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Abstract

Background: Minqin is suffering from a serious desertification, whereas the knowledge about its bacterial
community is limited. Herein, based on Nitraria tangutorum and Haloxylon ammodendron from Minqin, the bacterial
community diversities in fixed sandy land, semi-fixed sandy land and shifting sandy land were investigated by
combining with culture-dependent and culture-independent methods.

Results: Minqin stressed with high salinity and poor nutrition is an oligotrophic environment. Bacterial community in
Minqin was shaped primarily by the presence of host plants, whereas the type of plant and sandy land had no marked
effect on those, which displayed a better survival in the rhizospheres of N. tangutorum and H. ammodendron. The
dominant groups at phyla level were Actinobacteria, Firmicutes, Proteobacteria, Bacteroidetes, Planctomycetes,
Chloroflexi, Acidobacteria and Candidate_division_TM7. The abundance of Firmicutes with ability of desiccation-
tolerance was significantly higher in harsh environment, whereas Bacteroidetes were mainly distributed in areas with
high nutrient content. The abundances of Proteobacteria and Bacteroidetes were relatively high in the rhizospheres of
N. tangutorum and H. ammodendron, which had more plant-growth promoting rhizobacteria. A large number of
Actinobacteria were detected, of which the most abundant genus was Streptomyces. The physicochemical factors
related to the diversity and distribution of the bacterial community were comprehensively analyzed, such as pH,
electrical conductivity, soil organic matter, C/N and sand, and the results indicated that Minqin was more suitable for
the growth of N. tangutorum, which should be one of most important sand-fixing plants in Minqin.

Conclusions: The bacterial community diversities in different types of sandy lands of Minqin were comprehensively
and systematically investigated by culture-dependent and culture-independent approaches, which has a great
significance in maintaining/restoring biological diversity.
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Background
Desertification is a serious global environmental prob-
lem [1–3]. China is also under the influence of the
desertification, and the areas are mainly concentrated in
western of northeast and northwest [4, 5]. In the north-
west China, water resources are dwindling due to years
of peripheral expansion by Tengger Desert and Badain
Jaran Desert to the downstream Shiyang River basin;
desertification in Minqin is more and more seriously [6].
Desert plants with adversity resistance can survive and
reproduce in unfavorable environments, such as extreme
barrenness, drought, saline-alkali and high intensity radi-
ation, which play an important role in maintaining the
ecological stability of extremely poor environments and
inhibiting the continuous expansion of desertification.
Minqin desertification is one of the birthplaces of

desert, encroaching the valuable living space, endanger-
ing the existence and development of humankind, and
accelerating the expansion of sandstorms to the east.
Many researchers have paid much attention on reforest-
ation [7, 8], relationship between plants and soil proper-
ties [9–11], and ecological and hydrological processes
[12, 13] for the prevention/restoration of desertification.
It is well-known that diversity and distribution of soil
microbial community vary distinctly in different ecosys-
tems, and the variation is supposed to be related to a
series of soil abiotic and biotic factors [14]. Microorgan-
isms are key components in the proper functioning of
the ecosystem by the transformation of organic carbon,
sulfur, nitrogenous compounds and metals, thereby
establishing vegetation and maintaining soil physical
structure [15, 16]. The natural vegetation of Minqin
Desert is mainly small shrubs and herbs. Among them,
Nitraria tangutorum and Haloxylon ammodendron are
the dominant shrubs, and their well-developed roots are
conducive to the interaction between plant and microbial
community, thus promoting plant growth and improving
soil structure [17].
In order to better understand the role of microbes, it

is important to increase our knowledge of microbial di-
versity in a specific environment. However, few reports
were about the microbial community structures inhabit-
ing Minqin Desert, especially what factors determine
their distribution characteristics. Therefore, it is neces-
sary to investigate the microbial community structure of
Minqin Desert, thereby providing important information
for desertification control. For this purpose, soil samples
of rhizosphere and non-rhizosphere of N. tangutorum
and H. ammodendron from fixed sandy land, semi-fixed
sandy land and shifting sandy land in Minqin were col-
lected. The culture-dependent and culture-independent
methods were combined to comprehensively evaluate
the diversity and distribution of bacterial communities,
and preliminarily analyzed the key factors shaping the

distribution of bacterial communities. This research will
lay a solid foundation for maintaining/restoring bio-
logical diversity.

Results
Soil properties of sandy lands
The general physicochemical properties of rhizospheres
of two dominant plants and bulk soils from three types
of sandy lands of Minqin Desert were summarized in
Table 1. The soil pH was ranged from 8.14 to 9.16. The
pH was significantly different between each sampling
site in the fixed sandy land, whereas the difference in
other two sandy lands was not significant between their
own sampling sites. There was no significant difference
in electrical conductivity (EC) of non-rhizospheres from
three types of sandy lands, whereas the overall trend of
EC in rhizospheres was higher than that in non-
rhizospheres. EC of N. tangutorum in fixed sandy land
was significantly higher than that in other two sandy
lands. Additionally, the content of soil Na+ was ranged
from 101.18 to 444.33 mg/kg. The contents of Na+ from
N. tangutorum rhizosphere in fixed and shifting sandy
lands were significantly higher than that from other
sites, whereas the content of Na+ from H. ammodendron
rhizosphere in semi-fixed sandy land was significantly
higher than that from other sites. Soil total carbon
(STC) displayed significant differences between different
sites (ranged from 0.293 to 0.921 g/kg), but still at a low
level. Except for the rhizosphere and non-rhizosphere of
N. tangutorum in fixed sandy land, the differences of soil
total nitrogen (STN) among other sites were not signifi-
cant. C/N was significantly different in N. tangutorum
rhizosphere from different types of sandy lands, whereas
there was no obvious change in other samples. The
contents of soil organic matter (SOM) in the bulk soils
were as follows: fixed sandy land > semi-fixed sandy
land > shifting sandy land, which had a significant dif-
ference between each other. The content of SOM in
rhizosphere of N. tangutorum from shifting sandy land
was the highest (shifting sandy land > semi-fixed sandy
land > fixed sandy land), whereas there was no signifi-
cantly different between those in rhizospheres of N.
tangutorum from fixed and semi-fixed sandy lands. The
contents of SOM in rhizosphere of H. ammodendron
were as follows: semi-fixed sandy land > shifting sandy
land > fixed sandy land, whereas there was no signifi-
cantly different between these in rhizosphere of H.
ammodendron from semi-fixed and shifting sandy
lands, and the SOM contents from H. ammodendron
rhizosphere in semi-fixed and fixed sandy land were all
more than those in control samples. Additionally, the
soil texture in different sampling sites also displayed
significantly different, such as sand (Table 1).
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Analysis of diversity and distribution of bacterial
community by culture-dependent method
Seventy-seven morphologically divergent bacterial strains
were isolated with reasoner’s 2A agar (R2A; Table S1), and
the bacterial count varied from 6.5 × 104 to 4.04 × 107

CFU/mL. Nineteen genera belonged to four phyla, Actino-
bacteria, Firmicutes, Proteobacteria and Bacteroidetes
(Fig. 1). Bacterial diversity was found to be maximum (up
to 80.77%) in the phylum of Actinobacteria, and the largest
genus was Streptomyces, followed by Pontibacter from
Bacteroidetes (5.9%) only isolated from H. ammodendron
rhizosphere in fixed sandy land. The relative high abun-
dance of culturable bacterial community in shifting sandy
land, especially N. tangutorum in shifting sandy land, may
give an explanation of why N. tangutorum shown the best
growth status with the largest abundance of bacterial
community. Streptomyces, Arthrobacter, Lysobacte, Sinorhi-
zobium and Bacillus were isolated from the cultivable
bacteria community of rhizospheres in semi-fixed sandy
land, which were more balance and most of them were
plant growth-promoting rhizobacteria. The relative abun-
dance of culturable bacterial community of bulk soil in
shifting sandy land was larger than that in other two types
of sandy lands. However, the similarity between some bac-
teria and the closest species was less than 99% by BLAST
analysis of the 16S rDNA gene sequences, which indicated
that there may be some potential novel species (Table S1).
It’s worth noting that we didn’t find observed colonies in
the dark for 3 days at 28 °C by culture-dependent method,
and the observed colonies can be found in the dark for 5–
7 days at 28 °C. We reason that the bacteria from the desert
have lower activities than that from other places.

Analysis of diversity and distribution of bacterial
community by culture-independent method
Overview of diversity and distribution of bacterial
community
Species accumulation curve (SAC) is used to estimate
the number of operational taxonomic units (OTUs) in a
particular area, which is a tool used to investigate the
species composition of the samples and predict their
species richness. In the present study, SAC was used to
determine whether the observed bacterial diversity
represented the overall bacterial diversity. As shown in
Fig. S1, SAC was increasing and negatively accelerated,
which tended to an asymptote, indicating that the
sequencing results were available, and could reflect the
bacterial community structure composition of the real
samples.
In total, 382,306 quality sequences were obtained from

all of the 27 samples with three replicates, and 10,505–
17,126 sequences were obtained from per sample
(mean = 14,159). The read lengths ranged from 396.22 to
397.15 bp with an average of 396.50 bp. The dominant
groups (relative abundance > 5%) across all soil samples
were Actinobacteria, Firmicutes, Proteobacteria, Bacteroi-
detes, Planctomycetes, Chloroflexi, Acidobacteria and
Candidate_division_TM7 (Fig. 2). These groups accounted
for more than 94% of the bacterial sequences, which was
agreed with that from Sonoran Desert soils [18]. Report-
edly, the most dominant group in Tenggeli Desert was Pro-
teobacteria phylum [4]. Groups of Caldiserica, Candidate_
division_OD1, Tenericutes, Thermotogae, WCHB1–60,
Deferribacteres, Fibrobacteres, TM6, BHI80–139, Caldiser-
ica, SHA-109, Elusimicrobia, JL-ETNP-Z39, Chlorobi and

Fig. 1 Distribution of partial sequences of culturable bacteria from bulk soils and rhizospheres of N. tangutorum and H. ammodendron at fixed
sandy land, semi-fixed sandy land and shifting sandy land on the level of genus, and all genera belonged to Actinobacteria, Firmicutes,
Proteobacteria and Bacteroidetes. The first letter in the code represents sandy types (A, fixed sandy land; B, semi-fixed sandy land; C, shifting
sandy land) and the second letter in the code represents the plant species (C, bulk soil without plant; N, N. tangutorum; H, H. ammodendron)
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Nitrospirae displayed less abundant (relative abundance >
0.1%), but were still found in most desert soils. We found
that the phylum distribution in Minqin still had a relative
peculiar pattern. Actinobacteria was the most abundant
phylum in most of the analyzed samples with the exception

of bulk soils from semi-fixed and shifting sandy lands,
whereas Firmicutes was the most abundant phylum from
semi-fixed and shifting sandy lands. The relative abundance
of Bacteroidetes was larger in shifting sandy land of N. tan-
gutorum, unfortunately, we didn’t isolate Bacteroidetes by

Fig. 2 Relative abundances of the dominant bacterial groups in all soils on the level of phylum (a) and genus (b). The first letter in the code
represents sandy types (A, fixed sandy land; B, semi-fixed sandy land; C, shifting sandy land) and the second letter in the code represents the
plant species (C, bulk soil without plant; N, N. tangutorum; H, H. ammodendron)
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culture-dependent method. Lactococcus was accounted for
the most in the bacterial community distribution of Minqin
Desert, especially in non-rhizosphere soil samples, followed
by Bacillus. According to the distribution of plants, N. tan-
gutorum in shifting sandy land had higher stress resistance,
whereas H. ammodendron had better growth status in fixed
and semi-fixed sandy land.

Relationship between bacterial community distribution and
type of sandy land and host plant
The results of clustering of rhizospheres and bulk soils
by principal component analysis (PCA) showed that
OTUs in rhizospheres and bulk soils were clearly sepa-
rated, whereas there were no large differences between
the OTUs of the rhizospheres of N. tangutorum and H.
ammodendron (Fig. 3a). However, no significant differ-
ences were observed in the OTUs clustering of the bulk
soils, although the compositions of the bulk soils from
three types of sandy lands were different (Fig. 3b).

Similarity and difference in the distribution of bacterial
community
Overall, the highly abundant bacteria in rhizospheres at
the phylum level can be well clustered, whereas those in
bulk soils were in separate groups. The bacterial commu-
nities of bulk soils had a large different from those of the
rhizospheres of H. ammodendron and N. tangutorum.
In fixed sandy land (Fig. 4a), the relative abundances

of BHI80–139, Chloroflexi, Deinococcus−Thermus, Pro-
teobacteria and Bacteroidetes had large numbers in bulk

soils and rhizospheres of H. ammodendron and N. tan-
gutorum, whereas bulk soils than rhizospheres had more
Firmicutes. Actually, though the relative abundances of
these phyla were similar, the bacterial communities in
the two rhizospheres still had a little difference. Deino-
coccus−Thermus as a thermophilic bacterium displayed
a higher abundance in rhizosphere of N. tangutorum,
which can be commonly isolated from arid and hot
deserts.
In semi-fixed sandy land (Fig. 4b), Bacteroidetes, Acid-

obacteria and Chloroflexi showed higher abundance in
rhizosphere of H. ammodendron than those in bulk soil
and rhizosphere of N. tangutorum. Deinococcus−Ther-
mus and Actinobacteria still displayed the largest num-
ber in rhizosphere of N. tangutorum in semi-fixed sandy
land.
In shifting sandy land, numbers of stress-resistant

bacteria were found in rhizosphere of H. ammodendron,
such as Thermotogae and Caldiserica (Fig. 4c). It is
worth noting that Deinococcus−Thermus still displayed
in rhizosphere of N. tangutorum. Additionally, the num-
ber of Bacteroidetes was the largest in rhizosphere of N.
tangutorum, which is often used as one of indications
for good soil environment. The rhizosphere of N. tangu-
torum provided the good conductions for the survival of
the Bacteroidetes. At the same time, the distribution of
Acidobacteria in the rhizosphere of N. tangutorum was
significantly higher than that in fixed and semi-fixed
sandy lands. Acidobacteria could improve the pH of
rhizosphere, which is beneficial to the growth of plants.

Fig. 3 PCA of the main factors affecting bacterial community distribution. (a): The effects of plant species on the bacterial community
distribution: control soil, bulk soils without plant; N_rhizosphere, rhizospheres of N. tangutorum; H_rhizosphere, rhizospheres of H. ammodendron.
(b): The effects of types of sandy lands on the bacterial community distribution: A, fixed sandy land; B, semi-fixed sandy land; C, shifting sandy
land. The first letter in the code represents sandy types and the second letter in the code represents the plant species
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In conclusion, the physiological growth state of N. tan-
gutorum in shifting sandy land was much better than
that in other two types of sandy lands.

Comparison of bacterial distribution of rhizospheres and
bulk soils
As shown in Fig. 5a, of the 2034 total observed OTUs from
different phyla, 1347 (66.2%) containing a proportionately
large percentage of the raw reads (199,779 of the 212,390
reads or 94.1%) were found in both soil and rhizosphere of
N. tangutorum, whereas the bulk soil and rhizosphere har-
bored only 273 (13.4%) and 414 (20.4%) unique OTUs, re-
spectively. Bacteroidetes and Proteobacteria were notably
abundant and disproportionately over represented in the
rhizosphere of N. tangutorum (the bar graphs seen in Fig.
5a). Meanwhile, 2051 OTUs were found in the rhizosphere
of H. ammodendron and bulk soils, whereas the soil and
rhizosphere harbored only 184 (8.97%) and 431 (20.1%)
unique OTUs, respectively (Fig. 5b). The number of OTUs
of rhizosphere of H. ammodendron showed relative larger
than that of the soil-only. However, the both soil and rhizo-
sphere of H. ammodendron still had the highest number of
OTUs (70.01%) with the proportionately large percentage
of the raw reads (211,168 of the 218,671 reads or 96.57%).
The predominate unique phylum of rhizosphere of H.
ammodendron were Actinobacteria, Bacteroidetes and Pro-
teobacteria, whereas the soil-only had large number of
Planctomycetes. Among the bacteria in both, Firmicutes
was accounted for the highest proportion.

Discussion
Soil physicochemical properties of Minqin Desert
The structure of bacterial communities in soil seems to
be driven by the physicochemical properties of soil and

the type of land [19–22]. On the order of thousands to
tens of thousands of kilometers, microbial community
structure is correlated to edaphic variables, such as pH,
STN, SOM, moisture content and STC [23–25]. Minqin
Desert is in alkaline environment. The pH of fixed sandy
land was significantly affected by plants. The fixed effect
of plants made fixed sandy land (less affected by wind
and sand) form a relatively stable and unique micro-
habitat with specific pH environment. Reportedly, pH of
acidic soils almost played a decisive role in bacterial dis-
tribution [24, 26]. Additionally, the endophytic bacteria
in sugarcane diversity was mainly affected by soil pH
and clay [27]. The trend of EC in rhizospheres was
higher than that in non-rhizospheres (Table 1), we
reason that the exudates and bacteria activities of rhizo-
sphere accelerated the decomposition of organic matter,
thereby promoting the absorption of some soluble ions
that were beneficial to the root system and creating a
suitable osmotic pressure for the survival and
reproduction of rhizosphere bacteria. Due to the severe
saline-alkali stress in Minqin Desert all the year round,
the desert plants and bacterial communities displayed
saline-alkali tolerance and antagonistic mechanism to
ensure their stable survival and genetic development. N.
tangutorum with higher EC in fixed sandy land had a
wide tolerance range for saline-alkali stress. This may be
the reason why N. tangutorum was more adaptable to
saline-alkali environment. The rhizosphere of N. tangu-
torum and H. ammodendron displayed high content of
Na+ (Table 1), indicating that high content of Na+ didn’t
limit the growth of plants lived in saline soils for long
periods of time. N. tangutorum absorbed Na+ as inor-
ganic osmotic regulator by root system, thereby adapting
to saline-alkali environment [28]. Reportedly, the

Fig. 4 Distribution heatmap of microbial orders arranged by hierarchical clustering of samples from fixed sandy land (a), semi-fixed sandy land (b) and
shifting sandy land (c) at the phylum level. The first letter in the code represents sandy types (A, fixed sandy land; B, semi-fixed sandy land; C, shifting
sandy land) and the second letter in the code represents the plant species (C, bulk soil without plant; N, N. tangutorum; H, H. ammodendron)
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content of Na+ in Namib Desert had greatly influence
on the distribution of bacteria [29]. The SOM distribution
in Minqin Desert suggested that the SOM of non-
rhizosphere was affected by soil crust, which showed higher
SOM in fixed sand land (Table 1). SOM distribution of
rhizosphere might be affected by secretion or microorgan-
ism, which was consistent with the growth state of plants.
In addition, the contents of SOM were significantly differ-
ent between each type of sandy land, and between those in
rhizospheres of N. tangutorum and H. ammodendron
(Table 1). Our research matched the resource island hy-
pothesis in semi-fixed and shifting sandy land, which
depended on the growth status of the shrubs. The decrease
of shrub coverage and productivity maybe due to the de-
crease of deep soil water content [9, 30, 31], which gave a
strong evidence for that why N. tangutorum under long
closed fences is still at risk of death on fixed sand. Overall,
Minqin Desert was stressed with high salinity and poor nu-
trition, which was an oligotrophic environment.

Detection of bacterial community of rhizosphere and bulk
soils at different habitats by culture-independent method
Independent techniques provide an opportunity to study
a much broader spectrum of microorganisms in the

rhizosphere, which can be used for detecting structure
and function of rhizosphere communities. The dominant
groups in Minqin included Actinobacteria, Firmicutes,
Proteobacteria, Bacteroidetes, Planctomycetes, Chloro-
flexi, Acidobacteria and Candidate_division_TM7 ac-
cording to the results of culture-independent sequencing
(Fig. 2), which were similar to that in Sonoran Desert,
Tenggeli Desert and Brazilian Caatinga Biome [4, 18,
32]. A high abundance of Proteobacteria has previously
been associated with high availability of carbon [33–35].
Acidobacteria can well grow in oligotrophic conditions
[36] and is an indicator of the acidic conditions [37, 38].
Minqin Desert is stressed with poor nutrition, and its
soil pH displayed significant differences in different sites
(Table 1), which maybe the justification that the actino-
mycetes population varied as per sampling site. There-
fore, Actinobacteria and Firmicutes with high abundance
in Minqin as the certain bacterial phyla, similar to Pro-
teobacteria and Acidobacteria, may be used as indicators
of nutrient status owing to their lifestyles. Additionally,
some phyla related to heat resistant and documented
radiotolerance, such as Thermotogae, Caldiserica and
Deinococcus-Thermus, were detected in Minqin Desert.
Generally, the bigger proportion of Bacteroidetes, the

Fig. 5 Comparison of the distribution of control samples and rhizosphere samples at the phylum level. Proportional Venn diagram showing the
number of OTUs found only in the soil (soil_only), only in the rhizosphere N. tangutorum (RN_only) (a) or H. ammodendron (RH_only) (b), and in
both locations. These OTUs were used to create the abundance bar graphs and the relative abundance of raw reads for different phyla belonging
to the OTUs depicted under the panel Venn
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more fertile of soil. The phylum of Bacteroidetes is
always dominant part in some black glebes, even in
semi-moist desert [26], and the abundance of this
phylum in Minqin Desert also displayed relatively high.
The abundances of Proteobacteria and Bacteroidetes
were relatively high in the rhizosphere of N. tangutorum
from shifting sandy land and H. ammodendron from
semi-fixed sandy land, and the both shrubs showed the
best growth status in Minqin. We reason that Bacteroi-
detes and Proteobacteria have more plant-growth
promoting rhizobacteria, and these species were the
selection effect of root exudates in rhizosphere. All of
these results indicated that shrubs could change bacter-
ial community composition, and the bacterial commu-
nity in rhizosphere showed a better survival.
The proportion of Lactococcus and Bacillus maybe

play an important role in soil restoration, which can pro-
mote the formation of polyglutamic acid as a natural
protective biofilm for soil, thereby preventing the loss of
water and fertilizer. The organic acids and enzymes were
synthesized by these bacterial strains, which could
furtherly promote the growth of plants by the decompos-
ition of soil macromolecules. In addition to Lactococcus
and Bacillus, Arthrobacter known as growth-promoting
bacterium also occupied the majority proportion. In our
research on plant endophytic bacteria in Minqin Desert,
Lactococcus displayed the highest abundance in the bac-
terial community distribution, and Bacillus and Arthro-
bacter were also widely distributed. Streptomyces in bulk
soil from shifting sandy land with relatively high content
was consistent with our results of culturable bacteria. In-
teresting, Fodinibius was only distributed in N. tangu-
torum rhizosphere from shifting sandy land in Minqin
Desert, which is mostly distributed in ocean and salt lakes.
Therefore, we reason that the presence of Fodinibius
played a certain role in the saline-alkali stress tolerance of
N. tangutorum.
The total number of bacteria in rhizosphere was

higher than that in non-rhizosphere, and the number of
unique bacteria in rhizosphere was still higher than that
in non-rhizosphere according to the results obtained by
culture-independent method, indicating that the pres-
ence of host plants could promote the increase of the
number of bacterial communities, whereas sandy land
type was the secondary factor affecting the microbial
communities in Minqin sandy lands (Figs. 3 and 4). This
result was significantly different with that of the bacterial
community structure of the two pine species in a semi-
arid ecosystem [39]. Some researchers believed that the
plant type was the dominate factor for the bacterial
community distribution [40, 41], whereas some others
showed that the soil type was more important for that
[42]. The bacteria in both accounted for a large proportion
(Fig. 5), indicating that the bacterial community in the

same area had a high level of cross-species homology. The
distribution of bacterial community is usually affected by
complex biological factors and series of abiotic factors.
Due to the influence of special climatic characteristics and
geographical environment, the growing plants in different
study areas are also usually significantly different.

Detection of bacterial community of rhizosphere and bulk
soils at different habitats by culture-dependent method
Cultivation-based methods only address the culturable
bacteria [43], which are considered to represent only a
small proportion (0.1–10%) of the total bacteria pre-
sented in soil and rhizosphere [44]. Although the cultiv-
able way can’t obtain all of the bacterial groups, it also
fully predicts the dominant group in the bacterial
community [43]. According to the results of high
through-put sequencing, Actinobacteria, Firmicutes and
Proteobacteria were most abundant phyla, which was
similar to that obtained by cultivable way. The R2A
medium was more suitable for the growth of Actinobac-
teria. We reason that spores produced by Actinobacteria
were easier to spread, and the production of aerial
hyphae and antibiotics can promote the absorption of
nutrient in the medium and inhibit the growth of other
bacteria. Therefore, the most obtained bacterium in the
isolates was Actinobacteria, and the most abundant
genus was Streptomyces known as a type of bacteria that
can produce antibiotics. Unfortunately, Streptomyces was
only isolated by cultivable way. It is worth to notice that
the most dominant culturable bacteria of H. ammoden-
dron rhizosphere was Pontibacter korlensis (Fig. 1),
which was a kind of radiation and drought resistant bac-
teria belonged to Ponibacter, and Pontibacter korlensis
has been isolated from Xinjiang, China [45]. In the
culturable process, due to the limitation of preference of
bacteria and nutrients in the culture, some bacteria may
grow rapidly and become the dominant groups. Unfortu-
nately, the vast majority of soil microbes are recalcitrant
to culturing techniques [46], thereby preventing accurate
examination of the diversity and degree of influence
between biotic and abiotic factors on soil microbial
communities.
Currently, the research methods of plant-associated

microbiome mainly include the traditional culture-
dependent method [47, 48] and culture-independent
method (especially high-throughput sequencing) [49, 50].
Although only less than 1% bacteria of the microbial com-
munity could be detected by culture-dependent approach,
the living bacteria can be obtained, which is an essential
method for various researches [43, 51]. Surveys of bacterial
communities in soil by high-throughput sequencing have
illuminated the important edaphic and biotic factors on
microbial diversity [18]. Culture-dependent and culture-
independent approaches, despite their own limitations in
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measuring the diversity of microbial community, still give a
reasonably great idea of microbial community structure
[52]. In this work, the culture-dependent and culture-
independent approaches were combined to systemically
study on the bacterial community distribution in Minqin
(Fig. S2), which gave a reasonably good idea of microbial
community structure. A large number of potential plant
growth-promoting bacteria were isolated from Minqin
Desert. Further examination of the Minqin Desert
microbiome is likely to reveal additional candidates
for promoting plant growth in challenged environ-
ments. Culturable methods should be continuously
improved and mainly used in screening functional
strains, such as Nocardiopsis quinghaiensis isolated
from high salt conditions in Qinghai, China [53] and
Pontibacter salisaro isolated from a clay tablet solar
saltern in Korea [54], which provide our future study
on screening species-specific bacteria for plant growth-
promoting or salt-tolerant. High-throughput way could
be used to understand the distribution of bacterial

communities, whereas cultivable way could be mainly
used for the isolation of special strains.

Correlation analysis between the bacterial communities
and environmental factors
According to the physicochemical characteristics of the
soil in Minqin, the distribution of the main bacteria
species was analyzed. As shown in Fig. 6, the rhizosphere
of N. tangutorum had high SOM, and the available STC
of plants and bacteria was at a relatively high level.
Additionally, clay and silt in soil composition also main-
tained at a high level. These results indicated that the
microhabitat of N. tangutorum rhizosphere had been
greatly improved, which was a relatively harsh extreme
desert environment. At the same time, the higher
content of Bacteroidetes also revealed the same trend,
which is a sign that the corresponding soil is suitable for
biological survival. Minqin was a nutrient-poor region,
STN, STC, soil total phosphorus (STP) and K+ were all
at a low level from each site. Therefore, these nutrients

Fig. 6 Redundancy analysis between the bacterial communities and the environmental factors present in the rhizosphere soil and bulk soil in
three types of sandy lands. The first letter in the code represents sandy types (A, fixed sandy land; B, semi-fixed sandy land; C, shifting sandy land)
and the second letter in the code represents the plant species (C, bulk soil without plant; N, N. tangutorum; H, H. ammodendron)
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were not the main reason for differences in bacterial
communities in Minqin.
The condition with higher sand and pH were more

suitable for the growth of Firmicutes, and Firmicutes
distributed in non-rhizosphere soils can adapt to the
harsh environment. Therefore, in order to adapt to
saline-alkali environment, Firmicutes is the main pioneer
bacteria. With the selection of plant rhizosphere and the
change of rhizosphere microenvironment, the propor-
tion of Firmicutes will gradually decrease, and the
bacterial diversity will also gradually increase, thereby
forming a stable bacteria community structure of peren-
nial rhizosphere. Due to the long-term selection and
adaptation, the proportion of some plant associated
bacteria, especially the bacteria promoting plant growth,
gradually increased, and the rhizosphere bacteria grad-
ually formed their own unique spatial distribution.
Therefore, the interaction between bacteria and plants
can effectively improve the soil microenvironment and
increase the available nutrients in the soil, which is
better for the plant growth. Such a virtuous cycle puts
forward a feasible scheme for desertification control in
the future, which can be applied to the effective control
of desertification by artificially adding some promoting
agents to promote plant growth and accelerate the
improvement and restoration of microenvironment. N.
tangutorum compared with H. ammodendron can more
obviously improve rhizosphere environment. Therefore,
we reason that Minqin sandy land is more suitable for
the growth of N. tangutorum, which should be one of
most important sand-fixing plants in Minqin.
The physicochemical factors that affect the distribu-

tion of bacteria in different environments are different
[43]. The physicochemical factors related to the samples
in this study were pH, EC, SOM, C/N and sand. Report-
edly, the main factors affecting the distribution of
bacteria in the desert were pH, total carbon, C/N and
sand, whereas total nitrogen was not a key factor [18].
Nacke and coworkers showed that the main factors
affecting the distribution of bacteria were organic carbon
content and total nitrogen content in grassland [55]. In
Minqin Desert, the rhizosphere of N. tangutorum had
higher Na+ concentration and EC, which may be closely
related to the halophilic mechanism of N. tangutorum;
the composition of soil particles greatly differed between
non-rhizosphere and rhizosphere, indicating that with
the growth of plants, the proportion of sand particles de-
creased, and the phenomenon in rhizosphere of N. tan-
gutorum was more obvious; the pH of non-rhizosphere
soil was higher than that of rhizosphere, indicating that
soil alkalinity was reduced under the effect of vegetation.
SOM, TOC and C/N were significantly related to the
bacterial community structure in the bacterial commu-
nity in Changbai Mountain [56]. Reportedly, the

bacterial community structure was mainly affected by
carbon content in extreme environments, whereas total
nitrogen was not the main factor [56].
Firmicutes, the main phylum adapted to barren and

harsh environments, had a very significant positive
correlation with sand and pH (Fig. 6), indicating that
Firmicutes was the most dominant bacterial phylum in
an alkaline environment. Bacteroides phylum is often
regarded as one of soil quality indicator bacteria and
indicates restoration in local desert. Bacteroides was
densely distributed in rhizosphere of N. tangutorum,
which was significantly positively correlated with EC,
clay and silt, indicating that N. tangutorum had an im-
portant significance for desert restoration, and the inter-
action between plants and bacteria also could promote
the improvement and restoration of desert in Minqin.

Conclusions
In the present study, based on two dominate plants, N.
tangutorum and H. ammodendron, twenty-seven
samples with three replicates from fixed sandy land,
semi-fixed sandy land and shifting sandy land in Minqin
Desert were collected to investigate the distribution and
diversity of bacterial community by culture-dependent
and culture-independent methods. Bacterial community
of Minqin Desert was shaped by the presence of host
shrubs, whereas the type of the host and sandy land had
no significant effect on that. The key factors, pH, EC,
SOM, C/N and sand, related to the distribution of the
bacterial communities were preliminary analyzed, of
which EC, clay and silt were significantly positively
correlated with the distribution of Bacteroides. We also
found a large number of strains with specific functions
and demonstrated that the important role of N. tangu-
torum in desertification restoration. For example, Lacto-
coccus, Bacillus and Arthrobacter known as growth-
promoting bacterium occupied majority proportion; the
abundances of Proteobacteria and Bacteroidetes were
relatively high in the rhizospheres of two shrubs, which
had more plant-growth promoting rhizobacteria; the
presence of Fodinibius played a certain role in the
saline-alkali stress tolerance of N. tangutorum. This
study may help the development of a strategy for revege-
tation management in desertified lands.

Methods
Study site description and sample collection
Minqin, which is surrounded by the Badain Jaran Desert
and the Tengger Desert, located at the lower reaches of
Shiyang River next to Wuwei, Gansu Province, north-
west China. The special geographical position is shown
in Fig. 7. All soil samples were collected from Minqin
County (38o62’N, 103o08’E). Two dominant desert plants
distributed in fixed sandy land, semi-fixed sandy land
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and shifting sandy land, N. tangutorum and H. ammo-
dendron, were selected for further study in Minqin. Bulk
and rhizosphere soil samples were collected from N. tan-
gutorum and H. ammodendron at maturity growth stage
in three types of sandy lands. The rhizosphere soil was
extracted at a soil depth of 50 cm deep along the roots,
and loosely adhering soil was collected as rhizosphere
soil [57]. Total 27 samples from 9 sites with three repli-
cates were collected. Each replicate rhizosphere soil sam-
ple (approximately 200 g from each individual) was from
three randomly selected adhering soil samples separated
from three plants of same type at a distance of 30 to 50
m between single plants. Bulk soil as the control group,
collected from each sandy land without any plant. Each
replicate bulk soil sample was from three randomly
selected soil samples collected from at a distance of
about 200 cm from the sampling plants. All of the
samples were without roots and from the same depth.
The aluminium boxes were used for storing the samples
at − 20 °C. All samples were divided into two parts, one
for soil physical and chemical properties determination,
and the other for bacteria isolation and soil DNA
extraction.

Soil physicochemical properties determination
Twenty-seven soil samples with three replicates from 9 sites
were collected for analyzing soil physicochemical proper-
ties. Soil pH and EC were measured at a soil to water ratio
of 1:5 (w/v) [25]. STC and STN were determined by
Elemental Analyzer (Vario EL III produced by Elementar
Analysen System GmbH, Langenselbold, Germany). SOM
was determined using the K2Cr2O7-H2SO4 oxidation
method of Walkley-Black [58]. STP was measured by
the phosphoric acidmolybdenum-antimony colorimet-
ric method [59]. K+ and Na+ were determined by flame

photometry. Soil texture were measured by Malvern
Mastersizer 2000 Laser Particle Size Analyzer [60].

Isolation of cultural bacteria
For the isolation of soil bacteria, 5 g soil from each sam-
ple was suspended in 45mL sterile phosphate-buffered
saline (PBS), and agitated on a rotary shaker (250 rpm)
for 30 min at 28 °C. The cultural conditions were chosen
based on the ability to support the growth of the most
abundance bacteria communities. Four gradient dilu-
tions (10− 3, 10− 4, 10− 5 and 10− 6) were incubated on
R2A [61] in the dark for 5–7 days at 28 °C, which was
finally ascertained by preliminary selection for the condi-
tion of cultural bacteria. Colony-forming unit (CFU) per
gram of soil dry mass was used to estimate the number
of bacteria colonies. The distinct single strain was char-
acterized by streaking methods to get pure colony on
the basis of colony morphology analysis, which was fur-
ther purified three times on R2A agar. All isolates were
stored at − 80 °C in the R2A liquid media containing 20%
glycerol for further use.

DNA extraction and polymerase chain reaction (PCR)
amplification
Culturable bacteria colonies were used for DNA extraction
by CTAB procedure [62, 63]. The 16S rDNA genes were
amplified from genomic DNA by polymerase chain reaction
(PCR, GeneAmp 9700, ABI, USA) using the universal
primers 27F (5′-AGAGTTTGATC(A/C)TGGCTCAG-3′)
and 1492R (5′-GG(C/T)TACCTTGTTACGACTT-3′)
[64]. PCR amplifications were performed using the follow-
ing conditions: initial denaturation of template DNA (95 °C
for 3min), then 1 cycle consisting of denaturation (30 s at
94 °C), annealing (30 s at 55 °C), extension (1min 40 s at
72 °C), 34 cycles at 94 °C for 30 s, 55 °C for 30 s, 72 °C for 1

Fig. 7 Location of the study area, Minqin County, China
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min 40 s, and a final extension at 72 °C for 5min. The cul-
turable bacteria were identified by the 16S rDNA genes,
and bacteria sequences obtained by culture-depended
approach were compared with 16S rDNA reference gene
sequences by BLAST (http://eztaxon-e:ezbiocloud.net). An
equal volume of sterile deionized water in each batch of the
PCRs as a negative control. PCR products were checked
electrophoretically in a 0.4% agarose gel. The sequencing
work was performed at Beijing Genomics Institute, Beijing,
China.

Illumina MiSeq sequencing for culture-independent
identification
Total DNA of bacteria community was extracted from
soil samples (0.5 g wet weight) with E.Z.N.A Soil DNA
kit (Omega Bio-tek, Norcross, GA, US). The extracted
DNA was diluted in TE buffer (10 mM Tris-HCl, 1 mM
EDTA, pH 8.0) and stored at − 20 °C for further use. An
aliquot (50 ng) of purified DNA from each sample was
used as template for amplification. We used the 515F
(5′-GTGCCAGCMGCCGCGG-3′) and 907R (5′-CCGT
CAATTCMTTTRAGTTT-3′) primers to amplify the
bacterial 16S rRNA V4–V5 fragments. The barcode-tagged
16S rRNA V4–V5 PCR products were pooled with other
samples and sequenced by Illumina Miseq PE250 (Major-
bio BioPharm Technology Co., Ltd., Shanghai, China).
Every sample was amplified in triplicate with 50mL reac-
tion under following conditions: 30 cycles of denaturation
at 94 °C for 30 s, annealing at 55 °C for 30 s, extension at
72 °C for 30 s, and a final extension at 72 °C for 10min.
PCR products checked electrophoretically in a 2% agarose
gel were purified by AxyPrep DNA gel extraction kit
(Axygen Biosciences, Union City, CA, USA) and quantified
using QuantiFluor™-ST (Promega, USA) according to the
manufacturer’s protocol. Purified amplicons were pooled in
equimolar and paired-end sequenced (2 × 300 bp) using an
Illumina MiSeq platform (Illumina, San Diego, CA, USA)
according to the standard protocols of the Majorbio Bio-
Pharm Technology Co. Ltd. (Shanghai, China). The
pyrosequencing data were analyzed by QIIME version 1.5.0
software pipeline [65]. The raw reads were deposited into
the NCBI Sequence Read Archive (SRA) database (Acces-
sion Number: SAMN17227076 - SAMN17227102).

MiSeq sequencing data processing and analysis
All unique sequences from culture-dependent and culture-
independent methods were used to define the number of
OTUs with a 97% similarity cut-off using UPARSE (version
7.1 http://drive5.com/uparse/). A randomly selected subset
of 10,000 sequences per sample for subsequent community
analysis was used to get more reliable survey data. The
weighted UniFrac distances calculated for the total commu-
nity analyses were visualized using non-metric multidimen-
sional scaling (NMDS) plots as implemented in PRIMER

V6 [66]. Canonical correspondence analysis were used to
identify the abiotic factors, most important to bacterial
community composition, and they were used to construct
the sediment property matrix for variation partitioning ana-
lysis with Canoco 5.03.LEfSe [67, 68]. NMDS dissimilarity
matrix of R Package Version 2.0–10 was applied using the
“picante” and “vegan” packages in the R environment [69].
The data is statistically analyzed by factor analysis, reliability
analysis, one-way ANOVA, and Pearson’s product-moment
correlation using SPSS 17.0 for Windows (SPSS Inc.,
Chicago, USA). A P value less than 0.05 is statistically
significant. PCA was performed by CANOCO 4.5 soft-
ware (Wageningen University and Research Centre,
Wageningen, the Netherlands).
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