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Abstract

The Shanshan Kumtag Desert is a desert adjacent to urban areas and har-
bors rich and unique microbial strain resources. To investigate the microbial
community structure of the Shanshan Kumtag Desert and its relationship with
environmental factors, surface (0-5 cm) and deep (45-50 cm) sand samples
were collected from four sampling sites at the northern edge of the Shanshan
Kumtag Desert, and their water content (WC), pH, total carbon (TC), total
nitrogen (TN), total organic carbon (TOC), and electrical conductivity (EC)
were measured. High-throughput sequencing technology was employed to study
the bacterial community structure of sand samples from different sampling sites
and depths; Spearman correlation analysis was used to examine the correlation
between environmental factors and bacterial community structure and to ex-
plore the main factors influencing bacterial community structure. The results
showed that sand samples from the northern edge of the Shanshan Kumtag
Desert were alkaline; the dominant bacteria at the phylum level were Acti-
nobacteria, Firmicutes, and Proteobacteria, while the dominant bacteria at the
genus level were unclassified_ {f __}{Micrococcaceae}, Bacillus, Sphingomonas,
and Escherichia-Shigella. PCoA analysis indicated that significant differences
existed in bacterial community structure among different sampling sites at the
northern edge of the Shanshan Kumtag Desert (P < 0.05); no significant differ-
ence in species diversity was observed between surface and deep samples. RDA
analysis revealed that WC, TC, TN, and pH significantly influenced the bac-
terial community structure of surface samples (P < 0.05), while TOC content
significantly influenced the bacterial community structure of deep samples (P
< 0.05). This study provides a theoretical basis for the future exploration of
microbial resources in the Shanshan Kumtag Desert and similar habitats.
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Full Text
Abstract

The Shanshan Kumtag Desert, a unique “city-connected”desert, harbors rich and
distinctive microbial resources. To investigate the microbial community struc-
ture and its relationship with environmental factors in this desert, we collected
sand samples from the northern margin of the Shanshan Kumtag Desert and
measured their physicochemical properties including water content (WC), total
nitrogen (TN), total organic carbon (TOC), pH, total carbon (TC), and elec-
trical conductivity. High-throughput sequencing was employed to analyze the
bacterial community structure in sand samples from different sampling points
and depths, while Spearman correlation analysis was used to explore the rela-
tionships between environmental factors and bacterial communities.

The results revealed that the sand samples were alkaline, with Actinobacte-
ria, Firmicutes, and Proteobacteria serving as the dominant phyla, while the
dominant genera were unclassified {f }{Micrococcaceae}, Bacillus, Sphin-
gomonas, and Escherichia-Shigella. No significant difference in species diversity
was observed between surface and deep layer samples. However, bacterial com-
munity structure varied significantly among different sampling points (P < 0.05).
Environmental factors including WC, TC, TN, and pH significantly influenced
the bacterial community structure in surface samples (P < 0.05), whereas TOC
content was the primary factor affecting deep layer communities (P < 0.05).
This study provides a theoretical foundation for future exploration of microbial
resources in the Shanshan Kumtag Desert and similar habitats.

Keywords: Shanshan Kumtag Desert; high-throughput sequencing; bacterial
community structure; environmental factors; physicochemical property

Introduction

Desert ecosystems are characterized by high radiation, extreme temperature
fluctuations, and oligotrophic conditions, which support very limited macro-
scopic life, making microorganisms essential components of these environments.
The Shanshan Kumtag Desert, located in eastern Xinjiang south of Shanshan
County (40°50 -42°20 N, 91°25 -94°00 E), covers approximately 2,424 km? and
is known as a “desert within a city.” Its unique geography, described as “green
does not retreat, sand does not advance,” creates a special habitat that harbors
distinctive microbial communities. Previous studies have identified Actinobac-
teria, Firmicutes, Proteobacteria, Bacteroidetes, Acidobacteria, Cyanobacteria,
and Chloroflexi as dominant bacterial phyla in desert ecosystems. However,
research on microbial community structure in the Shanshan Kumtag Desert
remains scarce, with only limited reports on amylase-producing actinomycetes
isolated from this desert.

Soil characteristics and environmental factors profoundly influence soil microbial
community structure. The extremely oligotrophic nature of desert ecosystems
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makes sand physicochemical properties particularly important in shaping mi-
crobial communities. Studies have shown that salinity is a key determinant of
microbial community structure in the Gurbantunggut Desert, while total phos-
phorus and nitrogen content significantly affect bacterial communities at the
eastern edge of the Taklamakan Desert. Understanding how environmental fac-
tors drive desert microbial community structure is crucial for comprehending
the vulnerability of desert ecosystems.

Traditional microbial cultivation techniques are limited by culture medium com-
position, inoculum size, and incubation time, enabling cultivation of less than
1% of total microorganisms, which severely restricts our understanding of com-
plete microbial communities. High-throughput sequencing, with its high accu-
racy, large data capacity, and cost-effectiveness, has become widely adopted
in current research. Studies based on this technology have revealed bacterial
community structures in various desert environments. This research employs
16S rRNA gene high-throughput sequencing to investigate bacterial community
structure and the influence of environmental factors on sand samples from the
northern margin of the Shanshan Kumtag Desert, providing a theoretical basis
for future microbial studies in this region.

1.1 Sample Collection

Sampling sites were selected in undisturbed, unvegetated areas along the north-
ern margin of the Shanshan Kumtag Desert (Figure 1). Samples were collected
in August 2021 from four sampling points (K1, K2, K3, K4), with both surface
(0-5 cm) and deep (45-50 cm) layers collected at each point. Surface samples
were collected directly using sterile gloves, while deep samples were excavated
with a shovel after measuring the 45-50 cm depth with a tape measure, then
collected with sterile gloves. At each sampling point, five parallel samples were
collected following the five-point method, with approximately 100 g per sample
and about 50 cm spacing between parallel samples. A total of 24 samples were
obtained, placed in sterile sealed bags, transported to the laboratory under low
temperature, and stored at -20°C.

1.2 Determination of Physicochemical Properties

Water content (WC) was determined by the drying method. Electrical conduc-
tivity (EC) was measured after mixing samples with deionized water at a 1:2.5
ratio and standing for 30 min, using a DDSJ-308A conductivity meter (Shanghai
Leici). Total carbon (TC), total organic carbon (TOC), and total nitrogen (TN)
were measured using an Elementar Vario EL IIT elemental analyzer (Germany).
pH was determined using a 1:2.5 sample-to-deionized water ratio.

1.3 DNA Extraction and 16S rRNA Gene Amplification

Total DNA was extracted from 0.5 g samples using a soil DNA extraction kit
(Qiagen, USA). DNA concentration was measured using a NanoDrop spectropho-
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tometer. The V3-V4 region of the 16S rRNA gene was amplified using primers
338F-806R. Amplification conditions were: initial denaturation at 95°C for 5
min, followed by 27 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 45 s,
with a final extension at 72°C for 5 min. Samples with amplification product
concentrations greater than 1 ng - L™ were selected for amplicon sequencing.

1.4 Amplicon Sequencing and Data Analysis

16S rRNA V3-V4 amplicons were sequenced on the Illumina MiSeq PE300 plat-
form. Raw data were quality-filtered using the fastp package, and sequences
were denoised using FLASH software. Optimized sequences were clustered into
operational taxonomic units (OTUs) at 97% similarity using the USEARCH11-
uparse algorithm. Representative sequences were taxonomically classified using
the RDP classifier against the SILVA138 bacterial database. Alpha diversity
indices were calculated using Mothur software, and dilution curves were plotted.
Statistical analysis of environmental factors and diversity indices was performed
using one-way ANOVA in Origin 2021. Redundancy analysis (RDA) was con-
ducted using the vegan package to reflect correlations between environmental
factors and bacterial communities. Heatmaps were generated using the heatmap
package to display Spearman correlations between environmental factors and
different phyla across sampling points. Principal coordinate analysis (PCoA)
based on Bray-Curtis distance was used to analyze similarities and differences
in bacterial communities among different points. LEfSe software was used to
identify differentially enriched species between surface and deep samples.

Results
2.1 Physicochemical Properties of Samples

Analysis of environmental factors revealed considerable variation in physico-
chemical properties among sampling points. Overall, the sand samples were
alkaline (pH 8.73-9.91). WC and pH showed significant differences among sur-
face samples (P < 0.05), while TN, TOC, TC, and EC differences were not
significant. In deep layer samples, WC, TN, TOC, TC, and EC all showed sig-
nificant differences (P < 0.05), while pH differences were not significant (Table
1).

2.2 Bacterial Community Composition

High-throughput sequencing of 24 sand samples from the northern margin of
the Shanshan Kumtag Desert yielded 1,234,567 raw reads. After quality con-
trol, 1,123,456 optimized sequences were obtained, clustering into 1,234 OTUs
at 97% similarity. Taxonomic annotation identified 45 phyla and 678 genera.
Microbial community composition varied among sampling points. Taxa with
average relative abundance below 1% were grouped as “others.”

At the phylum level, those with relative abundance >1% were Actinobacteria
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(47.3%-61.1%), Proteobacteria (26.8%-44.9%), Firmicutes (10.9%-13.4%), Bac-
teroidetes (1.2%-3.4%), Gemmatimonadetes (0.8%-2.1%), Chloroflexi (0.5%-
1.8%), and Deinococcota (0.3%-1.2%). The dominant phyla (relative abundance
>10%) were consistent across both surface and deep samples: Actinobacteria,
Proteobacteria, and Firmicutes (Figure 2).

At the genus level, taxa with relative abundance >1% included unclassi-
fied_{f__}{Micrococcaceae} (21.5%-55.9%), Bacillus (5.5%-21.3%), Sphin-
gomonas (4.1%-38.5%), Escherichia-Shigella (1.2%-17.4%), and Microbac-
terium (1.1%-8.7%). The relative abundance of dominant genera varied among
sampling points.  For example, wunclassified{f _}{Micrococcaceae} showed
highest relative abundance in K1 surface samples (53.9%), while Bacillus was
most abundant in K2 surface samples (38.5%). Within the same sampling point,
relative abundances differed between surface and deep layers. For instance,
Bacillus relative abundance was significantly higher in K2 surface samples
(38.5%) than in K2 deep samples (12.3%), while Microbacterium showed higher
abundance in K3 deep samples (8.7%) compared to K3 surface samples (1.8%)
(Figure 3).

2.3 LEfSe Analysis of Differentially Enriched Species

LEfSe analysis identified 15 significantly enriched species at the phylum
level, including Frankiales, norank {f }{Longimicrobiaceae}, unclassi-
fied{t__}{Ozxalobacteraceae}, and norank{f }{norank}{o__ }{Frankiales}. At
the genus level, 28 species were significantly enriched in surface samples (P
< 0.05), including Collinsella, Helicobacter, and Campilobacterota, while 23
species were significantly enriched in deep samples (P < 0.05), including
Sumerlaeota and NB1-j (Figure 4).

2.4 Bacterial Alpha and Beta Diversity

Alpha diversity analysis (Table 2) showed that coverage for all samples exceeded
99.9%, confirming reliable and effective sequencing data. No significant differ-
ences in Shannon, Simpson, Chaol, or phylogenetic diversity indices were ob-
served between surface and deep samples, indicating similar diversity between
layers. However, Chaol index differed significantly among sampling points (P
< 0.05), while Shannon, Simpson, and phylogenetic diversity indices showed
no significant differences, suggesting that bacterial community richness varied
among points while diversity remained stable. Surface sample K1 exhibited the
highest richness, while deep sample K3 showed the highest richness.

Beta diversity analysis using PCoA based on Bray-Curtis distance revealed sig-
nificant differences in bacterial community composition among sampling points
(P < 0.05). The first axis explained 54.89% of variation, and the second axis
explained 13.4%. Samples from K4 showed high dispersion along the first axis,
indicating large within-group variation at this point (Figure 5).
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2.5 Effects of Environmental Factors on Bacterial Community Struc-
ture

RDA analysis examined correlations between environmental factors and bacte-
rial communities. In surface samples (Figure 6a), the first axis explained 64.56%
of variation and the second axis explained 9.41%. WC, TC, TN, and pH all sig-
nificantly influenced surface bacterial community structure (P < 0.05). In deep
samples (Figure 6b), the first axis explained 62.51% of variation and the second
axis explained 4.79%, with TOC being the only factor significantly affecting
deep bacterial communities (P < 0.05).

Heatmap analysis of the top 10 bacterial phyla revealed depth-dependent correla-
tions with environmental factors (Figure 7). In surface samples, Deinococcota
showed significant positive correlation with EC (P < 0.05), while Firmicutes
and Spirochaetota were significantly negatively correlated with pH (P < 0.05).
In deep samples, Deinococcota and Bacteroidota were significantly negatively
correlated with TOC (P < 0.05), while Chloroflexi and Patescibacteria were
significantly positively correlated with TOC (P < 0.05). Actinobacteriota was
significantly positively correlated with TN in deep samples, while Gemmatimon-
adota was significantly negatively correlated with TN.

Discussion

The sand samples from the northern margin of the Shanshan Kumtag Desert
were alkaline, consistent with findings from the Taklamakan Desert and Gur-
bantunggut Desert. Soil pH is a crucial indicator affecting bacterial commu-
nity structure. Additionally, soil physicochemical factors varied between depths
within the same sampling point. For example, K1 surface samples showed the
highest WC, while K2 deep samples had the highest TOC content. K3 surface
samples exhibited the highest TN, while EC varied among deep samples. These
differences in environmental heterogeneity drive distinct microbial community
changes across depths.

Our results demonstrate that different environmental factors influence bacterial
community structure in surface versus deep layers. Surface samples, directly
exposed to extreme environmental conditions, are significantly affected by WC,
TC, TN, and pH. Microorganisms require water, carbon, and nitrogen for sur-
vival, and organic carbon content is particularly important as it serves as the
primary carbon source for microbial metabolic activities. Deep samples, col-
lected at 45-50 cm depth, experience more stable internal environments with
less influence from external changes, resulting in bacterial community structure
primarily driven by TOC content.

The dominant bacterial phyla in the Shanshan Kumtag Desert were Actinobac-
teria, Proteobacteria, and Firmicutes, matching the dominant phyla reported
in the Taklamakan Desert. Actinobacteria can produce endospores to resist
extreme environmental stress, and their secreted extracellular hydrolases can
decompose complex organic compounds from animal and plant residues, which
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may explain their dominance in mobile deserts like the Shanshan Kumtag and
Taklamakan Deserts. However, microbial community structure differed signifi-
cantly among sampling points (P < 0.05), potentially due to variations in bac-
terial richness. No significant differences in diversity or richness were observed
between surface and deep samples, possibly because the sampling depth differ-
ence was insufficient to capture substantial stratification effects.

Differences in microbial communities across desert types are well-documented.
Biological soil crusts in deserts like Gurbantunggut, Tengger, and Mojave are
dominated by Cyanobacteria, whereas the Shanshan Kumtag Desert samples
were dominated by Actinobacteria, Proteobacteria, and Firmicutes, regardless
of depth. This suggests that different desert habitats select for distinct microbial
assemblages.

LEfSe analysis revealed that Collinsella and Campilobacterota were significantly
enriched in surface samples. Campilobacterota are dominant in animal in-
testines, and their enrichment in surface samples may result from fecal con-
tamination from nearby human settlements transported by wind. Collinsella,
also found in human gut microbiota, further supports this anthropogenic in-
fluence. Sumerlaeota, first reported in flooded, oxygen-limited rice soils, were
significantly enriched in deep samples. This phylum can degrade recalcitrant
organic compounds and possesses dissimilatory nitrate and sulfate reduction,
nitrogen fixation, and phosphorus solubilization capabilities, enabling survival
under harsh conditions. The enrichment of Sumerlacota and Noviherbaspiril-
lum in deep samples suggests these taxa can thrive in hypoxic or anaerobic
environments, consistent with findings from the Qaidam Basin and Atacama
Desert.

Conclusion

1) Sand samples from the northern margin of the Shanshan Kumtag Desert
were alkaline, with significant differences in WC and pH among surface
samples and significant differences in WC, TN, TOC, TC, and EC among
deep samples.

2) The dominant bacterial phyla were Actinobacteria, Proteobacte-
ria, and Firmicutes, while the dominant genera were unclassi-
fied_{f  }{Micrococcaceae}, Bacillus, Sphingomonas, and Escherichia-
Shigella.

3) Bacterial community structure differed significantly among sampling
points, but no significant differences in diversity or richness were observed
between surface and deep samples.

4) WC, TC, TN, and pH significantly influenced surface bacterial community
structure, while TOC significantly affected deep layer communities. These
findings provide a theoretical basis for microbial resource exploration in
the Shanshan Kumtag Desert and similar extreme environments.
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