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ABSTRACT
Tamarix is a dominant species in the Tarim River Basin, the longest inland river in
China. Tamarix plays an important role in the ecological restoration of this region.
In this study, to investigate the soil bacterial community diversity in Tamarix shrubs,
we collected soil samples from the inside and edge of the canopy and the edge of
nebkhas and non-nebkhas Tamarix shrubs located near the Yingsu section in the
lower reaches of Tarim River. High throughput sequencing technology was employed
to discern the composition and function of soil bacterial communities in nebkhas
and non-nebkhas Tamarix shrubs. Besides, the physicochemical properties of soil
and the spatial distribution characteristics of soil bacteria and their correlation were
analyzed. The outcomes of this analysis demonstrated that different parts of Tamarix
shrubs had significantly different effects on soil pH, total K (TK), available K (AK),
ammonium N (NHþ

4 ), and available P (AP) values (P < 0.05), but not on soil
moisture (SWC), total salt (TDS), electrical conductivity (EC), organic matter
(OM), total N (TN), total P (TP), and nitrate N (NO−

3 ) values. The soil bacterial
communities identified in Tamarix shrubs were categorized into two kingdoms,
71 phyla, 161 classes, 345 orders, 473 families, and 702 genera. Halobacterota,
unidentified bacteria, and Proteobacteria were found to be dominant phyla.
The correlation between the soil physicochemical factors and soil bacterial
community was analyzed, and as per the outcomes OM, AK, AP, EC, and NHþ

4 were
found to primarily affect the structure of the soil bacterial community. SWC, TK and
pH were positively correlated with each other, but negatively correlated with other
soil factors. At the phyla level, a significantly positive correlation was observed
between the Halobacterota and AP, OM as well as Bacteroidota and AK (P < 0.01),
but a significantly negative correlation was observed between the Chloroflexi and
AK, EC (P < 0.01). The PICRUSt software was employed to predict the functional
genes. A total of 6,195 KEGG ortholog genes were obtained. The function of soil
bacteria was annotated, and six metabolic pathways in level 1, 41 metabolic pathways
in level 2, and 307 metabolic pathways in level 3 were enriched, among which
the functional gene related to metabolism, genetic information processing, and
environmental information processing was found to have the dominant advantage.
The results showed that the nebkhas and canopy of Tamarix shrubs had a certain
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enrichment effect on soil nutrients content, and bacterial abundance and significant
effects on the structure and function of the soil bacterial community.

Subjects Ecology, Microbiology, Molecular Biology, Plant Science, Soil Science
Keywords High throughput sequencing, Tamarix nebkhas, Soil bacterial community,
Functional genes

INTRODUCTION
The Tarim River is the longest inland river in China. Ecosystem stability in the Tarim River
Basin could be attributed to the riparian desert vegetation. Tamarix is a commonly
occurring shrub in the Tarim River Basin of Xinjiang, China. Besides, the Tamarix plant is
resistant to drought, salt, and wind (Liu, 1996; Li et al., 2007), and it plays a vital role in
sand fixation and windbreak (Yang et al., 2008). Sand around the Tamarix shrubs can
gather to form Tamarix nebkhas (Yang et al., 2012). These nebkhas are also referred to as
“fertilizer islands” (Nickling & Wolfe, 1994) and they increase the nutrient content of the
arid desert soil.

Soil microorganisms are a vital component of the soil ecosystem (Girvan et al., 2010).
Soil microbes decompose the shrub litter and participate in nutrient cycling and energy
flow of the soil ecosystem (Vasconcellos et al., 2013; Preem et al., 2012), and thus promote
the “fertile island” development in the nebkhas formation (Wei et al., 2013; Cao et al.,
2016). Metabolic activities of soil microbes exacerbate soil respiration, which increases
ecosystem productivity (Bauhus, Pare & Cote, 1998) and thus promotes plant growth and
development. Bacteria are the most abundant group of soil microbes with the highest
genetic diversity (John et al., 2002). The community structure diversity and species
richness of soil bacteria could reflect the quality and fertility of soil to a certain extent (Hu
et al., 2001). Previous studies have investigated the microbial composition of Tamarix
nebkhas in the arid area of Tarim River using plate cultivation methods. As per the
outcomes of these studies, abundances of soil microbes vary inside and outside of Tamarix
nebkhas canopy (Chen et al., 2008a). The nebkhas shrub showed an enrichment effect on
microbial abundances (Chen et al., 2008b). However, the soil microbe’s distribution
characteristics at different taxonomic levels in Tamarix shrubs remain elusive. High
throughput sequencing technology can comprehensively and accurately analyze the
characteristics of soil microbial composition and functional diversity (Xia & Jia, 2014).
The relevant literatures of high-throughput sequencing mainly focus on the study of forest
(Deng et al., 2020), wetland (Zou et al., 2019) and grassland (Wu et al., 2019) ecosystem,
but the study of desert shrubs in arid area is rarely reported. Based on previous studies,
using high-throughput sequencing technology can more comprehensively analyze the
community structure and function of soil microorganisms in Tamarix shrubs and can
provide scientific basis for renewing soil microbial resources of Tamarix shrubs in arid
area.

The Tarim River Basin area has the most concentrated distribution of Tamarix in China
(Chen et al., 2004; Yang et al., 2002). As the dominant species, Tamarix plays an important

Xiao et al. (2021), PeerJ, DOI 10.7717/peerj.12105 2/21

http://dx.doi.org/10.7717/peerj.12105
https://peerj.com/


role in stabilizing the fragile ecosystem of the Tarim River Basin. In this study, high
throughput sequencing technology was employed to analyze the soil bacterial community
composition in the nebkhas and non-nebkhas Tamarix shrubs located in the lower
reaches of the Tarim River. Also, the distribution of soil microbes in Tamarix shrubs at
different taxonomic levels and effects of Tamarix nebkhas and soil factors on soil bacterial
community and function were investigated. This study aimed to provide basic scientific
data for the ecological restoration of vegetation in the Tarim River Basin.

MATERIALS AND METHODS
Site description and sampling
The study site was located near the Yingsu section in the lower reaches of Tarim River
(with the geographical coordinates of 40�28′ N, 87�51′ E and 850 m elevation). The study
area has a typical extreme arid temperate continental climate with low rainfall and
strong evaporation. It receives an annual average rainfall of 17.4–42.0 mm, and its mean
annual evaporation is 2,671.4–2,902.2 mm. During the study, the average annual
temperature of the study site was 10.6–11.5 �C, and it was hot in summer and cold in
winter. The average temperature in July was 20–30 �C. In the span of 30 ~ 40 days,
temperature crossed 35 �C and the highest temperature recorded was 43.6 �C. The average
temperature in January ranged from −10 �C to −20 �C, and the lowest temperature
recorded was −27.5 �C. The duration of sunshine was around 2,780–2,980 h. The annual
solar radiation was 5,692–6,360 MJ·m−2, the frost-free period ranged from 187 to 214 days,
and the maximum wind speed was around 20–40 m/s (Yang & He, 2000). According
to our fieldwork, the study site was primarily populated with Populus euphratica Oliv
trees, Tamarix spp, Halostachys capsica shrubs, and Alhagi sparsifolia Shap. ex kell,
Glycyrrhiza uralensis Fisch. herbs. Tamarix was found to be the dominant shrub species in
this area.

We sampled soil from the Tamarix plant community area near the Yingsu section of
the lower reaches of the Tarim River in September 2020. Three nebkhas Tamarix
shrubs (X) and three non-nebkhas Tamarix shrubs (F) with almost the same size were
selected from the sample plots (three shrubs were treated as three replicates). The soil
samples were collected radially from the (a) inside of the canopy, (b) the edge of the
canopy, and (c) the edge of the shrubs from the inside to the outside based on the distance
from the base of the plant (the spacing of each position was approximately one m)
(Fig. S1). For soil sampling, firstly, extremely arid topsoil of 0–20 cm was removed,
and four soil samples from 20–40 cm soil depth from the east, south, west, and north
directions at each position of each shrub were collected. These soil samples were mixed,
and excess soil sample was removed by using the quartering method. Thus, a total of
18 soil samples were obtained, and each sample was divided into three parts. The first part
was placed in an icebox, and the fresh weight of the soil was immediately weighed. The soil
samples were immediately transferred to the laboratory and dried using the oven to
determine the soil water content. The second part was put into a sealed bag and air-dried in
the laboratory, and then sieved through two mm sieve to determine the physical and
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chemical properties of the soil. The third part was placed in a centrifuge tube and stored in
a liquid nitrogen tank for DNA extraction.

Soil analysis
Soil water content (SWC) was measured using the oven-dry method. Soil chemical
properties were determined by the method described by Bao (2000). Organic matter
(OM) content was determined using the potassium dichromate volumetric external heating
method. Total nitrogen (TN) content was determined by employing the perchlorate-sulfuric
acid digestion method (1,035 automatic nitrogen determination apparatus, FOSS). Total
phosphorus content (TP) was determined by the acid solution-molybdenum antimony
colorimetric method (CARY60 UV-Vis spectrophotometer, Agilent). Total potassium (TK)
was measured using the acid dissolution-atomic absorption method and atomic absorption
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Nitrate nitrogen (NO−

3 ) and
ammonium nitrogen (NHþ

4 ) were determined using 0.01 M calcium chloride extraction
method and flow analyzer (BRAN+LUEBBE AA3). Available phosphorus (AP) was
determined by using sodium bicarbonate extraction-molybdenum antimony colorimetric
method and CARY60 UV-Vis spectrophotometer (Agilent, Santa Clara, CA, USA).
Available potassium (AK) was determined by ammonium acetate extraction-atomic
absorption method and atomic absorption spectrometer (Thermo Fisher Scientific,
Waltham,MA, USA). pH was determined using theMettler-Toledo FiveEasy Plus pHmeter.
Electrical conductivity (EC) was measured by Anna HI2315 conductivity meter.
The dry-residue method was employed to determine the total dissolved salts (TDS).

DNA extraction, amplification, and sequencing of soil bacteria
CTAB method was employed to extract genomic DNA of soil samples. The purity and
concentration of DNA were detected by agarose gel electrophoresis. An appropriate
amount of DNA sample was diluted to one ng/ml using sterile water. The diluted genomic
DNA was used as a template, and the 16S V4 variable region was PCR amplified
using specific primers with barcode (515F-GTGCCAGCMGCCGCGGTAA and 806R-
GGACTACHVGGGTWTCTAAT), Phusion� high-fidelity PCR Master Mix with GC
Buffer (New England Biolabs, Ipswich, MA, USA), and high-efficiency high-fidelity
enzyme. To ensure amplification efficiency and accuracy, PCR products were checked
on 2% agarose gel electrophoresis. The target bands were recovered using the gel recovery
kit (Qiagen, Hilden, Germany). Truseq� DNA PCR-Free Sample Preparation Kit was
used for library construction. The constructed libraries were analyzed using Qubit and
Q-PCR and then sent to Beijing Compson Biotechnology Co. Ltd for computerized
sequencing using NovaSeQ 6000 system.

Sequence analysis
According to the barcode sequence and PCR amplification primer sequence, each
sample data was split from offline data. After cutting the barcode and primer sequence,
FLASH (Magoč & Salzberg, 2011) was used to splice each sample’s reads, and the spliced
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sequence were Raw Tags. The Raw Tags was filtered using QiIME version 1.9.1 software
(Caporaso et al., 2010). The chimeric sequences were removed (Rognes et al., 2016),
and the Effective Tags were obtained. UPARSE (Haas et al., 2011) software version
7.0.1001 was used to cluster all the Effective Tags of all samples. The sequences were
divided into operational taxonomic units (OTUs) with 97% identity. Furthermore, the
Mothur method was employed to select the representative sequence of OTUs. To obtain
taxonomic information and calculate the community composition of each sample at
each taxonomic level, species annotation analysis was carried out using the SSSurrNA
database of SILVA 138 (Edgar, 2013; Wang et al., 2007).

Data analysis
Alpha diversity analysis, including Shannon, Simpson, Chao1, and ACE indices, was
performed using QIIME software. The UniFrac distance was calculated using QIIME
software, and the unweighted pair-group method with arithmetic means (UPGMA) cluster
tree was constructed. NMDS and db-RDA diagrams were drawn using the Vegan software
package of R software version 2.15.3. Linear Discriminant Analysis Effect Size (LEfSe)
analysis was performed by employing LEfSe software (Segata et al., 2011). Prediction of
bacterial community function was performed by using the PICRUSt software (Langille
et al., 2013) and comparing it with the Greengene database. One-way ANOVA was used to
analyze the differences of soil factors and microbial diversity in different locations of
nebkhas Tamarix shrubs and non-nebkhas Tamarix shrubs. Sample-paired T test was
used to analyze soil factors and soil microbial diversity between nebkhas Tamarix shrubs
and non- nebkhas Tamarix shrubs.

RESULTS
Analysis of soil physical and chemical properties of Tamarix shrubs
The soil sampled in the study site was weakly alkaline with 7.5–8.0 pH. The pH of
nebkhas Tamarix shrubs was significantly higher than that of non-nebkhas Tamarix
shrubs, but pH within the shrub did not vary significantly. The maximum values of TDS,
TP, TN, AK, AP, and NO−

3 was observed in the samples from inside of nebkhas and
non-nebkhas Tamarix shrub’ canopy (Xa and Fa); besides, the AK content was
significantly higher than other soil nutrients, and it decreased gradually from inside to
outside in the shrubs. Besides, AK content differed significantly in the nebkhas Tamarix
shrubs (P < 0.05), but it did not differ significantly between the nebkhas and non-nebkhas
Tamarix shrubs. The TK content in Tamarix nebkhas shrubs was significantly higher
than that in non-nebkhas Tamarix shrubs (P < 0.05). The TK content differed significantly
at different position of non-nebkhas Tamarix shrubs (P < 0.05). NHþ

4 value was
highest in Fc, and it was significantly higher than other position in the shrub (P < 0.05).
The NHþ

4 content was significantly higher in the non-nebkhas shrubs than in the
nebkhas shrubs (P < 0.05). Besides, AP was significantly higher inside the canopy than
outside the canopy in shrubs (P < 0.05), but no significant difference was observed between
nebkhas and non-nebkhas Tamarix shrubs. OM, TN, TP, and NO−

3 did not differ
significantly between Tamarix shrubs (Table 1).
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Analysis of bacterial alpha diversity in the soil from Tamarix shrubs
The OTU coverage in all experimental groups was higher than 99%, indicating sufficient
sequencing depth. Shannon, Simpson, Chao1, and ACE indices were not significantly
different between nebkhas and non-nebkhas Tamarix shrubs, indicating no significant
differences in the abundance, diversity, and evenness of bacterial community in the
nebkhas and non-nebkhas Tamarix shrubs (Table 2).

The Venn diagram was constructed to demonstrate the number of unique and common
OTUs among different groups and for the pictorial representation of the difference in the

Table 1 Analysis of soil physical and chemical properties of Tamarix shrubs.

Nebkhas Tamarix shrubs Non-nebkhas Tamarix shrubs

Shrubs- Inside canopy Canopy edge Shrubs edge Average Inside canopy Canopy edge Shrubs edge Average

position (Xa) (Xb) (Xc) (Fa) (Fb) (Fc)

OM(g · kg-1) 9.70 ± 1.84a 6.06 ± 0.58a 5.22 ± 1.68a 6.99 ± 1.01A 7.63 ± 0.54a 7.01 ± 0.31a 8.76 ± 0.28a 7.80 ± 0.32A

TN(g · kg-1) 0.55 ± 0.06a 0.41 ± 0.03a 0.38 ± 0.09a 0.45 ± 0.04A 0.50 ± 0.09a 0.41 ± 0.04a 0.46 ± 0.05a 0.47 ± 0.03A

TP(g · kg-1) 0.57 ± 0.02a 0.53 ± 0.02a 0.49 ± 0.02a 0.53 ± 0.01A 0.56 ± 0.01a 0.54 ± 0.01a 0.55 ± 0.01a 0.55 ± 0.01A

TK(g · kg-1) 18.35 ± 0.59a 18.56 ± 0.75a 18.48 ± 0.13a 18.47 ± 0.28A 17.18 ± 0.08b 18.03 ± 0.07a 17.92 ± 0.21a 17.71 ± 0.14B

Soil- NO-
3(mg·kg-1) 6.78 ± 3.72a 4.77 ± 1.76a 4.63 ± 1.72a 5.39 ± 1.33A 7.05 ± 2.90a 4.91 ± 1.43a 5.08 ± 0.24a 5.68 ± 0.99A

factors NH+
4(mg·kg-1) 4.12 ± 0.69a 3.25 ± 0.35a 3.44 ± 0.34a 3.61 ± 0.27B 4.11 ± 0.21b 3.57 ± 0.51b 12.15 ± 0.28a 6.61 ± 1.39A

AP(mg·kg-1) 3.95 ± 0.73a 1.72 ± 0.44b 1.36 ± 0.61b 2.34 ± 0.50A 4.08 ± 0.60a 1.78 ± 0.29b 3.68 ± 0.71ab 3.18 ± 0.45A

AK(mg·kg-1) 679.17 ± 133.61a 316.74 ± 46.72b 186.08 ± 41.54b 394.00 ± 85.15A 406.87 ± 101.73a 387.01 ± 93.98a 217.97 ± 10.31a 337.29 ± 50.05A

pH (1:5) 7.94 ± 0.07a 7.71 ± 0.06a 8.01 ± 0.25a 7.88 ± 0.08A 7.72 ± 0.04a 7.53 ± 0.07a 7.52 ± 0.02a 7.59 ± 0.04B

EC(ms·cm-1) 7.37 ± 0.33a 4.48 ± 0.44a 4.06 ± 1.18a 5.31 ± 0.64A 5.71 ± 0.34a 5.96 ± 1.32a 5.64 ± 0.34a 5.77 ± 0.41A

TDS(g · kg-1) 26.76 ± 2.03a 15.75 ± 1.07a 14.21 ± 4.82a 18.91 ± 2.50A 20.81 ± 0.73a 20.13 ± 5.20a 18.17 ± 1.21a 19.71 ± 1.60A

SWC(%) 0.56a±0.06a 1.62 ± 0.53a 2.84 ± 1.33a 1.67 ± 0.53A 1.44 ± 0.27a 1.81 ± 0.09a 1.05 ± 0.01a 1.43 ± 0.13A

Note:
The data are average ± standard error, different lower-case letters after the same line mean significant difference in different positions in the shrub (P < 0.05), different
capital letters after the same line mean significant difference of the shrub with and without nebkhas (P < 0.05).

Table 2 Bacterial diversity and abundance in soil from Tamarix shrubs.

Nebkhas Tamarix shrubs Non-nebkhas Tamarix shrubs

Shrubs- Inside -canopy Canopy-edge Shrubs- edge Average Inside -canopy Canopy- edge Shrubs-edge Average
position (Xa) (Xb) (Xc) (X) (Fa) (Fb) (Fc) (F)

shannon
index

8.03 ± 0.59a 8.75 ± 0.15a 8.51 ± 0.29a 8.43 ± 0.22A 8.56 ± 0.31a 8.44 ± 0.45a 8.63 ± 0.19a 8.54 ± 0.17A

simpson
index

0.98 ± 0.01a 0.99 ± 0.01a 0.99 ± 0.01a 0.99 ± 0.01a 0.99 ± 0.01a 0.98 ± 0.01a 0.99 ± 0.01a 0.99 ± 0.01A

chao1 index 2381.02 +
710.78a

2601.11 +
199.39a

2582.78 ±
173.64a

2521.63 ±
221.74A

2841.77 ±
259.01a

2648.93 ±
418.84a

2646.91 ±
146.51a

2712.54 ±
151.79A

ACE index 2434.32 ±
727.51a

2613.06 ±
199.33a

2612.85 ±
179.67a

2553.41 ±
225.82A

2881.02 ±
261.12a

2664.29 ±
423.98a

2682.53 ±
149.72a

2742.62 ±
154.06A

coverage 0.993 0.993 0.993 0.993 0.992 0.993 0.993 0.993

Note:
The data are average ± standard error, different lower-case letters after the same line mean significant difference in different positions in the shrub (P < 0.05), different
capital letters after the same line mean significant difference of the shrub with and without nebkhas (P < 0.05).

Xiao et al. (2021), PeerJ, DOI 10.7717/peerj.12105 6/21

http://dx.doi.org/10.7717/peerj.12105
https://peerj.com/


number of species among different groups. The number of bacterial OTUs shared by three
groups in nebkhas Tamarix shrubs was 2,056, which accounted for 31.2% of the total
OTUs (Fig. 1). Xa, Xb, and Xc contained 1,093, 1,094, and 835 unique OTUs, accounting
for 16.6%, 16.6%, and 12.7% of the total OTUs, respectively. In the non-nebkhas
Tamarix shrubs (Fig. 2), the number of OTUs shared by the three groups was 2205,
accounting for 34.4% of the total OTUs. Fa, Fb, and Fc contained 989, 991, and 555 unique
OTUs, accounting for 15.4%, 15.4%, and 8.6% of the total OTUs, respectively. In both
nebkhas and non-nebkhas Tamarix shrubs, the number of OTUs inside and at the edge of
the canopy was greater than at the edge of the shrubs. Besides, the number of OTUs in
nebkhas Tamarix shrubs was greater than that in non-nebkhas Tamarix shrubs.

Analysis of soil bacterial community composition at the phylum level
Based on the high throughput sequencing results, the number of OTUs that could be
annotated to the database accounted for 99.8% of the total OTUs. Thus, a total of two
kingdoms, 71 phyla, 161 classes, 345 orders, 473 families, and 702 genera were detected.
The UPGMA analysis was used to analyze the differences in the bacterial community
composition between the top 10 phyla and identify the highest abundant phyla (Fig. 3).
Based on the average relative abundance, we found that dominant bacterial species
belonged to Halobacterota, unidentified bacteria, and Proteobacteria, and these phyla

Figure 1 Venn diagram of the distribution of soil bacteria OTUs in the nebkhas Tamarix shrubs.
Full-size DOI: 10.7717/peerj.12105/fig-1
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accounted for 18.3%, 13.6%, and 13.4% of the average relative abundance, respectively.
Halobacterota had the highest relative abundance in Xa, and Proteobacteria and
unidentified bacteria had the highest relative abundance in Xc. The second most dominant
phyla were Actinobacteriota, unidentified-Archaea, Firmicutes, Bacteroidota, and

Figure 2 Venn diagram of the distribution of soil bacteria OTUs in the non- nebkhas Tamarix
shrubs. Full-size DOI: 10.7717/peerj.12105/fig-2

Figure 3 UPGM cluster tree based on Weighted UniFrac distance at the phylum level of soil
bacteria. Full-size DOI: 10.7717/peerj.12105/fig-3
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Chloroflexi, accounting for 10.0%, 7.3%, 7.4%, 5.6%, and 3.3% of the average relative
abundance of the total samples, respectively. Other dominant phyla were Acidobacteriota
and Desulfobacterota, accounting for 1.4% and 1% of the average relative abundance,
respectively. The remaining 61 phyla with a relative abundance of less than 1% were
categorized as others, which accounted for 18.7% of the average relative abundance.
As demonstrated in Fig. 3, Fa and Fb, Xb and Fc were clustered into one group. It indicated
the highest similarity in the bacterial community composition between Fa and Fb; also,
Xb and Fc. These four groups were clustered into one group and then clustered together
with Xa and Xc, respectively, which demonstrated that the soil microbial community
composition of Xa and Xc was different from these four groups. The clustering distance
between Fa, Fb and Fc was closer than that between Xa, Xb and Xc indicated that the
difference of bacterial community composition in nebkhas Tamarix shrubs was higher
than non-nebkhas Tamarix shrubs.

LEfSe analysis of different species of soil bacterial communities in
Tamarix shrubs
LEFSE (Linear Discriminant Analysis Effect Size) is an analytical tool used to discover
and interpret high-dimensional biomarkers (genes, pathways and taxon), which can be
used to compare two or more groups. It emphasizes statistical significance and biological
correlation, and can look for biomarkers with statistical differences between groups. In the
LEfSe analysis of biomarker (signifcant differences species) from different groups in
Tamarix shrubs, the LDA Score was set as four, and the species with LDA value > 4 were
selected as the biomarker of the bacterial community in Tamarix shrubs. Based on the
histogram of LDA value distribution (Fig. 4), a total of 12 biomarkers were identified, of
which six, five, and one biomarker from different taxonomic levels belonged to Xa, Fc,
and Xc groups, respectively. At the phylum level, only Desulfobacterota was enriched in
the Xa group. At the class level, Desulfuromonadia was primarily enriched in Xa,
Thermoleophilia and Actinobacteriota_Acidimicrobiia were enriched in Fc, and

Figure 4 Soil bacteria LDA value distribution histogram in Tamarix shrubs.
Full-size DOI: 10.7717/peerj.12105/fig-4
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unidentified bacteria and Acidimicrobiia were mainly enriched in Xc. At the order level,
Bradymonadales was enriched in Xa and Solirubrobacterales in Fc. At the family level,
Halomicrobiaceae, Bradymonadaceae, and Halococcaceae were mainly enriched in Xa,
and Haloadaptaceae were mainly enriched in Fc. At the genus level, only Haladaptatus was
enriched in Fc.

NMDS analysis of soil bacterial community structure inTamarix shrubs
Non-Metric Multi-Dimensional Scaling Analysis (NMDS) is a nonlinear mode of analysis
based on Bray-Curtis distance, which signifies the nonlinear structure of data. NMDS can
analyze the differences between samples in low dimensions. Each point in the figure
represents a sample as well as samples in the same group are represented in the same color,
and the difference becomes significant when the distance between the samples is large.
A stress value of less than 0.2 is essential to obtain the NMDS analysis results. The NMDS
analysis’s stress value obtained in this study was 0.145, and thus it was used for subsequent
analysis (Fig. 5). Soil samples of Tamarix nebkhas shrubs were distributed in the first,
second, and third quadrants but concentrated only in the first quadrant. Soil samples of
non-nebkhas Tamarix shrubs were distributed in the third and fourth quadrant and
concentrated only in the fourth quadrant. These results indicated differences in
bacterial community structure between nebkhas and non-nebkhas Tamarix shrubs.
The distribution of soil samples of nebkhas Tamarix shrubs was loose, and that of
non-nebkhas Tamarix shrubs was relatively concentrated. It indicated that the diversity of
bacterial community structure in nebkhas Tamarix shrubs was greater than that in
non-nebkhas Tamarix shrubs, which is in line with the results of the UPGMA cluster
analysis above.

Figure 5 NMDS analysis of soil bacterial community in Tamarix shrubs.
Full-size DOI: 10.7717/peerj.12105/fig-5
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Effects of soil physical and chemical factors on soil microbial
community structure in Tamarix shrubs
In VIF (Variance Inflation Factor) analysis, environmental factors were screened to
filter out the factors with VIF value > 20. Furthermore, 11 environmental factors, such as
pH and SWC, and the top 10 abundant phyla were selected for db-RDA analysis, a
distance-based redundancy analysis. db-RDA analysis was employed to elucidate the
correlation between bacterial community and environmental factors. In db-RDA analysis,
the abscissa represents the first principal component, and the percentage represents the
contribution of the first principal component to the sample difference. The ordinate
represents the second principal component, and the percentage represents the
contribution of the second principal component to the sample difference. Each point in
the figure represents a sample. Environmental factors are generally represented by arrows,
and the length of the arrow line represents the degree of correlation between an
environmental factor and the distribution of community and species. The longer the line
is, the greater the correlation is, and vice versa. Horizontal and vertical coordinates
contributed 67.04% and 14.68% of differences in bacterial community composition of soil
samples (Fig. 6), respectively, accounting for 81.72% of the total variation in variance.
According to db-RDA analysis, EC (R2 = 0.62, P = 0.001), AK (R2 = 0.59, P = 0.001), OM
(R2 = 0.52, P = 0.002), AP (R2 = 0.43, P = 0.013), and NHþ

4 (R2 = 0.37, P = 0.028) were the
primary driving factors in community variation and were significantly correlated to
bacterial community. As per the outcomes of this analysis, SWC, TK and pH were

Figure 6 db—RDA analysis of soil bacterial community in Tamarix shrubs.
Full-size DOI: 10.7717/peerj.12105/fig-6
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positively correlated with each other, but negatively correlated with other soil factors.
Halobacterota was significantly positively correlated with OM and AP (P < 0.01), and
significantly positively correlated with TN, TP, NHþ

4 , AK and EC (P < 0.05). Also,
Bacteroidota was significantly positively correlated with AK (P < 0.01) and significantly
positively correlated EC (P < 0.05), but Chloroflexi had a significant negative correlation
with AK and EC (P < 0.01). Besides, Proteobacteria was significantly negatively correlated
with OM (P < 0.05) as well as Actinobacteriota had a significant negative correlation
with TN, AK and EC (P < 0.05), and Acidobacteriota was significant negatively correlated
with TN and EC (P < 0.05).

Gene function analysis of soil bacteria using PICRUSt software in first
and second hierarchy level
PICRUSt software was employed to predict the gene function of soil microbiota in
Tamarix shrubs based on the annotations in the KEGG database. PICRUSt analysis of soil
bacterial genes was performed for gene sequences obtained through high throughput
sequencing of soil bacterial, and a total of 6,195 KEGG Orthology (KO) were predicted.
As per the outcomes of the functional annotation of these genes using KEGG database, a
total of six clear metabolic pathways in first hierarchy level, 41 metabolic pathways in
second hierarchy level, and 307 metabolic pathways in third hierarchy level were
obtained (Subdividing the first hierarchy level soil bacterial functions to get more second
hierarchy level bacterial functions, and subdividing the second hierarchy level bacterial
functions to get more third hierarchy level functions by PICRUSt software). The six
metabolic pathways in first hierarchy level (Fig. 7) entailed metabolism (51.3%),
genetic-information processing (16.4%), environmental information-processing (13%),
cellular processes (3.4%), human diseases (0.8%), and organismal systems (0.6%).
In addition, the average relative abundance of unclassified and unpredicted (none)
functional genes was 14.3% and 0.2%.

Figure 7 Column accumulation plot of relative abundance of bacterial community functions in first
hierarchy level. Full-size DOI: 10.7717/peerj.12105/fig-7

Xiao et al. (2021), PeerJ, DOI 10.7717/peerj.12105 12/21

http://dx.doi.org/10.7717/peerj.12105/fig-7
http://dx.doi.org/10.7717/peerj.12105
https://peerj.com/


In second hierarchy level bacterial functions, the top 10 over-represented bacterial
functions with the highest abundance were selected to generate a histogram of relative
functional abundance (Fig. 8), and these functions included amino-acid metabolism,
membrane transport, carbohydrate metabolism, accounting for 11.4%, 10.9%, and 10.3%
of total functions respectively. In first hierarchy level soil bacterial functions, the number of
metabolic genes occupied a significant advantage. In second hierarchy level bacterial
functions, the number of functional genes related to amino acid metabolism and
carbohydrate metabolism also occupied a significant advantage. Therefore, it can be
inferred that maybe Plenty of the soil bacteria in Tamarix shrubs had active growth and
metabolism processes.

Clustering heat map analysis of soil bacterial function in third
hierarchy level
Based on the functional annotation and abundance of the samples, the top 35
over-represented bacterial functions in abundance were selected to construct a cluster heat
map in third hierarchy level (Fig. 9). Bacteria with dominant functions almost belonged to
Xa, Xb, and Xc groups. We analyzed the dominant functions of bacteria in these three
groups. Xa was most distantly related to other groups. It suggested that the dominant
bacterial function in Xa group could differ from other groups. In Xa, out of 19 dominant
functions of bacteria, 12 functional processes, such as pyruvate-metabolism, citrate
cycle (TCA cycle), and methane metabolism, were related to metabolism. In addition,
ribosome, transcription-machinery, and DNA replication proteins were associated with
genetic information processing. There were seven dominant bacterial functions in Fc, of

Figure 8 Column accumulation plot of relative abundance of bacterial community functions in
second hierarchy level. Full-size DOI: 10.7717/peerj.12105/fig-8
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which four function, i.e., amino-sugar-and-nucleotide-sugar-metabolism, butanoate
metabolism, valine-leucine-and-isoleucine-degradation, and propanoate metabolism, were
related to metabolism, and two function, namely ABC-transporters and transporters, were
related to environmental information processing. Besides, Transcription-factors was
related to Genetic Information Processing, Xc group bacteria contributed to a total of
seven dominant bacterial functions of which ribosome-biogenesis, chromosome, DNA-
repair-and-recombination-proteins are related to genetic information processing. Besides,
secretion systems and two-component systems are related to environmental information
processing, oxidative phosphorylation is related to metabolism, and bacterial-motility
proteins are related to cellular processes. It can be speculated that in Tamarix shrubs,
the functions related to metabolism in the bacterial community have a dominant
advantage, followed by the functions related to genetic information processing and
environmental information processing occupy a certain advantage.

Figure 9 Clustering heat map of soil bacteria functions in third hierarchy level.
Full-size DOI: 10.7717/peerj.12105/fig-9
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DISCUSSION
Spatial heterogeneity of soil resources is a common phenomenon in arid and semi-arid
regions (Yi et al., 2008). Apart from this, shrub sand dunes mediated nutrient enrichment
is also an important mechanism resulting in soil resources’ spatial heterogeneity.
The SWC in the study area ranged from 0.65% to 2.84%, and the pH of the soil was 7.5–8.0,
and thus soil was classified as the highly arid desert saline-alkali soil. In the current
study, apart from pH, TK, and NHþ

4 , the other soil factors did not differ significantly
between nebkhas and non-nebkhas Tamarix shrubs. As stated in the study by Chen et al.
(2015), the continuous development and growth of nebkhas shrubs could significantly
increase the nebkhas soil’s nutrient content. Tamarix nebkhas shrubs selected in the
current study were formed recently, and the enrichment effects of soil nutrients was
not apparant. In nebkhas and non-nebkhas shrubs, maximum values of OM, TN, TP, AK,
EC, and TDS in the canopy suggested that in addition to the effect of the nebkhas shrubs
on soil nutrient enrichment, the canopy can also collect nutrients around the soil to a
certain extent. This can be attributed to the close proximity of soil in the canopy to the
plant roots; also, plant root exudates contain various inorganic ions, sugars, amino acids,
and other compounds, which provide nutrients and energy to the surrounding soil (Tu
et al., 2000). Besides, the litter degradation in the canopy can also improve the soil
environmental conditions to a certain extent (Wang et al., 2020).

Due to high microbial abundance in the soil, the bacterial community structure of
the soil is complex. In this study, a total of two kingdoms, 71 phyla, 161 classes, 345 orders,
473 families, and 702 genera were detected using sequencing technology. Multiple studies
have shown that Proteobacteria, Actinobacteriota, Acidobacteriota, Bacteroidota,
Firmicutes, and so on are commonly occurring bacteria in the arid desert soil, which is in
line with the findings of this study (Schadt, 2010; Osman, Fernandes & DuBow, 2017).
In a study by Pan (2019), Actinobacteria and Proteobacteria were reported to be the
dominant bacterial phyla in Nitraria spp. shrubs in the desert steppe. However, the
outcomes of the current study were not in line with the study by Pan et al. In this study,
we observed that Halobacterota had a significant advantage in Tamarix shrubs.
The different geographical environment and vegetation typess ignificantly affects
microbiota. The study area belong to a typical arid saline-alkali environment, as well as
Tamarix is a typical drought-tolerant and salt-tolerant desert plant. Microbes in
Halobacterota can survive in a high salt concentration (Zhang, 2016), it has a high salt
tolerance and plays a positive role in promoting the salt tolerance of plants (Wang et al.,
2010). The high salt content in the soil of Tamarix ramosissima shrubs was apt for the
survival of Halobacterota and had a selection effect on other soil microbes.

Alpha diversity of soil bacterial communities in Tamarix shrubs, calculated using
Shannon, Simpson, Chao1, and ACE indices, was not significantly different in nebkhas
and non- nebkhas Tamarix shrubs. It indicated that nebkhas had an insignificant effect on
soil bacterial community diversity and abundances. It may be due to no apparent
differences in soil factors within the Tamarix shrubs. A total of 63% of the total OTUs were
shared by nebkhas and non-nebkhas Tamarix shrubs. It indicated that nebkhas and
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non-nebkhas Tamarix shrubs contained significantly overlapping bacterial communities.
OTUs in the canopy’s inner and edge were greater than OTUs in the edge of the
shrubs. Besides, OTUs in nebkhas Tamarix shrubs were higher than non-nebkhas Tamarix
shrubs. This indicated that Tamarix canopy and Tamarix nebkhas had a certain
enrichment effect on soil bacteria.

NMDS analysis and UPGMA cluster analysis demonstrated certain differences in soil
bacterial community structure between nebkhas and non-nebkhas Tamarix shrubs.
The difference of bacterial community structure in Tamarix nebkhas shrubs was higher
than that in the non-nebkhas shrubs. Besides, the soil bacterial community composition
and structure of Xa was some difference than other groups (Figs. 3, 5), and LEFSe analysis
revealed most biomarker in Xa (Fig. 4). These findings showed that the species
composition and community structure of soil bacterial community in Xa was visible
different from other groups. It indicated that Tamarix nebkhas and vegetation
together had obvious effection on the structure and composition of the soil microbial
community.

The correlation between soil bacterial community structure and soil physicochemical
factors was elucidated through correlation analysis. As per the outcomes of this analysis,
OM, AK, AP, EC, and NHþ

4 were found to be the primary soil factors affecting soil
bacterial community structure. It indicated that soil nutrients and salt had significant
effects on the bacterial community. Dai et al. (2017) investigated the soil bacterial
community of different vegetation types in the Hobq Sand and reported that OM,
SWC, AN, AP, and TN mainly affected the abundance and diversity of soil bacterial
community. In addition, Niu et al. (2017) investigated the microbial diversity in
saline-alkali soil in the Hexi Corridor and reported that the soil pH, OM, TN, and EC
significantly affected the microbial community composition of this ecological site. Thus, it
can be inferred that the physical and chemical properties of soil affect the bacterial
community structure present in different types of desert saline-alkali soil. In db-RDA
analysis, we observed that Halobacterota is significantly positively correlated with EC,
AP, AK, NHþ

4 and OM. Halobacterota, the dominant bacteria phylum in Tamarix
shrubs, is a halophilic heterotrophic microbe with high salt tolerance. These microbes can
survive in an environment of high salt concentration (Wang et al., 2010). AP, AK, NHþ

4

and OM serve as available nutrient and energy sources, which meet the energy
requirements pertaining to metabolic processes in Halobacterota and imparts “salt
tolerance” or, in other words, promotes a “salt-loving” lifestyle in microbes inhabiting
saline-alkaline environments (Zhang & Fan, 2002).

Through bacterial gene function prediction, we observed that metabolism-related
functional genes were dominant in all three hierarchy levels, followed by the gene
information processing genes; besides, environmental information processing related
functional bacteria were found to have significant advantages. The relative abundance of
the various functional bacteria in first and second hierarchy levels was more evenly
distributed in each group (Figs. 7, 8). It indicated that the spatial heterogeneity of the
bacterial functional genes of Tamarix shrubs is small. In second hierarchy level, the
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number of functional genes related to amino acid metabolism, membrane transport, and
carbohydrate metabolism was significantly dominant, in line with the previous arid
environment-related (Sun et al., 2020) and saline-alkali land literature (Tang et al., 2020).
It indicated that active growth and metabolism activities of bacteria are common in the
arid saline-alkali environments. Carbohydrate metabolism plays a crucial role in the
biochemical process by regulating the formation, decomposition, and mutual
transformation of carbohydrates in microbes. Plants and microbes absorb ammonium
salts, nitrates, and other inorganic nitrogen from the environment and synthesize proteins
and nitrogen-containing substances through amino acid metabolism (Miflin & Lea, 1977).
Drought stress leads to the accumulation of multiple substances regulating osmotic
pressure in the cells. The concentration of these substances increases in the cytoplasm,
thereby decreasing the osmotic potential of the cell, which is regulated by chemical signals
transmitted through membrane transport (Bhattacharya, 2010). Therefore, the above three
functional bacteria’s enrichment indicates that the microbiota might improve the
surrounding soil nutrients, provide nutrients for plants, and promote plant growth under
drought stress in arid desert environments.

CONCLUSION
In this study, Tamarix nebkhas and Tamarix canopy showed a certain enrichment effect on
soil nutrients, content, and bacterial community structure. The comprehensive effect
of nebkhas and canopy had obvious effects on the structure and function of the soil
bacterial community. The number of Tamarix shrubs OTUs annotated to the database
accounted for 99.8% of total OTUs. At different classification levels, a total of two
kingdoms, 71 phyla, 161 classes, 345 orders, 473 families, and 702 genera were detected.
At the phylum level, Halobacterota, unidentified bacteria, and Proteobacteria were
identified to be the dominant phyla of Tamarix shrubs. OM, AK, AP, EC, and NHþ

4

were the primary soil factors to affect the structure of the soil bacterial community.
SWC, TK and pH were positively correlated with each other, but negatively correlated with
other soil factors. At the phylum level, a significantly positive correlation was observed
between the Halobacterota and AP, OM as well as Bacteroidota and AK (P < 0.01), but a
significantly negative correlation was observed between the Chloroflexi and AK, EC
(P < 0.01). A total of 6,195 KOwas detected in Tamarix shrubs, and six metabolic pathways
in first hierarchy level, 41 metabolic pathways in second hierarchy level, and 307 metabolic
pathways in third hierarchylevel were obtained by functional annotation of sequences
from soil bacteria. Among them, the functional genes related to metabolism, gene
information processing, and environmental information processing were dominant.

As the nebkhas shrubs selected in this experiment were formed recently, the enrichment
of soil nutrients and soil bacteria by nebkhas was not obvious. Two aspects-the
nebkhas shrubs with a long time of formation and soil depths in nebkhas shrubs can be
selected to conduct in-depth research on soil microorganisms to provide more basic and
scientific data for the ecological restoration of Tarim River in the future.

Xiao et al. (2021), PeerJ, DOI 10.7717/peerj.12105 17/21

http://dx.doi.org/10.7717/peerj.12105
https://peerj.com/


ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by the National Natural Science Foundation of China (No.
41561010). The funders had no role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
National Natural Science Foundation of China: 41561010.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions
� Fangnan Xiao conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
paper, and approved the final draft.

� Yuanyuan Li conceived and designed the experiments, performed the experiments,
prepared figures and/or tables, authored or reviewed drafts of the paper, and approved
the final draft.

� Guifang Li analyzed the data, prepared figures and/or tables, authored or reviewed drafts
of the paper, and approved the final draft.

� Yaling He conceived and designed the experiments, performed the experiments,
authored or reviewed drafts of the paper, and approved the final draft.

� Xinhua Lv performed the experiments, analyzed the data, authored or reviewed drafts of
the paper, and approved the final draft.

� Li Zhuang conceived and designed the experiments, analyzed the data, prepared figures
and/or tables, authored or reviewed drafts of the paper, and approved the final draft.

� Xiaozhen Pu conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
paper, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The data is available at NCBI SRA: PRJNA726047.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.12105#supplemental-information.

REFERENCES
Bao SD. 2000. Soil agrochemical analysis. Third Edition. Beijing: China Agriculture Press.

Xiao et al. (2021), PeerJ, DOI 10.7717/peerj.12105 18/21

http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA726047
http://dx.doi.org/10.7717/peerj.12105#supplemental-information
http://dx.doi.org/10.7717/peerj.12105#supplemental-information
http://dx.doi.org/10.7717/peerj.12105
https://peerj.com/


Bauhus J, Pare D, Cote L. 1998. Effects of tree species, stand age and soil type on soil microbial
biomass and its activity in a southern boreal forest. Soil Biology & Biochemistry
30(8–9):1077–1089 DOI 10.1016/S0038-0717(97)00213-7.

Bhattacharya S. 2010. Handbook of cell signaling. Journal of Anatomy 205(1):77
DOI 10.1111/j.0021-8782.2004.00308.x.

Cao C, Abulajiang Y, Zhang Y, Feng S, Wang T, Ren Q, Li H. 2016. Assessment of the effects of
phytogenic nebkhas on soil nutrient accumulation and soil microbiological property
improvement in semi-arid sandy land. Ecological Engineering 91:582–589
DOI 10.1016/j.ecoleng.2016.03.042.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, Fierer N,
Peña AG, Goodrich JK, Gordon JI. 2010. QIIME allows analysis of high-throughput
community sequencing data. Nature Methods 7(5):335–336 DOI 10.1038/nmeth.f.303.

Chen HY, Shang ZY, Fu H, Zhang BL, Zhang SL, Niu DC. 2015. Soil microbial biomass and
activity under desert shrub canopies. Acta Prataculturae Sinica 24:70–76
DOI 10.11686/cyxb20150209.

Chen M, Zhu JW, Sheng JD, Wu HQ. 2008a. The effect of Tamarix spp canopy on the soil enzyme
activities and the microbial quantity. Acta Agriculturae Boreali-Occidentalis Sinica 17:212–217
DOI 10.3969/j.issn.1004-1389.2008.02.047.

Chen M, Zhu JW, Sheng JD, Wu HQ. 2008b. Study on soil enzyme activities and soil
microorganisms under canopy of Tamarix spp. shrubs at Tarim Middle River. Southwest China
Journal of Agricultural Sciences 21:103–109 DOI 10.3969/j.issn.1001-4829.2008.01.024.

Chen YN, Zhang XL, Zhu XM, Li WH, Zhang YM, Xu HL, Zhang HF, Chen YP. 2004. Analysis
of ecological effect of water conveyance in discontinuous channel of lower reaches of Tarim
River in Xinjiang. Science in China Series D: Earth Sciences 34:475–482 DOI 10.3321/j.issn:
1006-9267.2004.05.010.

Dai YT, Yan ZJ, Xie JH, WuHX, Xu LB, Hou XY, Gao L, Cui YW. 2017. Soil bacteria diversity in
rhizosphere under two types of vegetation restoration based on high throughput sequencing.
Acta Pedologica Sinica 54(3):735–748.

Deng J, Zhou Y, Zhu W, Yin Y. 2020. Effects of afforestation with Pinus sylvestris var. mongolica
plantations combined with enclosure management on soil microbial community. PeerJ
8(6):e8857 DOI 10.7717/peerj.8857.

Edgar RC. 2013. UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nature
Methods 10(10):996–998 DOI 10.1038/nmeth.2604.

Girvan MS, Campbell CD, Killham K, Prosser JI, Glover LA. 2010. Bacterial diversity promotes
community stability and functional resilience after perturbation. Environmental Microbiology
7(3):301–313 DOI 10.1111/j.1462-2920.2005.00695.x.

Haas BJ, Gevers D, Earl AM, Feldgarden M, Ward DV, Giannoukos G, Ciulla D, Tabbaa D,
Highlander SK, Sodergren E, Methe B, DeSantis TZ, Knight R, Birren BW. 2011. Chimeric
16S rRNA sequence formation and detection in Sanger and 454-pyrosequenced PCR amplicons.
Genome Research 21:494–504 DOI 10.1101/gr.112730.110.

Hu SJ, Chapin FSI, Firestone MK, Field CB, Chiariello NR. 2001. Nitrogen limitation of
microbial decomposition in a grassland under elevated CO2. Nature 409(6817):188–191
DOI 10.1038/35051576.

John D, Barns SM, Ticknor LO, Kuske CR. 2002. Empirical and theoretical bacterial diversity in
four Arizona soils. Applied and Environmental Microbiology 68:3035–3045
DOI 10.1128/AEM.68.6.3035-3045.2002.

Xiao et al. (2021), PeerJ, DOI 10.7717/peerj.12105 19/21

http://dx.doi.org/10.1016/S0038-0717(97)00213-7
http://dx.doi.org/10.1111/j.0021-8782.2004.00308.x
http://dx.doi.org/10.1016/j.ecoleng.2016.03.042
http://dx.doi.org/10.1038/nmeth.f.303
http://dx.doi.org/10.11686/cyxb20150209
http://dx.doi.org/10.3969/j.issn.1004-1389.2008.02.047
http://dx.doi.org/10.3969/j.issn.1001-4829.2008.01.024
http://dx.doi.org/10.3321/j.issn: 1006-9267.2004.05.010
http://dx.doi.org/10.3321/j.issn: 1006-9267.2004.05.010
http://dx.doi.org/10.7717/peerj.8857
http://dx.doi.org/10.1038/nmeth.2604
http://dx.doi.org/10.1111/j.1462-2920.2005.00695.x
http://dx.doi.org/10.1101/gr.112730.110
http://dx.doi.org/10.1038/35051576
http://dx.doi.org/10.1128/AEM.68.6.3035-3045.2002
http://dx.doi.org/10.7717/peerj.12105
https://peerj.com/


Langille MGI, Zaneveld J, Caporaso JG, McDonald D, Knights D, Reyes JA, Clemente JC,
Burkepile DE, Thurber RLV, Knight R, Beiko RG, Huttenhower C. 2013. Predictive
functional profiling of microbial communities using 16S rRNA marker gene sequence. Nature
Biotechnology 31:814–821 DOI 10.1038/nbt.2676.

Li ZZ,Wu SL,Wang XF, HeMD, Ge L, MuH, Xu GQ. 2007. Bio-geomorphologic growth process
of Tamarix nabkha in the Hotan River Basin of Xinjiang. Acta Geographica Sinica 162:462–470
DOI 10.3321/j.issn:0375-5444.2007.05.002.

Liu MT. 1996. Comprehensive study and application of Tamarix genera. Lanzhou: Lanzhou
University Press.

Magoč T, Salzberg SL. 2011. FLASH: fast length adjustment of short reads to improve genome
assemblies. Bioinformatics 27(21):2957–2963 DOI 10.1093/bioinformatics/btr507.

Miflin BJ, Lea PJ. 1977. Amino acid metabolism. Annual Review of Plant Physiology 28(1):299–329
DOI 10.1146/annurev.pp.28.060177.001503.

Nickling WG, Wolfe SA. 1994. The morphology and origin of Nabkhas, Region of Mopti, Mali,
West Africa. Journal of Arid Environments 28(1):13–30 DOI 10.1016/S0140-1963(05)80017-5.

Niu SQ, Long Y, Li HY, Da WY, Hu S, Li WJ, Zhu XT, Kong WB. 2017. Microbial diversity in
saline alkali soil from Hexi Corridor analyzed by Illumina MiSeq high-throughput sequencing
system. Microbiology 44:2067–2078 DOI 10.13344/j.microbiol.china.160824.

Osman JR, Fernandes G, DuBow MS. 2017. Bacterial diversity of the rhizosphere and nearby
surface soil of rice (Oryza sativa) growing in the Camargue (France). Rhizosphere 3(1):112–122
DOI 10.1016/j.rhisph.2017.03.002.

Pan XX. 2019. The characteristics of soil microbial structure and diversity on Nitraria tangutorum
Nebkhas of different development stages in desert steppe. D. Phil. Thesis, Ningxia University.
DOI 10.27257/d.cnki.gnxhc.2019.000712.

Preem J-K, Truu J, Truu M, Mander Ü, Oopkaup K, Lõhmus K, Helmisaari H-S, Uri V,
Zobel M. 2012. Bacterial community structure and its relationship to soil physico-chemical
characteristics in alder stands with different management histories. Ecological Engineering
49:10–17 DOI 10.1016/j.ecoleng.2012.08.034.

Rognes T, Flouri T, Nichols B, Quince C, Mahé F. 2016. VSEARCH: a versatile open source tool
for metagenomics. Peerj 4(17):e2584 DOI 10.7717/peerj.2584.

Schadt CW. 2010. Soil microbial community responses to multiple experimental climate change
drivers. Applied & Environmental Microbiology 76(4):999–1007 DOI 10.1128/AEM.02874-09.

Segata N, Izard J, Waldron L, Gevers D. 2011. Metagenomic biomarker discovery and
explanation. Genome Biology 12(6):R60 DOI 10.1186/gb-2011-12-6-r60.

Sun X, Lin YL, Li BL, Huang LF. 2020. Analysis and function prediction of soil microbial
communities of Cynomorium songaricum in two daodi-origins. Acta Pharmaceutica Sinica
55:1334–1344 DOI 10.16438/j.0513-4870.2019-1034.

Tang J, Li YK, He XZ, Tang XX. 2020. The diversity analysis of soil microbial community based
on the high throughput sequencing under the Dolomite Karst rocky desertification
environment. Journal of Guizhou Normal University (Natural Sciences) 38:20–28
DOI 10.16614/j.gznuj.zrb.2020.05.004.

Tu SX, Sun JH, Guo ZF, Gu F. 2000.On relationship between root exudates and plant nutrition in
rhizosphere. Soil and Environmental Sciences 9:64–67
DOI 10.3969/j.issn.1674-5906.2000.01.017.

Vasconcellos RLF, Bonfim JA, Andreote FD, Mendes LW, Cardoso EJBN. 2013.Microbiological
indicators of soil quality in a riparian forest recovery gradient. Ecological Engineering
53(11):313–320 DOI 10.1016/j.ecoleng.2012.12.067.

Xiao et al. (2021), PeerJ, DOI 10.7717/peerj.12105 20/21

http://dx.doi.org/10.1038/nbt.2676
http://dx.doi.org/10.3321/j.issn:0375-5444.2007.05.002
http://dx.doi.org/10.1093/bioinformatics/btr507
http://dx.doi.org/10.1146/annurev.pp.28.060177.001503
http://dx.doi.org/10.1016/S0140-1963(05)80017-5
http://dx.doi.org/10.13344/j.microbiol.china.160824
http://dx.doi.org/10.1016/j.rhisph.2017.03.002
http://dx.doi.org/10.27257/d.cnki.gnxhc.2019.000712
http://dx.doi.org/10.1016/j.ecoleng.2012.08.034
http://dx.doi.org/10.7717/peerj.2584
http://dx.doi.org/10.1128/AEM.02874-09
http://dx.doi.org/10.1186/gb-2011-12-6-r60
http://dx.doi.org/10.16438/j.0513-4870.2019-1034
http://dx.doi.org/10.16614/j.gznuj.zrb.2020.05.004
http://dx.doi.org/10.3969/j.issn.1674-5906.2000.01.017
http://dx.doi.org/10.1016/j.ecoleng.2012.12.067
http://dx.doi.org/10.7717/peerj.12105
https://peerj.com/


Wang KR, Zhang SJ, Li SH, Sang XX, Bai LH. 2010.Osmotolerance property and mechanism of a
moderately halophilic bacterium halomonas sp.NY-011. Chinese Journal of Applied &
Environmental Biology 16(2):256–260 DOI 10.3724/SP.J.1145.2010.00256.

Wang Q, Garrity GM, Tiedje JM, Cole JR. 2007. Naive Bayesian classifier for rapid assignment of
rRNA sequences into the new bacterial taxonomy. Applied and Environmental Microbiology
73(16):5261–5267 DOI 10.1128/AEM.00062-07.

Wang XP, Yang X, Yang N, Xin XJ, Qu YB, Zhao NX, Gao YB. 2020. Effects of litter diversity
and composition on litter decomposition characteristics and soil microbial community: under
the conditions of doubling ambient atmospheric CO2 concentration. Acta Ecologica Sinica
40:6171–6178 DOI 10.5846/stxb201812162743.

Wei XR, Huang MB, Shao MA, Li L, Horton R. 2013. Shrubs increase soil resources heterogeneity
along semi-arid grass slopes in the Loess Plateau. Journal of Arid Environments 88(3):175–183
DOI 10.1016/j.jaridenv.2012.09.003.

Wu SH, Huang BH, Gao J, Wang S, Liao PC. 2019. The effects of afforestation on soil bacterial
communities in temperate grassland are modulated by soil chemical properties. PeerJ 7:e6147
DOI 10.7717/peerj.6147.

XiaWW, Jia ZJ. 2014. Comparative analysis of soil microbial communities by pyrosequencing and
DGGE. Acta Microbiologica Sinica 54:1489–1499 DOI 10.13343/j.cnki.wsxb.2014.12.012.

Yang F, Wang XQ, Yang DL, Han ZY. 2012. Research on the morphological interactions between
Tamarix ramosissima thickets and Nebkhas under different sand supply conditions: a case study
in Cele oasis-desert ecotone. Acta Ecologica Sinica 32:2707–2719 DOI 10.5846/stxb.

Yang KW, Zhang DY, Yi LK, Zhang LY. 2002. Distribution and cluster analysis on the similarity
of the Tamarix Communities in Xinjiang. Arid Zone Research 19:6–11.

Yang Q, He Q. 2000. Relationship between climate change and ecological environment in the
lower reaches of Tarim River Basin. Bimonthly of Xinjiang Meteorology 3:12–15.

Yang TT, Yao GZ, Wang MC, Ding GD. 2008. Study on wind-sand defending effect of natural
shrubs in Ulan Buh Dsert. Journal of Arid Land Resources and Environment 22:194–197
DOI 10.3969/j.issn.1003-7578.2008.01.038.

Yi CH, Feng G, Tian CY, Zhang FS. 2008. Enrichment effects of soil organic matter and salinity
under the tamarisk shrubs in arid area. Chinese Journal of Eco-agriculture 16:263–265.

Zhang B. 2016. Diversity and salt-tolerance of prokaryotes in Shaanxi Huama salt lake. Hanzhong:
Shaanxi University of Technology.

Zhang HY, Fan ZF. 2002. Comparative study on the content of inorganic and organic solutes in
ten salt-tolerant plants in Yuncheng Saltlake. Acta Ecologica Sinica 22:352–358
DOI 10.3321/j.issn:1000-0933.2002.03.010.

Zou F, Li JQ, Han LL, Ma YT,Wang BH, Ge G,Wu L. 2019. Response of soil microbial functional
traits to annually hydrological changes in Lake Poyang wetlands. Journal of Lake Sciences
31:551–559 DOI 10.18307/2019.0223.

Xiao et al. (2021), PeerJ, DOI 10.7717/peerj.12105 21/21

http://dx.doi.org/10.3724/SP.J.1145.2010.00256
http://dx.doi.org/10.1128/AEM.00062-07
http://dx.doi.org/10.5846/stxb201812162743
http://dx.doi.org/10.1016/j.jaridenv.2012.09.003
http://dx.doi.org/10.7717/peerj.6147
http://dx.doi.org/10.13343/j.cnki.wsxb.2014.12.012
http://dx.doi.org/10.5846/stxb
http://dx.doi.org/10.3969/j.issn.1003-7578.2008.01.038
http://dx.doi.org/10.3321/j.issn:1000-0933.2002.03.010
http://dx.doi.org/10.18307/2019.0223
http://dx.doi.org/10.7717/peerj.12105
https://peerj.com/

	High throughput sequencing-based analysis of the soil bacterial community structure and functions of Tamarix shrubs in the lower reaches of the Tarim River ...
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


