2019).
In October 2019, surface water samples from two lakes (Bohu Lake
(BH) and Daye Lake (DY)) in the middle and lower reaches of the
Yangtze River were collected (Figure 1). For each lake, the seven
sampling sites were in an S-shaped, equidistant distribution from the
center of the lake. The surface water (top 50 cm) was collected at
each sampling site. Water samples (2L) were 1) collected using
disposable sterile bags; 2) mixed in a 20L sterile bucket; 3) vacuum
filtered through polycarbonate membranes with pore sizes of
120 um and 0.22 um in turn; 4) put into sterile cryopreservation
tubes and stored in liquid nitrogen; 5) transported back to the
laboratory and stored in the laboratory at −80°C.

DNA extraction, sequencing and
preprocessing

The DNA of total community was extracted from the sample
according to the method of Xie (Xie et al., 2016). The three groups of
lake samples were applied in the same method for DNA extraction.
Themetagenomic sequencing library was performed on the Illumina
Genome IIx sequencing platform. More than 30G of raw data were
generated from each library and preprocessed by FastQC software
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(v0.11.8, Brown et al., 2017) and Trimmomatic (v0.39, Bolger et al.,
2014) for quality control.

Processing of sequence data

QIIME2 (v2022.8, Bolyen et al., 2019) was used to annotate the
16S amplicon data of 51 lakes: 1) Use the summarize plug-in to view
the location distribution of low quality base and set parameters for
filtering and reduced noise with Deblur algorithm; 2) Load and train
the taxonomy classifier Greengene 13_8; 3) Perform species
annotation and visualization.

The metagenomic data analysis was done as follows: 1) megahit
(v1.2.9, Li et al., 2015) was used to splice reads into contigs of
appropriate length; 2) Prodigal (v2.6.3, Hyatt et al., 2010) was used
for gene prediction, and kaiju (v1.9.0, Menzel et al., 2016) was used
for classification and statistics; 3) The functional analysis based on
the prokaryotic microbial protein coding regions (CDSs) obtained
by splicing; 4) Large (>2 kilobases) contig were clustered into
metagenome-assembled genomes (MAGs) and read coverage
using Metabat2 (v2.12.1, Kang et al., 2019;Kitzinger et al., 2019).
Redundant bins were subsequently dereplicated and evaluated using
CheckM(v1.1.3, Parks et al., 2014) with a completeness cutoff of
90%, contamination cutoff of 10% and minimum genome size of

900 kilobases; 5) CAT (v5.0.3, Pontius et al., 2007) was used for
classification annotation; 6) emmapper (v2.0.0, Federhen, 2012) was
used for functional annotation; 7) constructing the distance matrix
based on assembly genome sequence information obtained from
binning and CVTree (v3.9.6, Qi et al., 2004) to construct a genome-
wide vector phylogenetic tree based on high-quality binning results.

Calculation of community metabolic
potential

The analysis of community metabolic potential focused on the
processes of the biogeochemical cycles of carbon, nitrogen and
sulfur in lakes at three different ladders. In order to infer the
metabolic potential of each lake, this study used to the metabolic
marker genes (KO) and formulas summarized in relevant studies
(Lanuro et al., 2011; Llorens-Mares et al., 2015; Kieft et al., 2018) for
calculation. Transcripts per million (TPM) is usually used for the
normalization of gene expression in transcriptomes, and it is also
applicable to multidimensional data in metagenomics. This study
used the TPM values of marker genes annotated in lake samples to
calculate the metabolic potential of the microbial communities. The
metabolic potential of the whole metabolic process is obtained by
averaging the TPM values of genes with the same function and

FIGURE 1
Distribution map of lake sites. The points (triangles and five-pointed stars) marked in the map represent the sites distribution of 51 lakes with 16S
rRNA gene downloaded from National Center for Biotechnology Information (NCBI), among which the five-pointed stars (red) represent the site
distribution of six typical lakes sampled.
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adding the TPM values of genes with other functions belonging to
the same process. A total of 42 marker genes were used in the study,
and the specific formulas and values are shown in Supplementary
Tables S3, S4.

Statistical analysis

Based on Bray-Curtis similarity distance matrix, non-metric
multidimensional scaling (NMDS) and analysis of similarity
(ANOSIM) were used to compare and analyze the molecular
data of microbial community structure of 51 lakes at different
terrain ladders with R (v 4.2.2) vegan package. NMDS analysis
was used to describe the difference of microbial community
composition of 51 lake samples; ANOSIM analysis was used to

test whether the difference between the three groups was
significantly greater than the difference within the group. The
distance of rank was used to determine whether differences exist
between different groups, which was obtained with the equation:

distance of rank � rB − rW
1
4 n n − 1( )( )

rB: mean rank of between group dissimilarities
rW: mean rank of within group dissimilarities
n: the number of samples
Indicator species analysis was used for 51 lakes based on species

abundance and functional abundance to calculate the indicator
value based on the dplyr package. The indicator value quantifies
the fidelity and specificity of species in relation to groups of sites in a
user-specified classification of sites, and tests for the statistical

FIGURE 2
Microbial community diversity and its correlation with environmental drivers in surface water samples from 51 lakes. (A) Results of NMDS analysis of
microbial composition based on Bray-Curtis similarities. The five-pointed star site represents six typical lakes selected for sampling (Mandong Co (MD),
Kunzhong Co (KZ), Erhai (EH), Fuxian Lake (FX), Bohu Lake (BH) and Daye Lake (DY)). (B) Box plots of the ANOSIM results on lake microbial community
composition in individual terrain groups and between the groups; Borders represent interquartile range (IQR), whiskers represent the 1.5 times IQR
range within the upper and lower quartiles respectively, points represent outliers that exceed 1.5 times IQR. (C) Indicator species analysis was used to
reveal the species that cause significant differences between groups. The bars show the indicator values of the phyla in the groups. (D) Correlation
analysis of environmental factors and microbial composition. Spearman correlation coefficient was used to measure the correlation between
environmental factors, the color gradient and box size represent the degree of the correlation, red indicates positive correlation, and blue indicates
negative correlation. Mantel test was used to measure the correlation between community composition and various environmental factors. Line width
corresponds to Mantel’s r-statistic for distance correlations, line color denotes statistical significance based on 9,999 permutations.
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significance of the associations by permutation. The indicator value
of species i for group j was obtained with the equation:

IndValij � 100*Aij*Bij

Aij is specificity, i.e., the proportion of the individuals of species i
that are in group j; Bij is fidelity, i.e., the proportion of sites in group j
that contain species i.

The correlation between environmental factors was tested by
spearman correlation analysis, and the correlation between
environmental factors and microbial community was tested by
Mantel test. The significance level was taken as p < 0.05.

Results

Comparison of microbial diversity in surface
water with different ladder lakes

Based on the 16S rRNA gene information of 51 lakes, NMDS
analysis and ANOSIM analysis were performed on the microbial
composition of the lakes. The results showed that there were
significant differences in the microbial composition among the
terrain ladders (R = 0.927, p = 0.001, Figure 2B), while the
microbial composition of lakes with the same ladder was similar
(stress = 0.092, Figure 2A). The analysis results based on the
indicator species (Figure 2C) showed that Verrucomicrobia was
the indicator species that caused the difference between TL1 and the
other two groups; Planctomycota was the indicator species that
caused the difference between TL2 and the other two groups.
Proteobacteria and Bacteroidetes were the indicator species that
caused the difference between plateau lakes (TL1 and TL2) and plain
lakes (TL3). In general, there were different indicator species in the
lakes with different ladders (Supplementary Table S5).

The physical and chemical data of the three groups of lakes were
different. The salinity increased with the altitude gradient
(TL1>TL2>TL3), the temperature and chlorophyll decreased with
the altitude gradient (TL3>TL2>TL1), and the total nitrogen of
plain lakes was higher than that of plateau lakes (TL1>TL3>TL2)
(Supplementary Table S2). Based on Spearman correlation analysis
(Figure 2D), elevation was significantly positively correlated with
total phosphorus (TP) and salinity (p < 0.05); chlorophyll (chl a) and
temperature (Temp) was significantly negatively correlated (p <
0.05). TheMantel test results showed that elevation and salinity were
important drivers of microbial community structure composition
(p < 0.01).

Microbial species analysis based on
assembly genomes

Based on the significant differences in the microbial
community composition of lakes among terrain ladders, two
lakes in each group were selected for sampling.
146 metagenome-assembled genomes (MAGs) from sampling
lakes were obtained based on metagenome data. Six dominant
phyla were determined by calculating the abundance of each
MAGs and constructing a phylogenetic tree [Proteobacteria (47),
Actinobacteria (33), Plantomycetes (21), Bacteroidetes (15),

Cyanobacteria (12) and Verrucomicrobia (11)], which
accounted for more than 80% of MAGs (Supplementary Table
S6; Figure 3A). Species indicative of differences in microbial
composition in the 51 lakes (Figure 2C) were dominant in the six
selected study lakes. The microbial composition of the six typical
lakes selected to sample was representative among the 51 lakes.

The distribution of dominant species showed that the four
dominant species phyla were distributed in the three groups of
lakes (Figure 3B), the species richness of TL2 was highest, and the
species richness of TL1 was lowest. The genome size and GC content
of dominant microbial groups in the six sample lakes were different
(Figures 3C, D). Actinobacteria and Proteobacteria had relatively
small genomes in the three groups. Plantomycetes had larger
genome, which in TL1 (5.5 M) was larger than other groups
(5 M). The genomic GC content was mostly distributed between
0.55 and 0.70. The evolutionary trend that microbes tend to have
larger genomes and a higher GC content may be driven by energy
and nutrients (Mende et al., 2017). But the Actinobacteria in this
study had smaller genomes and a higher GC content. Microbes are
often adapted to oligotrophic environments through metabolic lean
strategies that reduce the GC content and maintain a smaller cell
morphology (Haro-Moreno et al., 2018). The lake microbes in this
study did not show an obvious metabolic reduction strategy, and the
GC content of the dominant species was approximately 0.6.

Biogeochemical cycles driven by lake
surface microbial communities

Based on the functional gene clustering of carbon, nitrogen and
sulfur obtained from dominant microbes (Supplementary Figure
S1), it was found that lakes of different ladders were clustered from a
functional perspective. In this study, the TPM values of 42 marker
genes (Lanuro et al., 2011; Llorens-Mares et al., 2015; Kieft et al.,
2018) present in the lake samples were used to calculate the
metabolic potential in the carbon, nitrogen and sulfur cycles, and
converted to the relative metabolic potential of 100% in each cycle
(Figure 4; Supplementary Tables S3, S4). Based on the analysis of
indicator species, it was found that the functional distribution of
microbes was significantly different in 12 metabolic processes
(Figure 5; Table 1).

The six dominant species in this study played important and
distinct roles in multiple metabolic processes of the nitrogen and
sulfur cycles in lakes with different ladders. Actinobacteria was the
important indicator species that distinguish Qinghai-Tibet Plateau
lakes from the other two groups. Cyanobacteria was the important
indicator species that distinguish Yunnan-Guizhou Plateau lakes
from the other two groups. Planctomycetes and Verrucomicrobia
were important indicator species that distinguish plateau lakes from
plain lakes. Proteobacteria was the important indicator species that
distinguish plain lakes from plateau (especially Qinghai-Tibet
Plateau) lakes. Functional genes of Chloroflexi and Bacteroidetes
were rarely detected in lakes of the Qinghai-Tibet Plateau, but they
were indicator species of multiple metabolic processes in lakes of
Yunnan-Guizhou Plateau and plains.

For the carbon cycle, the aerobic respiration and fermentation
metabolic potential of plateau lakes (TL1 and TL2) were higher than
plain lakes (TL3). The fermentation process was mainly driven by
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Planctomycetes (p < 0.001) in plateau lakes and was jointly driven by
Proteobacteria (p < 0.001) and Chloroflexi (p < 0.001) in plain lakes.
The metabolic potential of CO oxidation and aerobic C fixation
showed a gradient change (TL3>TL2>TL1). Chloroflexi (p < 0.001)
in TL2 and TL3 played an important role in the CO oxidation
process. The aerobic C fixation process was driven by Cyanobacteria
(p < 0.001) in plateau lakes and by Proteobacteria (p < 0.001) in plain
lakes. Overall, Proteobacteria played a significant role in carbon
cycle in plain lakes; the carbon cycle process was driven by a variety
of dominant microbes in plateau lakes.

For the nitrogen cycle, the processes of nitrogen assimilation and
mineralization were driven by Actinobacteria (p < 0.001) in TL1 and
Bacteroidetes (p < 0.001) in TL2 and TL3. In the process of
denitrification, the plateau lakes were mainly driven by the
Planctomycetes (p < 0.001), while the plain lakes were coordinated
by Proteobacteria (p < 0.001) and Bacteroidetes (p < 0.001).
Ammonification was absent in TL3 and was driven by
Planctomycetes (p < 0.001) in TL1 and Chloroflexi (p < 0.001) in
TL2. The relatively complete nitrogen cycle process was annotated in
TL2, and the processes of nitrogen fixation, anammox and nitrate
reduction were only found in TL2. There were relatively few nitrogen

cycle processes annotated in TL3, but the metabolic potentials of
nitrogen assimilation, mineralization and nitrification were higher
than plateau lakes.

For the sulfur cycle, polysulfide reduction was a unique metabolic
process in TL1 driven by Actinobacteria. The metabolic potential of the
assimilatory sulfate reduction process in plateau lakes was significantly
higher than that in plain lakes; the metabolic potential of dissimilatory
sulfate reduction and sulfide oxidation in plain lakes is higher than
plateau lakes. These two processes weremainly driven by Proteobacteria
(p < 0.05) in the plain lakes, and Planctomycota and Verrucomicrobia
(p < 0.001) in the plateau lakes.

Discusssion

Lake microbial community diversity
response to environmental factors

Based on metagenomic sequencing technology, this study
compared the differences in microbial community composition of
51 representative lakes at different terrain ladders. The composition

FIGURE 3
High-quality genomic characterization. (A) Whole-genome phylogenetic tree. Different colors represent different phyla. (B) Venn diagram of the
distribution of species based onMAGs, the number after species is the count of MAG. (C)Grouping box diagram of the relationship between genome size
and phylum. (D) Grouping box diagram of the relationship between GC content and phylum.
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of dominant microbial species in the 51 lakes of the three terrain
ladders was similar. At the phylum level, the top six dominant phyla
accounted for more than 60% of the lake microbial abundance.
Researches have shown that the microbes in oligotrophic lakes on
the northern Qinghai-Tibet Plateau are dominated by
Actinobacteria and Verrucomicrobia (Liu et al., 2019; Gu et al.,
2021), which was consistent with the results of this study using
selected lakes on the Qinghai Tibet Plateau. The microbial
composition of Erhai, Fuxian Lake, Bohu Lake, and Daye Lake
also corroborates previous literature records (Hong et al., 2011; Bai
et al., 2020). Global-scale studies of lake microbes have shown that
there are biogeographical patterns of microbial distribution existed
in lakes and microbial dispersal limitations can be used to explain
this biogeographical pattern (Martitny et al., 2011). This point of
view was mutually supported by the result that the microbial
abundance in the surface water of lakes with different ladders is
significantly different (Supplementary Figure S2). Furthermore, the
three terrain ladders are located in different watersheds and climate
zones, and the differences in water and air conditions caused by
different watersheds and monsoons may be an important reason for
the formation of microbial community diversity.

Based on the correlation analysis, the three environmental
factors (elevation, salinity and chl a) had significant correlations
to composition of microbial community (p < 0.01). For the lakes, the

most direct changes brought about by elevation is temperature.
Temperature changes have been shown to be an important factor in
microbial changes (Glasl et al., 2018). Global-scale lake researches
have shown that the microbial community composition in lake is
significantly correlated with geographic distance, salinity and
pH (Glasl et al., 2018). Microbes have specific adaptation
strategies to the environmental stress of salinity (Oren, 2011),
which is consistent with our finding that salinity is a significant
factor affecting the composition of microbial communities and
functional composition in this study.

In the oligotrophic environment, there aremore species ofmicrobes
in lakes (Yao et al., 2017; Yanez-Montalvo et al., 2022). In this study, the
lakes in Yunnan Guizhou Plateau are obviously the most abundant in
microbial composition, which may be due to the oligotrophic condition
and large water depth span providing a suitable living environment for
microbes. The distribution of microbe in the middle and lower reaches
of the Yangtze River may be concentrated due to human activities.
Although the Qinghai Tibet Plateau has an oligotrophic environment,
the harsh natural conditions in Ngari region make many
microorganisms lose their suitable niches (Yao et al., 2017; Liu L.
et al., 2021). The genome size and GC content of microbes should be
affected by a variety of factors (Mende et al., 2017). It is speculated that
under the stress of special environments, microbes in plateau lakes can
adapt to the plateau environment by increasing the GC content to

FIGURE 4
Schematic diagram of metabolic potential of lakes in each terrain ladder participating in carbon, nitrogen and sulfur cycles. Width of arrow is
proportional to the relative metabolic potential of the pathways (100% values of each cycle, see Supplementary Table S4). Dotted lines indicate that
marked genes were not detected.
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FIGURE 5
Stacked histogram of relative abundance of microbial functions in six typical lakes during 12 metabolic processes of nitrogen, and sulfur cycles. The
horizontal axis represents each lake, the vertical axis represents the percentage of relative abundance of functions and the color represents phylum.

TABLE 1 Statistics of indicator species in metabolic processes.

Indicator species Group* Cycle* p-value

Actinobacteria TL1 C(3),N(1),S(2) <0.001

N(1) <0.05

Cyanobacteria TL2 C(3),N(1),S(2) <0.001

C(2) <0.05

Proteobacteria TL3 C(1),N(1),S(1) <0.001

C(1),S(1) <0.05

Planctomycetes TL1+TL2 C(4),N(3),S(2) <0.001

Vercomicrobia TL1+TL2 C(2),N(2),S(2) <0.001

C(1) <0.01

Bacteroidetes TL2+TL3 C(2),N(2) <0.001

N(1) <0.01

Chloroflexi TL2+TL3 C(3),N(2),S(2) <0.001

Group*:’+’ represents indicator species in multiple groups.

Cycle*: C, N, and S represent the carbon, nitrogen, and sulfur cycles respectively, and the numbers in brackets represent the number of metabolic processes at this significance level.
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maintain a higher bond energy; plain lakes require more complex
metabolic strategies due to long-term human disturbance (Mende et al.,
2017; Haro-oreno et al., 2018).

Relationships between metabolic potential
and dominant microbial species

Based on different dominant microbes acting as indicator species in
multiple metabolic processes in the lakes of the three groups, it was
speculated that microbial mediated biogeochemical cycles are unique in
aquatic ecosystems with different topographical environments.

The CO oxidation process played an important role in the carbon
cycle of different ladder lakes. CO in water mainly comes from the
photolysis or oxidation of organic matter, and the intensification of
water eutrophication will lead to the accelerated production of CO
(Kieft et al., 2018), which verifies the view that plain lakes with higher
trophic status have a relatively higher potential for CO oxidation
metabolism. A reaearch (Llorens-Mares et al., 2015) has shown that
Proteobacteria is themain driver of COoxidation in aquatic ecosystems,
which is consistent with the finding that Chloroflexi is the main driver
of the CO oxidation process in the lakes of Yunnan-Guizhou Plateau in
this study. As a special phylum of photosynthetic bacteria, Chloroflexi
achieves CO2 fixation through the dual-cycle pathway of 3-
hydroxypropionate. This study supports a view (Rao et al., 2022)
that Chloroflexi can compensate for the lack of CO2 through the
CO oxidation pathway.

Shen (Shen et al., 2019) had shown that Cyanobacteria use
fermentation as an alternative means of producing energy under
anoxic conditions in eutrophic lakes. The fermentation was mainly
driven by the Planctomycetes in the plateau lakes and were jointly
driven by the Proteobacteria and Chloroflexi in the plain lakes,
which may because the microbes are relatively structurally stable
and not affected by the anoxic conditions caused by algal blooms in
relatively oligotrophication lakes. There is functional redundancy in
the Calvin cycle that the microbes that drive the process gradually
change from Cyanobacteria to Proteobacteria as the relative
abundance of cyanobacteria decreased.

The metabolic potential of ammoniation in the lakes of Qinghai-
Tibet Plateau is significantly higher than the lakes in other terrain groups,
presumably due to the high salinity in the lakes of Qinghai-Tibet Plateau
that promotes the transformation of nitrate into ammonium by
Planctomycetes (Peeters et al., 2020). There is a complete nitrogen
metabolism process in the lakes of Yunnan-Guizhou Plateau. This may
be because the vast water area and deeper depth span providemicrobes a
larger andmore complex living space (Shen et al., 2019; Xing et al., 2020),
whichmakesmicrobes need amore complete functional system to adapt
to the environment. In plain lakes with more frequent anthropogenic
disturbance, there are few nitrogen metabolism pathways, but the
metabolic potential of the existing pathways is high, which may
reflect the different functions of the microbes. The two metabolic
processes of assimilating sulfate reduction and sulfur mineralization
in Mandong Co on the Qinghai-Tibet Plateau were driven by
Actinobacteria, while those in other lakes were mostly driven by
Proteobacteria. This may be because Mandong Co provides a unique
living environment for Actinobacteria, which consolidates the dominant
position of Actinobacteria and drives it to complete multiple metabolic
processes. The potential of dissimilatory sulfate reduction and sulfide

oxidationmetabolism thatmediated by Proteobacteria in plain lakes was
significantly higher than that in plateau lakes, which may lead to the
release of H2S from plain lakes (Arora-Williams et al., 2018).

The abundances of functional gene for CO oxidation, fermentation,
and ammonification in Chloroflexi were significantly inconsistent with
its relative community abundances in lakes (Rao et al., 2022). This
finding demonstrates the important contribution of low-abundance
bacteria to geochemical cycles, which also confirmed by the
performance of Planctomycetes in the processes of fermentation,
ammonification and denitrification (Peeters et al., 2020). The
compositional abundance of microbial communities in different
ladder lakes was significantly different but the differences of relative
metabolic potential within lakes were similar, indicating that each lake
has a unique structure of community taxonomic and functional
redundancy formed internally.

Conclusion

In summary, the microbial communities within the same terrain
ladder lakes have high homogeneity. The dispersion of mircobes on
the large spatial scale has been limited by the geographical barrier
caused by elevation and the physicochemical differences of water.
This study complements other studies of microbial diversity and
reveals that the microbial community structure is related to the
dominant metabolic functions within biogeochemical cycles by
metagenomic methods. In the future, more research will focus on
the mechanism of microbes in the geochemical cycle and the
interaction between microbes, habitats and human activities from
a larger spatial scale.
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