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Abstract Saline—alkali soil can inhibit the growth of
crops as a consequence of cellular damage through oxida-
tion of lipids and proteins and degradation of nucleic acids,
ultimately leading to cell death. The bacterial community
composition and diversity in saline—alkali soil across dif-
ferent land uses, such as agricultural land, forest land, and
grassland, were evaluated using high-throughput sequenc-
ing of the bacterial 16S rRNA gene. Significant differences
in the soil physicochemical characteristics and bacterial
community among different land uses were observed in this
study. The soil pH value and electrical conductivity were
much higher in grassland soil than in agricultural and for-
est soils. There were high proportions of Actinobacteria
and Proteobacteria (phyla) in agricultural and forest soils,
while Actinobacteria, Bacteroidetes, Gemmatimonadetes
were more predominant in grassland soil. The relative
abundance of dominant taxa exhibited a highly significant
correlation with soil pH, water content, EC, and organic
matter. The percentage of species that are shared among
the different soil samples ranged from 5.3 to 30.5%. The
haloalkaliphilic Actinobacterial genus Nitriliruptor was
detected in grassland but not in areas with other types of
land use. Results of both heatmap and principal component
analysis (PCA) indicated that the soil properties and bac-
terial communities in the areas studied have been greatly
influenced by long-term land use by different management.
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Introduction

Soil plays a vital role in maintaining the balance of Earth’s
biosphere [1]. However, soil quality has been degraded
seriously because of the improper management and use of
land resources, leaving the global biogeochemical cycle
changed. Soil microorganisms, including protozoa, fungi,
bacteria, and archaea, play an important role in biogeo-
chemical cycle, and are an important component in soil [2].
They hold dominant position in nutrient cycles, ensuring
system stability, anti-jamming capability, and sustainable
development of soil [3]. As sensitive indicators, changes in
bacterial diversity and community structure in soil can rap-
idly reflect the quality and health of soil ecosystems.

The trajectory of land use can change land cover and
plant litter on the soil surface, and affect many ecological
processes, such as biodiversity, surface runoff, soil ero-
sion, and soil environment. Recently, the influence of dif-
ferent land uses on soil microbiological indicators has been
reported both in China and abroad [4, 5]. Bossio et al. [6]
and Lagerlof et al. [7] reported on soil microbial commu-
nities in different sites by different land uses (wooded and
agricultural soils) in Kenya. Li et al. [8] studied the changes
of soil organic carbon and the functional diversity of micro-
bial communities experiencing different histories of land
use (agricultural and forest systems) in a subtropical zone.
All of these results showed that the different types of land
use have a significant impact on soil physicochemical and
biological properties.

Saline—alkali soil can inhibit the growth of crops as a
consequence of cellular damage through oxidation of lipids
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and proteins and degradation of nucleic acids, ultimately
leading to cell death [9, 10]. Currently, the total area occu-
pied by saline—alkali soil is increasing in the world [11].
Therefore, it is an urgent issue to improve the saline—alkali
soil by different land uses. However, none of the researches
to date have been reported on the soil biodiversity affected
by different land uses in saline—alkali sites. Here, pyrose-
quencing techniques were used to (1) determine the bacte-
rial community structure and diversity in saline—alkali soil,
(2) evaluate the influence on bacterial diversity of different
land uses in this context and compare the differences and
similarities of the bacterial communities in different land
use systems.

Materials and Methods
Site Description and Soil Sampling

The study site is located in Daqing, China, at 45°46'-46°55’
north between 124°19" and 125°12' longitude, and the
elevation in 640 m, where the soil type is primarily
saline—alkali soil. This area remains with the continen-
tal monsoon climate, where the mean annual rainfall is
500 mm and the mean annual temperature is 4.2 °C [12].

In the present study, the six soil sites were selected, each
covered with different vegetation for more than 20 years,
including (i) two forest plantations sites formed by human
(ZZ8, YZY); (ii) two agricultural sites (DDN, YMN); and
(iii) two meadow sites (JBT1, JBT2). The locations of the
sampling sites and their soil properties are shown in Fig-
ure S1 and Table 1, respectively. The soil samples were
collected at 20-cm depths using the five-point sampling
method of Wakelin et al. [13] in three replications. From
these sites, a total of 18 composite samples were collected.
Soil samples were transported to the laboratory under ice
and half of each sample air-dried for soil physicochemical
analysis.

Soil Physicochemical Property Determination

Soil physicochemical parameters (soil water content, soil
pH, electric conductivity (EC) of soil leaching solution,
total nitrogen and total phosphorus, and organic content)
were measured as described by Schinner et al. [14] with
three replications for each treatment.

DNA Extraction, Amplification, and Pyrosequencing
of Bacterial 16S rRNA Genes

Genomic DNA was extracted in triplicate from 500 mg
subsample of the composite soil samples using E.Z.N.A.
Soil DNA Kit (OMEGA, USA) according to the manufac-
ture’s protocol. The DNA was extracted in each soil sample
and pooled together, and then stored in —20°C for down-
stream manipulation. Bacterial 16 S rRNA genes were
amplified with the following universal primer set: 28F (5'-
GAGTTTGATCNTGGCTCAG-3') and 519R (5-GTNT-
TACNGCGGCKGCTG-3'). PCR reactions were performed
in 20 pL volumes containing 4 pL 5x FastPfu Buffer, 2 pL
2.5 mM dNTPs, 0.8 pL primers, 10 ng pooled DNA, and
1 U polymerase. The reaction conditions were programmed
to predenaturing at 94°C for 2 min, 25 cycles of 30 s at
94°C, 30 s at 55°C, 1 min at 72°C, and a final cycle of
5 min at 72 °C. The PCR amplicons were checked by elec-
trophoresis in a 2% agarose gel and then purified using a
DNA gel extraction kit (OMEGA, USA). The 200 ng puri-
fied products were subjected to 454 pyrosequencing on the
Roche 454 GS FLX Titanium platform (Roche 454 Life
Sciences, Branford, CT, USA) at Majorbio Bio Technology
Co. Ltd., Shanghai, China.

Statistical and Bioinformatics Analysis
Data for soil physicochemical characteristics were analyzed

using the SPSS 17.0 software package. All values were
presented as the means + standard deviation (mean + SD).

Table 1 Soil properties of six sampling sites under different land use systems

Soil property Land use systems

Agricultural land  Agricultural land  Forest land Forest land Saline-alkali land  Saline-alkali land
Code DDN YMN 778 YZY JBT1 JBT2
Vegetation coverage Soybean Corn Pinus sylvestris ~ Populus alba Pasture Pasture
pH 7.51+0.16b 7.37+0.10b 7.40+0.10b 7.42+0.09b 9.40+0.03a 9.35+0.01a
Soil water content (%)  16.76 +0.25¢ 17.94 +0.05b 18.45+0.10a 18.70+0.25a 14.06 +0.06d 13.64+0.11e
EC (uS/cm) 78.93+2.28¢c 92.10+2.78¢ 80.11+£0.59¢ 91.54+16.05c  1711.33+16.04a 1225.17+10.41b
Total N (mg/g) 1.98 £0.02a 1.63+0.02b 1.25+0.02d 1.36 +£0.02¢ 0.70+£0.09¢ 0.70£0.04e
Total P (mg/g) 0.27+0.04ab 0.23+0.01bc 0.26 £0.01ab 0.26 £0.02ab 0.19+0.01c 0.31+0.05a
Organic matter (%) 1.20+0.03b 0.76 +£0.14c 0.34+0.02d 0.28+0.02d 5.24+0.13a 5.34+0.01a

Lowercase letters stand for significant difference at 5% level
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One-way analysis of variance (ANOVA) was used to deter-
mine the minimum significant difference (P <0.05) among
different land uses.

To improve the quality of pyrosequencing data and
eliminate the effect of random sequencing errors, we
deleted some defective data from the libraries according
to the protocol of Liu et al. [15], including (i) reads with
ambiguous bases, (ii) more than six repeated single bases,
and (iii) reads shorter than 150 bp. The sequences obtained
from pyrosequencing were clustered into operational taxo-
nomic units (OTUs), which were defined as having 97%
sequence similarity. Taxonomic classification down to the
phylum, class, and genus level was carried out by matching
the reads against sequences using the Ribosomal Database
Project (RDP) [16]. Based on OTU data, we calculated
rarefaction curves as well as Shannon and coverage indi-
ces. ACE and Chaol indices were calculated according to
Chao, Bunge [17]. A principal component analysis (PCA)
was carried out based on weighted UniFrac distance. In
addition, a heatmap and Venn diagram were generated with
R-package plots (http://www.r-project.org).

Results
Physicochemical Properties of Six Soil Samples

Soil physicochemical properties of the six samples are
shown in Table 1. All the sampling sites were located in
saline—alkali soil, formed under the influence of electro-
lytes resulting in a relatively high pH value (7.37-9.40) in
all land use types. The soil water content ranged from 13.64
to 18.45%. EC had a huge variability with values ranging
from 80.11 to 1225.17 uS/cm. Soil total N and total P var-
ied from 0.70 to 1.98 and 0.19 to 0.31 mg/g, respectively.
In addition, soil organic content showed a high variability,
ranging from 0.28 to 5.34%. The ANOVA for soil proper-
ties showed that the significant differences were observed
in all soil indices for comparisons between types of land
use (Table 1).

Microbial Richness and Diversity

A total of 30,714 16S rRNA sequences were obtained
from the six soil samples by pyrosequencing of bacterial
16S rRNA genes. The optimized sequence numbers for
each sample ranged from 3529 to 8187 with an average of
5119. Among all the samples, a total of 10,559 OTUs were
obtained and ranged from 852 in grassland soil (JBT1)
and 2431 in forest soil (ZZS) (Table 2). The coverage of
all samples was estimated and varied from 61 to 94% with
the highest value in grassland soil JBT2 and lowest in for-
est soil (YZY). Among three kinds of land uses, the ACE
and Chaol in agricultural land (DDN, YMN) and forest
land (ZZS, YZY) were higher than that in the grassland soil
(JBT1, JBT2), which indicated that long-term vegetation
coverage and human activity had changed the soil bacterial
richness. In addition, the Shannon diversity indices showed
the same trends as the ACE values. Therefore, the richness
and diversity of soil bacterial communities showed strong
variations among management types. Though all sequences
were far from saturation based on the rarefaction curves,
a distinct difference in bacterial diversity could be seen
among them in OTUs (Figure S2).

Taxonomic Composition of Bacterial Communities
among Different Land Uses

All valid sequences from the six sample libraries were
classified from phylum to order based on RDP database.
There were significant differences in bacterial community
abundance at different phylogenetic levels (Tables S1-S3).
Thirty-one phyla were found in the six samples, in which
Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi,
Gemmatimonadetes, and Proteobacteria were the domi-
nant bacterial taxa, accounting for over 80% of the reads
in each sample (Fig. 1). Proportionally dominant sequences
belonged to Acidobacteria, Actinobacteria, and Proteo-
bacteria in agricultural and forest land. The most abundant
sequences in the grassland were those related to Actino-
bacteria, Bacteroidetes, Gemmatimonadetes, and Proteo-
bacteria. In addition, sequences related to Cyanobacteria,

Table 2 Bacterial diversity of

R : ) X Sample Number of Cluster distance (0.03)

six soil sampling of different sequences

land use systems OTUs ACE Chaol Coverage Shannon
DDN (agricultural land) 4414 1980 6229 4241 0.72 7.12
YMN(agricultural land) 4691 2348 6774 4598 0.69 7.39
778 (forest land) 5133 2431 7523 5387 0.70 7.34
YZY (forest land) 3529 1952 8225 5049 0.61 7.10
JBT1 (grassland) 4760 852 2437 1663 0.90 5.11
JBT?2 (grassland) 8187 996 2437 1799 0.94 5.37
Total 30,714 10,559 - - - -
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Fig. 1 Relative abundance of soil bacterial phyla (left) and specific classes (right) from the different sampling sites (Note codes indicating the
different land uses are given below the graph. DDN, YMN: Agricultural land; ZZS, YZY: Forest land; JBT1, JBT2: Grassland)

Elusimicrobia, and Deinococcus were detected with a rel-
atively low abundance threshold (less than 1%) in all soil
samples. Some groups were found only in particular land
uses, e.g., Elusimicrobia and Fibrobacteres only in agricul-
tural and forest land, Deinococcus-Thermus was found only
in agricultural and grassland.

The presence of Chlorobi, Fibrobacteres, and Thermo-
togae were indicated in the soils of most of the systems
evaluated, except for grassland soils. There was higher
abundance of Gemmatimonadetes under JBT1 than in JBT2
and greater abundance in grass systems compared with the
agricultural and forest systems. Nitrospira abundance was
similar among the six soil samples. Besides, Planctomyc-
etacia were comparable values in forest systems.

Soil pH and water content closely correlated with the
abundance of mostly dominant bacterial phyla (Table 3).
The relative abundance of Acidobacteria (r=0.96), Chlor-
oflexi (r=0.94), Planctomycetes (r=0.93), Proteobacte-
ria (r=0.88) in the analyzed soils significantly increased
with higher water content values (P<0.01), while Act-
inobacteria (r=-0.93, P<0.01) and Gemmatimonadetes
(r=—0.90, P<0.01) were negatively correlated with
soil water content. Soil pH, EC, and organic matter were
also shown to be closely related to the abundance of five

dominant bacterial phyla (Table 3). The abundance of Aci-
dobacteria and Chloroflexi had a markedly negative rela-
tionship versus pH (r=-0.98, P<0.01; r=-0.89, P<0.01,
respectively), EC (r=-0.95, P<0.01; r=-0.89, P<0.01,
respectively), and organic matter (r=-0.98, P<0.01;
r=-0.92, P<0.01; r=-0.90, P<0.01, respectively); and
the Gemmatimonadetes exhibited a highly significant posi-
tive correlation with pH (r=0.96, P<0.01), EC (r=0.97,
P<0.01), and organic matter (r=0.95, P<0.01). The
abundance of Bacteroidetes had no significant relationship
with soil properties. Additionally, the soil TN and TP were
found to have no significant correlations with the abun-
dance of all the dominant bacterial phyla.

Relationships of the Bacterial Communities
among the Different Soil Samples

A principal component analysis was performed in relation
to soil basic characteristics and bacterial community prop-
erties, using pyrosequencing data to reveal the relationships
among the six samples at the genus level. The PCA score
plot showed that JBT1 and JBT2 grouped to the right of
the graph along the first principal component (PC1), while
the other four samples closely clustered on the left of PCI,

Table 3 Spearman’s

. . Taxonomic group
correlations between the relative

Correlation

abundances of the seven most pH Water content ~ EC N TP Organic matter

abundant bacterial phyla and the

soil properties Acidobacteria —0.98** 0.96** —0.95%%* 0.79* 0.01 —0.98**
Actinobacteria 0.90%* —0.93+* 0.79* -0.72 0.36 0.91%*
Bacteroidetes 0.24 -0.28 0.38 0 -0.71 0.25
Chloroflexi —0.89+* 0.94+* —0.89+* 0.59 0.19 —0.92+*
Gemmatimonadetes 0.96** —0.90%* 0.97** —0.79%* -0.24 0.95%*
Planctomycetes —0.84* 0.93%* —0.79* 0.5 -0.12 —0.87*
Proteobacteria —0.87* 0.88** —-0.76* 0.74 -0.41 —0.88**

**Significant correlations (P <0.01); *Significant correlations (P <0.05); Highly significant correlation are

in bold
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which represented 68.14% of the total variations (Fig. 2).
The second principal component (PC2) accounted for
27.9% of the total variations. Overall, these two PCs were
involved in 96.04% of the total variations, which could
explain the most variations of all the bacterial communities.

A Venn diagram was further used to find the relation-
ships among the six samples in detail at the species level
[18]. The diagram showed specific and common OTUs in
all samples categorized by different land uses and manage-
ment (Fig. 3). The percentage of species shared between
the different soil samples ranged from 5.3 to 30.5%. The
two grassland samples showed the lowest percentage of
similarity in bacterial community versus the other samples
(5.3-7.06%) (Fig. 3). We selectively analyzed and listed the
top 20 predominant bacterial groups in the six soil samples
(Table S4); 14 groups were unique to the soil from agricul-
tural and forest systems, including Rhodospirillum, Bryo-
bacter, Gaiella, Solirubrobacter, Patulibacter, Alcaligenes,
Nitrosomonadaceae, Gemmata, Pseudonocardia, Blasto-
coccus, Terrabacter, Luteimonas, Blastococcus, Massilia.
Some bacteria were unique to grass systems: Halomonas,
Echinicola, Planococcus, Nesterenkonia, Amycolicicoccus,
Dietzia, Haloactinospora, Tepidamorphus. However, bacte-
ria unique to other agricultural or forest lands are not listed
due to very low content. In addition, areas with similar land
uses with different vegetation possessed different bacterial
abundance (Table S4).

A hierarchically clustered heatmap was also constructed
at the genus level based on the top 100 most abundant bac-
terial community using R software. The result showed that

Fig. 2 The relationship of 30

DDN YMN ZZS YZY IBTI1
YMN
778
YZY
JBT1 5.78 5.62 7.06 5.62
JBT2 5.6l 5.62 6.42 5.3 8.51

Fig. 3 Percentage of shared OTUs between the different soil sam-
ples at species level. The percentage is to the number of shared OTUs
exiting in the two samples accounting for the ratio of all OTUs.
Codes indicating the different land uses are given in the graph. DDN,
YMN: Agricultural land; ZZS, YZY: Forest land; JBT1, JBT2: Grass-
land

the six soil samples were separated into two groups: one
group contained the JBT1 and JBT2 libraries, and the other
group was composed by agricultural (DDN and YMN) and
forest soil samples (ZZS and YZY) (Fig. 4). The most abun-
dant genus, Nitriliruptor in red color, was found in JBT1
and JBT2, accounting for 39.45 and 32.64% of sequences,
respectively. The most abundant taxonomic groups in

the bacterial community by
different land uses at the genus

level. Principal component 20 .

1 and 2 explained 68.14 and

27.9% of the total variations, 10 - . .

respectively. Just based on PCl, . IJBT2
six samples were divided into . DDN
two groups, JBT1 and JBT2 — 0 i

were clustered together, and the S . YMN
other four samples were in the @ . . 778
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given right of the graph. DDN, 8 JBT1

YMN: Agricultural land; ZZS, -20
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=30 4

-40 4

T T T T T

10 20 30 40 50 60
PC1(68.14%)

@ Springer



330

M. Peng et al.

Fig. 4 Hierarchically clustered
heatmap of bacterial commu-
nity distribution at the genus
level categorized by different
land uses (Note row represents
the relative percentage of each
bacterial genus, and column
stands for different samples.
The relative abundance for each
bacterial genus was depicted

by color intensity in the figure
below. Codes indicating the dif-
ferent land uses are given below
the graph. DDN, YMN: Agri-
cultural land; ZZS, YZY: Forest
land; JBT1, JBT2: Grassland)
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DDN, YMN, ZZS, and YZY libraries were Planctomyc-
etaceae, Acidimicrobiaceae, Marmoricola, Chloracido-
bacterium, Arthrobacter, Solirubrobacter, Sphingomonas,
Nocardioides, and Pseudomonas. The sequences belong-
ing to Rhodococcus and Planctomycetes were detected in
forest land but were absent or rarely detected in the other
soil samples. The richness of the bacterial communities of
the grassland was much lower than that of the agriculture
and forest lands, in which the richness of JBT1 was clearly
higher than that of JBT2. This factor underlies the obvious
separation between JBT1 and JBT2 by Principal Compo-
nent 2. The heatmap analyses (Fig. 4) agree with the results
of the PCA (Fig. 2), with both analyses indicating that dif-
ferent land uses had a great effect on the soil characteristics
and bacterial communities.

Discussion

To the best of our knowledge, this is the first work in soil
pyrosequencing to analyze the bacterial structure variation
by different land management of the saline—alkali soil zone
of Daqging, China. Acosta-Martinez et al. [19] found differ-
ences in bacterial diversity among the two non-disturbed
grasslands and two agricultural lands affected by land man-
agement using the method of bacterial tag-encoded FLX
amplicon pyrosequencing. Roesch et al. [20], using high-
throughput DNA pyrosequencing, found that agricultural
management could significantly influence the diversity of
the soil bacteria and archaea, and the microbial diversity of
the forest land was much higher than that of the agricultural
land in phylum level. Thus, land use system was an impor-
tant factor that affected the diversity of the soil bacterial
communities.

Seven dominant bacterial phyla in all six soil samples
included Acidobacteria, Actinobacteria, Bacteroidetes,
Chloroflexi, Gemmatimonadetes, and Proteobacteria with
the findings of Liu et al. [15]. Additionally, the relative
abundance of Acidobacteria, Chloroflexi, Planctomycetes,
and Proteobacteria was significantly positively correlated
with soil water content, and negatively correlated with
soil pH and organic matter (Table 3); Actinobacteria and
Gemmatimonadetes produced contrary trends. These find-
ings show that the distribution of bacterial communities
in saline—alkali soils is affected by soil pH, soil moisture,
and organic matter. Interestingly, the relative abundance of
Chloroflexi, Gemmatimonadetes, and Planctomycetes from
different soil samples in our study ranged from 12 to 20%
(Table S1), which is ten times higher than that of the other
research (<1%) [21, 22] and twice as much as that reported
by Liu et al. [15] (nearly 5%). This difference could be
caused by different land management despite the original
soil type being saline-alkali.

Fierer, Jackson [23] reported that the soil with relatively
low soil pH value might lead to lower microbial diversity
than that with higher pH value. That result was the opposite
of our finding that soil pH increased with the lower rich-
ness of the soil bacterial communities. This could be attrib-
uted to the fact that our sampling area includes the zonal
saline—alkali soil originally with a much higher pH value,
where long-term vegetation coverage and agricultural
activities decreased the soil pH to nearly neutral values bet-
ter supporting bacterial diversity (Tables 1, 2).

Sequences related to Bacteroidetes were detected in all
soil samples, whatever land use system, thus pointing out
to their vast distribution and adaptation to different condi-
tions. This bacterial phylum was frequently encountered in
agricultural systems; presumably their widespread distribu-
tion can be attributed to their ability to rapidly exploit bio-
available organic matter and colonize aggregates [19, 24].
Interestingly, we detected much higher abundance of Bac-
teroidetes in both agricultural lands (DDN) and grasslands
(JBT1), implying some preference to degrade lignocellu-
lose and cellulose of crops and grasses. This result agrees
with studies by Chan et al. [25] and Acosta-Martinez et al.
[19], who found higher abundance of Bacteroidetes in pas-
ture and agricultural soil, respectively. Also, OTUs related
to Actinobacterial order Gaiellales were the most abun-
dant in agricultural and forest lands; this group is known
to assimilate carbohydrates, organic acids, and amino acids
[26, 27].

Based on the heatmap, an interesting feature of the
obtained sequences was the detection of 32.64-39.45%
of the total soil bacteria belonging to the Actinobacterial
genus Nitriliruptor in grassland and not in the other types
of land use. Species of Nitriliruptor exhibit a haloalka-
liphilic capacity [28], presumably better adapted for thriv-
ing in the grasslands with high alkali environments (pH,
9.35-9.5) (Table 1 and Fig. 5). A significant finding is that
the relative abundances of Nitrospira, Nocardioides, and
Pseudomonas were much higher in soil of agricultural and
forest lands than that of grasslands; these groups were pre-
viously reported as belonging to the nitrite-oxidizing bac-
terial group and key nitrifiers in natural ecosystems [29,
30]. Presumably, a large amount of added nitrogen fertilizer
and intensified human activities in agricultural and forest
lands would build up a selective pressure for these species.
Together, these results indicated that different land use sys-
tems have greatly influenced the diversity and structure of
the soil bacterial communities.

Conclusions

Overall, this study revealed significant differences in soil
properties and bacterial community composition among

@ Springer



332

M. Peng et al.

three different land uses in the saline—alkali soil zone. The
relative abundance of dominant taxa exhibited a highly sig-
nificant correlation with soil pH, water content, EC, and
organic matter. Additionally, the results showed that the
soil bacterial communities respond to different land uses of
saline—alkali soil, and the conversion of saline—alkali soil to
forest or agricultural soil increased bacterial diversity.
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