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The study on sediments in the marginal basins of the Tibetan Plateau is of great
significance for global climate change. The geological information of the Linxia Basin
has been intensely investigated; however, the profiles of the microbial communities in this
basin remain largely unknown. Here, based on the 16S rRNA high-throughput sequencing
method, the bacterial community structure vertical succession is studied with different
thicknesses of sedimentary samples. The bacterial community with a total of 1,729,658
paired reads distributed within 1,042 phylogenetic amplicon sequence variants (ASVs)
from twenty sediments, and three surrounding soil samples were sequenced. First, high-
throughput sequencing results highlight the surrounding soil sample bacterial community
structures were significantly different from those recovered from the sediment samples. In
addition, as observed in the PCoA and PERMANOVA, there is a dramatic change shift
event of the community structure at M311. Our data suggest that shifts in relative
abundances of the abundant taxa (˃1%) and the significant variations in the diversity of
bacterial community implied community structure responses to changes in different
sedimentary layers. Predicted community function changes demonstrate that the
sediment bacterial community aerobic chemoheterotrophy has been significantly
increased, and we believe that the possible influence of the lithofacies changes from
the anaerobic system to the aerobic environment, possibly accompanied by the significant
uplift of the plateau that has previously been associated with enhanced aridity in Central
Asia at ∼8Ma. Taken together, these results illustrate the potential for the microbial
community as a biological indicator in sediment ecosystems to reconstruct
paleoenvironments.
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INTRODUCTION

Microorganisms play key ecological roles in the process of
geological and climate change. With the rapid development of
modern molecular microbiology, we are able to study the
abundance, distribution, and types of microorganisms in
various extreme environments (Bard et al., 1997; Hofman
et al., 2015). Scientists use these new methods to study
microbes in modern environments and also microbes in
ancient rocks, such as microbial ancient DNA (Coolen et al.,
2005; Coolen et al., 2006). According to relevant research reports,
the ancient microbial community structure and
paleoenvironmental conditions can be reconstructed by
studying ancient microbial DNA and biomarkers retained in
sediments and sedimentary rocks. Coolen and Ovemann
(1998) and Coolen et at. (2006) have confirmed that a certain
amount of DNA was detected in the Holocene sediments, which
was well preserved and protected against further degradation
(Coolen and Overmann, 1998; Coolen et al., 2006). In 2007,
217000-year-old DNA sequences of green sulfur bacteria were
implicated for the reconstruction of the paleoenvironment
(Coolen et al., 2007). Inagaki et al. reported an unusual
archaeal community, may be microbial relicts more than 2
million years old, serves as potential geomicrobiological
evidence (Inagaki et al., 2001), and bacterial ribosomal RNA
genes were amplified from a continental drilled core of black shale
approximately 100 million years in age, and then “Paleome” was
proposed (Inagaki et al., 2005). In particular, oceanic sulfate-
reducing bacteria were found predominated at the mid-
Cretaceous oceanic anoxic events layer, which is very
consistent with major geological events. Recent research
studies showed ancient DNA preserved in Qinghai Lake
sediments was used to reconstruct the temporal succession of
plankton communities in the past 18,500 years (Li et al., 2016).
Moreover, a time series approach to infer past taxa richness from
sedimentary ancient DNA from the southeastern Tibetan Plateau
revealed a threat of warming-induced alpine habitat loss to
Tibetan Plateau plant diversity (Liu et al., 2021). Therefore,
the characteristics of climate change, the understanding of the
continuous acquisition of fine molecular-level organic
components, and the recording of large-scale environmental
regional changes in climate characteristics and other scientific
issues could be answered with a combination of interpretation
from microbiology study (Coolen et al., 2004; 2013; Cao et al.,
2017; Han et al., 2017).

All along, with the severe impact of the changing global climate
and temperature, the changes and environmental effects of the
inland arid regions of Asia have attracted more attention from
many researchers because it is closely related to the uplift of the
Tibetan Plateau (Li and Fang, 1999; Zachos et al., 2001). The arid
region of northwestern China, located in the inland of Asia, is one of
the most significant arid regions in the northern hemisphere (Guo
et al., 2008). It is characterized by temperate desert and temperate
grassland landscapes with dry and humid temperatures, unlike
latitude zonality in other parts of the world’s arid area. At the
same time, many basins around the Tibetan Plateau are in key areas
of environmental change. During the uplift of the Tibetan Plateau,

sedimentary organic matter plays an important role in the
aridification mechanism (Guo et al., 2004). Therefore, the study
on sediments in themarginal basins of the Tibetan Plateau is of great
significance. There are some large inland basins in Northwest China,
which accumulate in extra-thick Cenozoic sediments. Many
previous studies have already confirmed the value of these
sediments, and related chronostratigraphic work has been carried
out to record changes in the arid environment within Asia (Fang
et al., 1999). According to previous geologists, we know that the
sedimentation of the Linxia Basin began at about ∼54Ma with
almost no interruption until ∼1.7Ma (Feng et al., 2021, GR). They
have an almost continuous and complete sedimentary sequence
controlled by precise ages since the Cenozoic in the Linxia Basin
(Fang et al., 2003). In the natural geographical position, the Linxia
Basin is located at the intersection of the three major natural belts in
the eastern monsoon region. It is also at the apex of the monsoon
triangle, affected by the two systems of the westerly circulation and
the monsoon circulation. The Cenozoic strata of the entire basin
have been almost continuously deposited from the Oligocene to the
present, providing a more complete Cenozoic stratigraphic record
than the South Valley West Valley, which provides a very favorable
geological condition for in-depth study of environmental evolution
in the region.

Many major geological or climatic events on the Earth,
especially the uplift of the Qinghai–Tibet Plateau since the
Cenozoic, and the aridification of the inland of Asia are even
more interrelated with the lithosphere, hydrosphere, atmosphere,
and biosphere. The role is closely related, so it is necessary to
break through the traditional geological point of view, and it is
necessary to examine and react with a new perspective to confirm
the plateau uplift, and its resource environment, and climate
effects. Previous scholars have successfully used physical and
chemical methods to study climate change in this region, but the
use of microbial methods to study the community structure of
prokaryotic microbes in this region and the inference of
paleoenvironmental and paleoclimate have rarely been reported.

Therefore, we make an exploratory attempt to determine the
bacterial community recovered from Maogou section sediments
in the Linxia Basin on the northeastern edge of the Tibetan
Plateau. This study focuses on the microbial community structure
and function from different stratigraphy sediment samples, in
hopes of revealing the bacterial community evolution
characteristics and the potential for the microbial community
as a biological indicator in sediment ecosystems to reconstruct
paleoenvironments.

MATERIALS AND METHODS

Site Description
The Linxia Basin is located in the northeastern part of the
Qinghai–Tibet Plateau (120°30′–104°E, 35°10′–35°51′N,
Figure 1). The sedimentary samples are mainly mudstone and
sandstone of fluvial and lacustrine origin. The Maogou section is
located in the middle of the Linxia Basin and is a representative
section of the Tertiary red bed, and the strata are almost vertically
stacked (Li et al., 2014). It is a set of river-lake-phase clastic rocks.
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The previous study provides a detailed magnetostratigraphic
record of subsidence in the basin. The red bed in this area is
from 30.6 to 4.0 Ma, that is, from the upper Oligocene to the
Pliocene, the total thickness of the section is about 443 m (Wang
et al., 2012). Figure 1 shows the location of each sample in the
studied section.

Sampling Method
Twenty representative sediment thicknesses were selected
from 289 to 387 m, respectively, as well as three

surrounding soil samples. Three lacustrine sediment
samples were collected from each thickness, and then
samples from each thickness were pooled and
homogenized in the laboratory. Figure 2 shows the
thicknesses, lithology, and stratigraphic division of each
sample in the study section. In order to minimize
pollution, we climbed and reached the location of the
specific stratum, removed the ∼1-m exposed surface
samples from the layer, and then took the sediment
samples. All collected sedimentary samples were stored in

FIGURE 1 | Location of the Linxia Basin (A) and the geological map of the Linxia Basin and adjacent regions in this study area (modified from Yang et al., 2016).

FIGURE 2 | Stratigraphic division, sedimentary facies, lithology (modified from Fang et al., 2016), sampling depth (solid blue circle), sedimentary rate (He et al.,
2020), pH, and total organic carbon (TOC) content in Maogou section.
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transparent capsules and sealed bottles that had been
completely sterilized, numbered, and sealed. Samples for
microbial community analysis were transported on ice and
stored at −80°C for subsequent DNA extraction. Samples for
geochemical analysis were sealed and stored at room
temperature.

Geochemical Measurements
Surface soil and lacustrine sediment samples total organic carbon
(TOC) were measured with a PE 2400 series II CHNS/O analyzer
(Perkin Elmer, United States). pH was determined using a pH
meter (pH700, Eutech, and China).

DNA Extraction, PCR Amplicon Libraries
Construction, and Sequencing
In this study, all the sediment and soil samples were extracted
using a Power Max Soil DNA Isolation Kit (MO Bio
Laboratories, Solana Beach, CA). According to the
instructions of the kit, 0.25 g of sedimentary rock samples
were taken and the subsequent steps were carried out. The
extracted genome was identified by electrophoresis, and the
content and quality of the genome were determined by
Nanodrop 2000. The genomic DNA of the flora extracted
from sediment samples was used as a template, and the V3-V4
hypervariable region of 16S rRNA was detected by the
Illumina MiSeq sequencing platform. In the present study,
the bacterial universal primer sequences were used as F515 5′-
GTG CCA GCM GCC GCG GTA A-3′ and R806 5′-GGA
CTA CHV GGG TWT CTA AT-3’.

Accession Numbers
The 16S rRNA gene sequences were deposited in the National
Center for Biotechnology Information (NCBI) Sequence Read
Archive (SRA) under accession number PRJNA732793.

Statistical and Data Analysis
Each sample yields at least 40,000 reads, and basic data
analysis is performed by QIIME 2 (version v.2019-07)
software (http://qiime.org/scripts/assign_taxonomy.html),
according to the relevant process (Bolyen et al., 2019). The
sequences were aligned against the Silva database (version:
http://www.arb-silva.de/), denoised, high-quality sequences
were clustered, ASVs (features) were divided, and their
species classification was carried out according to the
sequence composition of the feature. The principal
coordinate analysis (PCoA) and alpha diversity including
Chao 1, ACE, Simpson diversity, and Shannon diversity
were subjected to statistical analysis using the QIIME 2.
Data were analyzed using multivariate correlational and
ordination methods in the R statistical environment (R
Core Team 2019), using R packages vegan (version 2.0)
and labdsv (version 1.6). The effect size and statistical
significance between group A and group B on each of the
experimental analyses were determined with permutational
multivariate analysis of variance (PerMANOVA, function
adonis) (Ramos-Robles et al., 2016). PICRUSt2 was used to

analyze the functional characteristics of the bacterial
community.

RESULTS

Environmental Characteristics
The strata section here is divided into three formations, with
their depths mentioned next to the name: Dongxiang
formation at 289–313 m, Liushu formation at 313–330 m,
and Hewangjia formation at 376–387 m (Figure 2).
Environmental parameters varied greatly between sediment
and soil samples. For instance, the contents of TOC in the soil
samples were higher than 1%, while those were less than 0.1%
in the sediment samples, indicating the organic matter content
in the sediment samples is very low. The total organic carbon
(TOC) varied slightly between different thicknesses sediment
samples, and total organic carbon varies between 0.03 and
0.08%, averaging 0.05% (of total dry weight). Due to the large
sampling interval and low total organic carbon, it is difficult to
identify consistent trends in the data and especially for the
sediment samples. The pH in the sediments is in the range of
8.29–9.81, with the highest values in the sediments from the
M387, and the lowest values in the sediment from the M381. It
is worth noting that all samples are alkaline, including soil
samples and sediment samples, and the highest sediment
sample alkaline is as high as 9.81 ± 0.02.

Bacterial Community Composition
The rarefaction curve indicated variation in amplicon sequence
variants (ASVs; or features) density within all the samples, while
the sequence coverage sufficiently captured the bacterial
community diversity (Supplementary Figure S1;
Supplementary Table S1). After the denoising, normalization,
and clustering, a total of 1,729,658 pairs of reads were obtained by
sequencing 23 samples. After quality control and splicing of
double-ended reads, a total of 1,055,347 clean reads were
generated. Each sample generated at least 22,721 clean reads,
with an average of 45,885 clean reads (Table 1). Overall, these
sequences were assigned to 39 phyla, 87 classes, 201 orders, 326
families, 717 genera, and 1,042 species (Table 2).

The top 10 abundant classes and families in each sample were
selected for a detailed understanding of the differences in the
microbial community structure. The top ten classes were affiliated
with Gammaproteobacteria, Clostridia, Alphaproteobacteria,
Bacilli, Actinobacteria, Bacteroidia, Thermoleophilia,
Gemmatimonadetes, Acidimicrobiia, and Deltaproteobacteria,
accounting for 30.46, 14.46, 11.22, 10.98, 9.08, 4.29, 3.94, 1.84,
1.53, and 1.50% of the total bacterial microbial community,
respectively (Figure 3A). In addition, the top ten families were
Burkholderiaceae, Ruminococcaceae, Lachnospiraceae,
Lactobacillaceae, Pseudomonadaceae, Sphingomonadaceae,
Xanthomonadaceae, Enterobacteriaceae, Oxalobacteraceae, and
Micrococcaceae, accounting for 8.31, 5.89, 5.31, 4.45, 3.60, 3.28,
2.32, 2.19, 2.07, and 2.05% of the total bacterial community,
respectively (Figure 3B).
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Figure 3 shows the differences in the relative abundance of
dominant bacteria at different samples. Overall, the bacterial
community structure varied greatly between the sediments and

soil profile. At classes, Gammaproteobacteria, Clostridia,
Bacilli, and Alphaproteobacteria dominated in the sediment
samples, while Alphaproteobacteria, Actinobacteria,
Gammaproteobacteria, and Bacteroidia were the most
dominant in the soil samples. At families, Burkholderiaceae,
Ruminococcaceae, Lachnospiraceae, and Lactobacillaceae
were the most dominant in the sediment samples, and
Sphingomonadaceae, Oxalobacteraceae, Micrococcaceae, and
Xanthomonadaceae dominated in the soil samples. The
structures of the sediment bacterial communities differed
among the studied stratigraphic division groups.
Noteworthily, compared with their abundances in the
twenty sediment samples, it is worth noting that the relative
abundance of Gammaproteobacteria was significantly
increased, while Clostridia was reduced in sediment M311
(Figure 3A). According to the sediment thicknesses of the
samples, the bacterial community composition could be
clustered into two distinctive groups: the first group
occurred from M289 to M309 (group B) and the second
group occurred from M311 to M387 (group A). At classes,
group B contained higher relative abundances of Clostridia,
Gammaproteobacteria, and Bacilli, but group A had higher
relative abundances of Gammaproteobacteria,
Alphaproteobacteria, and Clostridia, respectively. The
Ruminococcaceae, Lachnospiraceae, Lactobacillaceae, and
Burkholderiaceae were the most dominant in group B
sediment samples, and Burkholderiaceae, Lachnospiraceae,
Pseudomonadaceae, and Oxalobacteraceae dominated in
group A sediment samples at families, respectively.

TABLE 1 | Statistics of sample sequencing data processing results.

Sample ID Raw reads Clean reads Denoised reads Merged reads Non-chimeric reads

M289 65,588 27,971 24,541 17,565 17,010
M291 66,269 27,198 22,874 17,050 16,956
M293 65,296 22,721 20,099 16,941 16,820
M295 70,927 33,618 30,156 24,936 24,755
M297 86,987 42,594 38,068 31,552 31,412
M299 87,703 36,084 31,879 24,691 24,521
M303 91,087 38,305 34,012 25,992 25,863
M305 81,910 34,683 30,107 23,011 22,626
M307 96,162 46,282 41,290 32,945 32,809
M309 72,352 28,195 24,241 19,034 19,033
M311 81,573 68,472 65,450 59,103 58,606
M313 41,600 35,795 32,802 27,375 27,220
M315 50,074 24,623 20,661 15,463 15,388
M319 55,648 41,105 36,969 27,919 27,250
M329 73,249 62,358 57,183 44,752 44,083
M330 97,951 80,173 74,122 58,777 57,496
M376 79,481 68,670 65,509 56,497 54,883
M378 60,741 51,256 48,169 41,558 40,873
M381 60,269 49,315 45,502 35,668 31,197
M387 97,971 79,394 72,505 55,383 54,784
S1 96,755 68,245 63,298 50,405 48,834
S2 63,862 46,158 41,298 30,836 30,242
S3 86,203 42,132 37,130 28,756 28,272
Total 1,729,658 1,055,347 9,57,865 7,66,209 7,50,933

Note: Sample ID is the sample name;RawReads is the original number of reads obtained by sequencing;Clean Reads is the number of high-quality reads obtained after quality control
of the original sequence; Denoised Reads is the number of Reads after Clean Reads denoising;Merged Reads is the number of Denoised Reads according to overlap The number of
sequences obtained after splicing; Non-chimeric Reads is the number of sequences after the final chimeric removal.

TABLE 2 | Taxonomy classifies the distribution table of each sample in the Linxia
Basin.

Sample Phylum Class Order Family Genus Species

M289 21 33 91 140 226 296
M291 19 30 79 121 212 282
M293 18 29 81 119 202 260
M295 26 46 105 165 268 344
M297 26 45 113 173 286 365
M299 23 41 108 171 291 382
M303 23 42 99 151 254 337
M305 24 39 99 159 277 362
M307 21 39 97 152 276 372
M309 21 33 88 132 229 299
M311 16 36 82 117 190 245
M313 22 42 107 164 279 348
M315 23 44 94 142 210 261
M319 21 43 110 165 275 346
M329 25 56 134 201 339 410
M330 25 53 128 202 357 444
M376 24 53 118 174 280 347
M378 24 47 119 184 328 407
M381 19 34 85 132 226 302
M387 21 48 122 196 350 447
S1 22 46 101 142 275 362
S2 20 42 94 138 259 337
S3 21 47 102 149 270 340
Total 39 87 201 326 717 1,042
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Comparison of Bacterial Communities’Beta
Diversity
PCoA can be used to evaluate the similarity or variability of
sample community compositions, and the species composition of
two samples is closer when their distance in a PCoAmap is closer.
The bacterial community composition is clustered into three
groups based on the Bray–Curtis distance calculation on
PCoA (Figure 4). Three groups of samples are discriminated
for the location and geological stratification sequence series
(Figure 4): group B, group A, and soil. As shown in Figure 4,
the effect of the main factor Ⅰ was 23.80%, and the effect of the
main factor Ⅱ was 16.32%. The microbial community

composition is significantly different between sediment and soil
samples. In comparison to the soil samples, the sediment samples
had more similar bacterial communities, suggesting there are
greater similarities among the bacterial communities in the
same ancient geological samples, and it may reflect from the
side that the microbial community structures of these sediment
samples strongly differed from the community structures of the
surface soil samples from the surrounding environment.
Meanwhile, different sediment microbial structures were also
observed between group B and group A, which might indicate
that some factors affect the microbial structure more significantly
than lithology or chronological sequence.

FIGURE 3 | Relative abundance of the microbial 16S rRNA gene from the samples collected in different sedimentary layers and surrounding soil, respectively, at
classes (A) and families (B) level (top 10).

FIGURE 4 | Partial correspondence analysis ordinations of the microbial
community diversity as revealed by 16S rRNA gene sequencing from all
samples (yellow circle A: group A, blue circle B: group B, purple circle S: soil).

FIGURE 5 | Bacterial community complexity was evaluated using the
alpha components including the species richness (ACE and Chao 1 index) and
diversity (Simpson and Shannon index) in all sedimentary samples.
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Bacterial Community Alpha Diversity
Change Trends
The alpha diversity can reflect the abundance and diversity of
microbial communities, which includes a series of indices based
on statistical analyses. Considering the focus on sediment
samples, the Chao 1 and ACE indices reflect the community
richness, and the Simpson and Shannon indices reflect the
community evenness in both sediment samples and without
soil samples. Overall, the Good’s coverage index for sequence
depth ranged from 0.997 to 1; the Ace and Chao 1 indices for
community richness ranged from 312.14 to 795.89 and 312.00 to
794.95, respectively, and the Shannon and Simpson indexes for
community diversity ranged from 2.777 to 8.618 and 0.480 to
0.995, respectively (Supplementary Table S1). By calculating the
community structure alpha diversity index, the community
richness of bacterial community structure at the four

thicknesses of M293, M311, M315, and M381 is relatively low
(Figure 5), especially at M293 (Chao 1 and ACE indexes, 312.14
and 312.00) and M311 (Chao 1 and ACE indexes, 320.24 and
324.79). In regard to the community evenness, the Shannon index
and the Simpson index also sharply decreased at M311 (Shannon
and Simpson indexes, 2.777 and 0.480) and M381 (Shannon and
Simpson indexes, 6.757 and 0.972).

PERMANOVA Between Sediment Samples
Microbial community structures inferred from ASV sequences
were significantly dissimilar between group A and group B, with
PerMANOVA R2 � 0.299, p � 0.001 for unweighted UniFrac
analysis and R2 � 0.344, p � 0.001 for weighted UniFrac analysis.
PCoA clearly demonstrates that bacterial communities obtained
from the same group are similar to each other and distinct from
communities under other environments (Figure 6), reinforcing
the finding based on community diversity metrics that drastic
climate or environment changes are associated with distinct
microbial communities. UniFrac analysis showed that the
community clustered strongly, suggesting a history of
evolutionary specialization in relation to a distinctive factor
change at M311.

ANOVA Between Sediment Samples
In the present study, a clear differentiation between the bacterial
communities in the group B and group A was observed in terms
of taxonomic composition and community structure. Top 20
genus were selected and calculated the ANOVA analysis between
these two groups, especially the genus with the average relative
abundance greater than 1% (Figure 7). The average relative
abundances of Romboutsia and Massilia in group A were
116.72 and 23.24 times than those in group B, while the
average relative abundances of Lactobacillus, Faecalibacterium,
Blautia, Romboutsia, Streptococcus, Turicibacter, and Bacteroides
in group B were significantly higher than those in group A
(p < 0.01).

Community Function Prediction and
Comparative Analysis
The metabolic function of microbes was predicted by PICRUSt
based on the KEGG pathway (Figure 8A). The KEGG pathway
results showed that the pathways were mainly involved in genetic
information processing, metabolism, environmental information
processing, and cellular processes and signaling, according to the
relative abundances of sequences in all sediment samples. A total
of 29 metabolic functions were predicted in all samples with the
most enrichment in carbohydrate metabolism, amino acid
metabolism, nucleotide metabolism, replication and repair,
translation, and signal transduction. In the Group B samples,
the relative abundances of sequences involved in replication and
repair, nucleotide metabolism, translation, folding, sorting and
degradation, glycan biosynthesis and degradation, carbohydrate
metabolism, and drug resistance: Antimicrobial were significantly
higher than those in Group A (p < 0.01), while the relative
abundances of sequences involved in xenobiotics biodegradation
and metabolism, aging, metabolism of other amino acids, lipid

FIGURE 6 | Partial correspondence analysis ordinations of the
sedimentary microbial community diversity. ((A) unweighted (B) weighted).
The R2 obtained by the PERMANOVA indicates the degree of interpretation of
the difference between different sedimentary groups. The larger the R2,
the higher is the degree of interpretation of the difference between the groups,
the greater is the difference between the groups, and the higher is the reliability
of the test when the p value is less than 0.05.
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metabolism, neurodegenerative disease, signal transduction and
cell motility were significantly lower than those in Group A
(p < 0.01).

A total of 21 functional assignments were obtained using the
Functional Annotation of Prokaryotic Taxa (FAPROTAX) tool
(Figure 8B). Functional group fermentation was significantly less
abundant in group A (p < 0.01), but its abundance increased in
group B. In contrast, the abundant functions, such as ureolysis,
and aromatic hydrocarbon degradation, which are related to
compound degradation, are significantly increased in group A
samples (p < 0.01). Similarly, functions associated with the carbon
cycle, such as aerobic chemoheterotrophy, increased in group A.
Also, the number of plant pathogens increased in group A.
However, animal parasites or symbionts, mammal gut, and
human gut significantly decreased (p < 0.01).

DISCUSSION

Microorganisms play key ecological roles in geologically aquatic
and terrestrial environments. Environmental and climate changes
as well as their interactions may drive different microbial
community formation, and microbial assemblages will affect
the subsequent operation of the ecosystem (Schadt, 2010). In
this study, the microbial assemblages in the sedimentary samples
of the Maogou section at the Linxia Basin on the northeastern
margin, TP, were selected as experimental objects as well as the
surrounding soil samples.

The Reliability of Ancient Microbial
Community Structure
Conventionally, DNA is easily damaged by various processes
such as hydrolysis, oxidation, ultraviolet radiation, and enzymatic
hydrolysis. However, more and more research studies have
confirmed that permafrost, ancient fossil bones, and lacustrine
sediment samples contain ancient DNA that has been preserved

for thousands to even millions of years (Inagaki et al., 2005). In
the process of DNA extraction, we found that the DNA content of
sediment samples was much lower than modern surrounding
surface soil samples. In addition, through the PCoA of the
microbial community structure, it can be seen that the
community structure of the surface soil was significantly
different from the community structure of the sediment
samples. That proved these sediment samples’ DNAs were not
contaminated or exchanged by the modern microbial
environment. With the research deepening, it was discovered
that minerals and organic macromolecules (such as humic acid)
have strong adsorption to DNA, which can protect DNA from
degradation, and are influenced by diagenesis (Pietramellara
et al., 2009; Schelble et al., 2010), especially in a deposition
environment which consists of anoxic, low temperature, high
pressure, hypersaline, and dry conditions, which can constraint
the activity, and fluidity of microorganisms and enable long-term
preservation of DNA (Panieri, et al., 2010; Danovaro et al., 2010).
The results of this study confirmed the sediment samples of the
Maogou section have the characteristics of low organic matter,
anoxic, hypersaline, dry, and low biomass. Furthermore, the
sedimentary community structure compositions were layer-
specific and different which proved the possible barriers that
prevent the exchange of DNA between the different sedimentary
layers. In summary, these results illustrated that the sediment
community structures in this study could represent pristine
sedimentary environment, which may be used for
paleoenvironment reconstruction.

Vertical Trends in Microbial Community
Structure Composition
The relative abundance of the bacterial genus was also clearly
impacted by the sudden environmental and climate events,
which led to shifts in the relative abundance of Lactobacillus
and Ralstonia. The relative abundance of Lactobacillus was
greater in group B relative to group A, whereas Ralstonia

FIGURE 7 | Significant analysis of differences between sedimentary groups—analysis of variance. Note: The abscissa represents species (showing the top 20
species with the average relative abundance greater than 1%), the ordinate represents the relative abundance of species, the columns with different colors represent
each sample, and * on the column indicates significant difference (p < 0.05).
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FIGURE 8 | Variation in bacterial function profiles between group A and group B analyzed by PICRUSt (A) and FAPROTAX (B). Note: The level 2 KEGG ortholog
function predictions about the abundance of the main metabolic functions. The different colors in the picture represent different groups. The left figure in the picture
shows the abundance ratio of different functions in two samples or two groups of samples, the middle shows the difference ratio of the function abundance within the
95% confidence interval, and the rightmost value is the p value.
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abundance was greater in group A. Lactobacillus belonging to
phylum Firmicutes is a kind of anaerobic, mesophilic, and
protein-specific utilizing bacteria. It is easy to understand its
dominance for group B (8.15%); meanwhile, its abundance was
lower (2.12%) for group A. The genus Ralstonia was aerobic
Gram-negative bacteria, established in 1995, and initially
contained only one recognized pathogen. The function of
this genus is related to the withering of plants and the
degradation of organic matter. For example, Ralstonia
pickettii was often found in moist environments such as
soils, rivers, and lake sediment, which can survive in areas
with a very low concentration of nutrients. Species diversity is
the most critical level of biodiversity because the microbial
diversity index can closely reflect the function of the ecosystem
and the changes in the surrounding environment. In the
evolution of herbaceous plants, the temperature dropped
sharply, the microbial community became single, and the
diversity index decreased significantly. In the past 20 years,
many taxonomic diversity index–related application studies
have been carried out in marine, freshwater, land, and other
habitats (Leonard et al., 2006; Jiang et al., 2014). Diversity
indices provide important information about the rarity or
commonness of species in a community. The temporal and
spatial variations of the proto-nuclear microbial community
structure of sedimentary rocks at different thicknesses to
speculate on the major climate events. Compared with other
sediments, the diversity of M311 and M381 community
structures is poor, and these two positions (historical
period) may reflect the poor climatic environment, resulting
in poor bacterial community diversity. The data indicate that
striking changes in diversity of microbial communities are
accompanied by significant climatic variations in the marginal
basins of the Tibetan Plateau. The results of this study found
that among the sediment samples assessed, there is a significant
microbial diversity index declined in the arid-cold
environment, which was generally in accordance with the
previous pollen evidence, that is, the vegetation type shifted
from that of a forest to that of a steppe after approximately
8.0 Ma in the Linxia Basin (Ma et al., 1998), nearby Tianshui
Basin (Hui et al., 2011), and Jiuxi Basin (Ma et al., 2005).

In addition, this study shows that the impacts of
stratigraphic division and lithology may be overpassed by
the geological structure and climatic fluctuation impacts, as
observed in the PCoA and PERMANOVA. Therefore, based
on this, we can infer the changes in the environment through
the changes in the relative abundance, diversity index, PCoA,
and PERMANOVA. And through comprehensive analysis to
compare the trends of the relative abundances of bacterial
community, ACE and Chao 1, Shannon index and Simpson
index, can fully confirm the aforementioned change in the
environment. At the same time, Ma and colleagues obtained
statistical data based on vegetation research, indicating that
the Maogou section in the eastern part of the Linxia Basin can
obtain a severe aridification event (Manabe and Broccoli,
1990; Jiang et al., 2014), which is consistent with our data
based on microbial community analysis.

Vertical Trends in Microbial Community
Function Prediction
Furthermore, previous studies have shown that changes in the
microbial community function are affected by the fluctuations
in the surrounding environment and climate at that time and
then make corresponding metabolic reactions (Xiong et al.,
2010; Comte and Giorgio, 2012; Deng et al., 2021). There were
also significant differences in the functional composition
between group A and group B probably because of the
increased environmental pressure, amino acid metabolism,
xenobiotics biodegradation and metabolism, and lipid
metabolism were more enriched, especially aerobic
chemoheterotrophy. In this study, our results demonstrate
that the sediment microbial community aerobic
chemoheterotrophy has been significantly increased since
M311 to M387 from the metabolic function of microbes
was predicted (p < 0.01). Based on the predicted microbial
community function changes, the tectonic uplift of the NE TP
may have caused the probable effects of changes in lithofacies
from lacustrine systems (anaerobic, waterlogged
environments) to a thick alluvial fan (aerobic environments).

Possible Aridity Enhanced Inferred From
Microbial Evidences
Previous studies have shown that n-alkane distribution
characteristics can characterize organic matter from different
sources, reflecting the relative changes of algal organisms and
higher plants and indicating the relative sources of aquatic and
terrestrial plants (Zmudczynska-Skarbek et al., 2013). Moreover,
through the comprehensive analysis of the geological background
data information, it can be found that at the Asian inland, the
event is characterized by aridification at ∼8.0 Ma. Our study
shows that these climatic fluctuations induced significant
modifications within bacterial community assemblages in the
sediment samples, whereas marked arid-cold periods led to
drastic rearrangements of community possible associated with
significant uplift of the Tibetan Plateau at about 8.0 Ma. From the
time window, the inland aridification in Asia is mainly caused by
regional environmental changes, that is, the aridification-driving
mechanism is associated with events such as regional structural
uplift. This gives a more reasonable explanation for the
mechanism of the inland aridification in Asia from the
perspective of molecular microbiology. Microbial communities
have the potential to deepen our understanding of these
environmental and climate changes and provide insights into
the possible consequences for the planet’s ecosystems.

CONCLUSION

In this study, the bacterial community succession in the different
thickness lacustrine–fluvial sediments from the Linxia Basin, NE
Tibetan Plateau, was compared and analyzed. Obviously, we
found that there was a dramatic change shift event regarding
the bacterial community alpha or beta diversity in the different
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sediments. Furthermore, predicted bacterial community function
demonstrates environment changes from the anaerobic system to
the aerobic system. This significant congruence might be
primarily underpinned by aridity-enhanced processes. Thus,
our findings inferred that the microbial community could also
serve as a potential biological indicator in sediment ecosystems to
reconstruct paleoenvironments. Future studies and technical
methods are also encouraged to confirm our findings by
contrasting the relationships with the microbial community
under climatic changes.
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