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ABSTRACT
Background: Changes in aboveground community composition and diversity
following shrub encroachment have been studied extensively. Recently, shrub
encroachment was associated with differences in belowground bacterial communities
relative to non-encroached grassland sites hundreds of meters away. This spatial
distance between grassland and shrub sites left open the question of how soil bacterial
communities associated with different vegetation types might differ within the same
plot location.
Methods: We examined soil bacterial communities between shrub-encroached
and adjacent (one m apart) grassland soils in Chinese Inner Mongolian, using
high-throughput sequencing method (Illumina, San Diego, CA, USA).
Results: Shrub-encroached sites were associated with dramatic restructuring of soil
bacterial community composition and predicted metabolic function, with significant
increase in bacterial alpha-diversity. Moreover, bacterial phylogenic structures
showed clustering in both shrub-encroached and grassland soils, suggesting that each
vegetation type was associated with a unique and defined bacterial community by
niche filtering. Finally, soil organic carbon (SOC) was the primary driver varied
with shifts in soil bacterial community composition. The encroachment was
associated with elevated SOC, suggesting that shrub-mediated shifts in SOC might be
responsible for changes in belowground bacterial community.
Discussion: This study demonstrated that shrub-encroached soils were associated
with dramatic restructuring of bacterial communities, suggesting that belowground
bacterial communities appear to be sensitive indicators of vegetation type.
Our study indicates that the increased shrub-encroached intensity in Inner Mongolia
will likely trigger large-scale disruptions in both aboveground plant and belowground
bacterial communities across the region.
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INTRODUCTION
Increased cover, abundance and dominance of shrub species in grasslands have been
widely reported, with 10–20% of arid and semiarid grassland area undergoing shrub
encroachment across the world (Van Vegten, 1984; Jackson et al., 2002; Maestre et al.,
2009). Multiple factors appear to trigger shrub encroachment, including grazing pressure
(Coetzee et al., 2008), climate change (i.e., global warming, elevated CO2, nitrogen
deposition; Archer, Schimel & Holland, 1995) and wildfire frequency (Scholes & Archer,
1997). Around 330 million ha of grassland were subject to shrub invasion in xeric
western states of United States (Knapp et al., 2008). A total of 13 million ha of savanna
are undergoing shrub encroachment in South Africa (Eldridge et al., 2011). Moreover,
similar conditions were demonstrated in many other areas of the world (e.g., Eurasian
and Australian grasslands; Zhang et al., 2006; Rivest et al., 2011; Chen et al., 2015). Shrub
encroachment significantly affects the livestock industry, which also has important
ecological repercussions in arid and semiarid grasslands.

Shrub encroachment into native grassland results in a loss of biodiversity that can affect
ecosystem functioning (Throop & Archer, 2008). Areas undergoing encroachment are
characterized by patchy vegetation, with clusters of shrubs and areas dominated by grasses.
Shrub and grass patches differ in above-ground community composition, overall primary
productivity, plant allocation, and rooting depth (Trumbore, 1997; Briggs et al., 2005;
McClaran et al., 2008;Meyer, Wiegand &Ward, 2009), leading to the long-term profound
effects of encroachment on grassland ecosystems, including changes in soil erosion,
soil moisture (SM), soil carbon, soil pH, energy cycling, soil aeration, soil nitrogen
contents, and soil faunal communities (Lett & Knapp, 2003; Smith & Johnson, 2003; Breshears,
2006; Knapp et al., 2008;McKinley & Blair, 2008). The impacts induced by encroachment
are not always coincident, sometimes leading to a decrease (Gómez-Rey et al., 2013)
or an increase (Soliveres & Eldridge, 2014) in aboveground plant productivity. Shrub
encroachment is often related to soil nutrient accumulation (“islands of fertility”;
Reynolds et al., 1999; Peng et al., 2013) due to litterfall and nitrogen fixation (Schlesinger
et al., 1990; Hibbard et al., 2001).

It is plausible that complicated feedback mechanisms present among aboveground
vegetation, belowground properties, and microbial communities (Hart et al., 2005).
Soil microorganisms play crucial roles in belowground ecosystems, serving as catalysts for
nutrient transformations, forming mutualistic relationship with plants to improve host
health, and working as engineers to maintain soil structure (Hart et al., 2005; Paul & Clark,
1996). Shrub encroachment triggers large shifts in plant and soil properties, which may
directly and indirectly affect soil microbial communities. Soil properties, such as soil
carbon content (Zhang et al., 2014) and pH (Griffiths et al., 2011) significantly affect
microbial community structure. Plant litterfall and root exudates provide nutrients to
feed soil heterotrophic microbes (Staddon et al., 2003). Previous studies have found
that revegetation significantly affected soil microbial biomass and community structure
(Yannarell, Menning & Beck, 2014; Bragazza et al., 2015). Shrub encroachment
significantly altered soil microbial communities, soil respiration, extracellular enzyme
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activity, and denitrification potential in subtropical marshes (Ho & Chambers, 2019).
Previously, we found dramatic shifts in soil bacterial communities associated with shrub
encroachment relative to distant grassland soils (i.e., >500 m), without exploring
associations between vegetation type and soil properties within the same sampling location
(Xiang et al., 2018).

In China, shrubs have occupied more than 5.1 million ha grassland in Inner Mongolian
of China (Chen et al., 2015). A better understanding of bacterial community structure
in shrub-encroached soils is crucial for clarifying the influence of encroachment on
grassland ecosystem functioning. In this study, we focus on soil bacterial community
composition within shrub-dominated and adjacent grassland-dominated patches (one m
apart) in the same sampling site. In particular, we addressed two main questions: (i) how
encroachment affects soil bacterial community composition and diversity; and (ii) what
are the main factors driving soil bacterial communities following shrub encroachment.

MATERIALS AND METHODS
Site description and sample collection
The study area was selected in a high-density shrub-encroached grassland (42�57′N, 112�43′E;
1,208 m; Fig. S1), located in Inner Mongolia, China. The average annual temperature
is 5.1 �C and the mean precipitation is 195 mm in this region (Chen et al., 2015). The
dominated grass is Cleistogenes songorica across the region, but Caragana microphylla is
encroaching (Chen et al., 2015). Soil samples were collected on the 10th of August,
2016. We identified ten shrub-encroached sample plots to include in this study.
The selected sites were more than 500 m away from each other. At each site (10� 10 m),
the encroachment soils were sampled under five shrub patches (the nearest to the
four vertices and the center of a plot) with 0–10 cm depth and mixed as one sample.
The control non-encroached soils were collected one m away from the five shrub
canopies with 0–10 cm depth and mixed as one sample (Fig. S1). In total, 10 from control
grassland soils and 10 from adjacent encroached soils were collected for further study.
The soils were fully mixed and sieved, and then transported refrigerated to the lab
within 24 h. The soils were divided into two parts: one part was stored at 4 �C for
biogeochemical analysis and the other was stored at -20 �C for DNA extraction.

Sample pretreatment
Measurement of soil properties, DNA extraction, and amplicon library preparation are
described in the Supplemental Information.

Processing of sequence data
The raw data were processed by QIIME (v.1.9.0; Caporaso et al., 2010). The sequences
were clustered into operational taxonomic units (OTUs; 97% identity) with UCLUST
(Edgar, 2010). Chimeric and singleton OTUs were removed prior to downstream analysis.
The default setting was used to select the representative sequence (i.e., most abundant
sequence) for each OTU, which was assigned taxonomic annotations using the UCLUST
(Edgar, 2010) and aligned by PyNAST (Caporaso et al., 2010). To normalize for sampling

Xiang et al. (2019), PeerJ, DOI 10.7717/peerj.7304 3/17

http://dx.doi.org/10.7717/peerj.7304/supp-2
http://dx.doi.org/10.7717/peerj.7304/supp-2
http://dx.doi.org/10.7717/peerj.7304#supplemental-information
http://dx.doi.org/10.7717/peerj.7304
https://peerj.com/


depth, random subsets of 26,000 reads per sample (the lowest sequence read depth across
the study) were used to calculate bacterial alpha- and beta-diversities.

Statistical analysis
Phylogenetic diversity (PD) was estimated by Faith’s index (Faith, 1992). Pairwise t-test
was performed to show differences in relative abundance of dominant bacterial phyla
and alpha-diversity. Pearson correlation was used to test relationships between bacterial
alpha-diversity and soil properties. Linear discriminant analysis effect size (LEfSe) was
used to identify bacterial taxa that differed significantly between treatments (default setting;
Segata et al., 2011). Non-metric multidimensional scaling and Analysis of Similarity
(ANOSIM; permutations ¼ 999) were performed to distinguish the differences in bacterial
community composition between treatments by using the vegan package (v.2.0-2) in
R software. The correlation between variables (i.e., soil properties and spatial distance) and
soil bacterial community composition were analyzed by Mantel tests (permutations ¼ 999).
Multicollinearity of soil properties was tested by the variance inflation factor (VIF; Zuur,
Leno & Elphick, 2010), and those properties with the VIF values < 3 were selected for
canonical correspondence analysis (CCA).

The nearest taxon index (NTI) and beta nearest taxon index (betaNTI) were performed
using the picante package (Purcell et al., 2007) and Phylocom 4.2 (Hardy, 2008), respectively,
to analyze soil bacterial phylogenetic structure. The NTI measures the mean nearest
taxon distance among individuals to estimate the phylogenetic dispersion of the community
(Webb, 2000). More positive or negative NTI values indicate phylogenetic clustering or
overdispersion, respectively (Webb, 2000). BetaNTI values between -2 and 2 suggested
stochastic process (neutral assembly) while the values above 2 or below -2 indicated
deterministic processes (niche assembly, Stegen et al., 2012). Co-occurrence networks were
generated in R using the “WGCNA” package (Langfelder & Horvath, 2012). We adjusted
all P-values (cutoff as 0.001) by using the Benjamini and Hochberg false discovery rate
for multiple testing (Benjamini, Krieger & Yekutieli, 2006). The network nodes defined as
network hubs (z-score > 2.5; c-score > 0.6), module hubs (z-score > 2.5; c-score < 0.6),
connectors (z-score < 2.5; c-score > 0.6), and peripherals (z-score < 2.5; c-score < 0.6)
referring to their roles in network structure (Poudel et al., 2016). Network hubs are those
OTUs that are highly connected both in general and within a module. Module hubs
and connectors are OTUs that are highly connected only within a module and only link
modules, respectively. Peripherals are defined as OTUs that have few links to other species.
The bacterial metabolic function was predicted by phylogenetic investigation of
communities by reconstruction of unobserved states (PICRUSt) according to KEGG
database (Langille et al., 2013).

RESULTS
Soil chemistry
Compared to non-encroached grassland soils, shrub-encroached soils were associated with
higher content of NO3

-, total nitrogen (TN), total carbon (TC), dissolved organic
carbon (DOC), soil organic carbon (SOC), and total phosphorus (Table S1). However,
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shrub encroachment showed little effect on other soil properties, such as soil pH, NH4
+

content and SM relative to control in this study (Table S1).

Bacterial alpha-diversity
A total of 966,631 quality bacterial sequences was obtained with 26,037–68,261 (mean
48,332) sequences per sample. In this study, bacterial alpha-diversity included OTU
richness, Shannon index, evenness, and PD, which was calculated by randomly selected
subsets of 26,000 reads per sample. Generally, encroached sites had significant higher
alpha-diversity relative to grassland sites (Fig. 1). Bacterial OTU richness was positively
correlated with NO3

-, DOC, TC, TP, and SOC; PD was positively correlated with
NO3

-, DOC, TC, and SOC; the Shannon index was positively correlated with NO3
-,

TC, TP, and SOC; evenness was positively correlated with NO3
-, TN, TC, and SOC

(Table 1).

Bacterial community structure
The dominant soil bacterial phyla (i.e., relative abundance > 1%) across all samples
were Actinobacteria (27.3%), Acidobacteria (23.1%), Proteobacteria (23.0%),
Chloroflexi (6.0%), Planctomycetes (4.7%), Gemmatimonadetes (2.8%), Firmicutes
(2.7%), Bacteroidetes (2.6%), and Nitrospirae (2.4%) (Fig. S2). Compared to control
grassland soils, the relative abundance of Proteobacteria showed significantly lower in
encroached sites (Fig. S3). Compared to control, encroachment was associated with

Figure 1 Soil bacterial diversity. Bacterial alpha-diversity calculated at a rarefaction depth of 26,000
randomly selected sequences per sample. (A) bacterial OTU richness; (B) bacterial phylogenetic diversity;
(C) bacterial Shannon index; (D) bacterial evenness. Bars represent mean; error bars denote standard
deviation; letters above bars represents significant differences from pairwise t-test (P < 0.05). GS: control
grassland soil; SS: shrub-encroached soil. Full-size DOI: 10.7717/peerj.7304/fig-1
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higher relative abundance of Chloroflexi and Nitrospirae (Fig. S3). LEfSe analysis
showed that bacteria in one phylum (i.e., Proteobacteria), five classes (i.e.,
Acidobacteriia, ML635J_21, vadinHA49, Solibacteres, and Gammaproteobacteria) and
15 orders (i.e., Acidobacteriales, Solibacterales, Planctomycetales, Caulobacterales,
Rhodospirillales, Burkholderiales, etc) were significantly more abundant in control
soils. Bacteria from two phyla (i.e., Nitrospirae and Armatimonadetes), two classes
(i.e., Nitrospira and Chloroflexi) and 11 orders (i.e., Gaiellales, Roseiflexales, Nitrospirales,
Syntrophobacterales, Desulfovibrionales, etc) were significantly more abundant in shrub-
encroached soils (Fig. 2).

Significant differences in soil bacterial community compositions were found between
shrub-encroached and grassland sites (ANOSIM: P ¼ 0.001; Fig. 3). The NTI values
showed positive (i.e., >0; P ¼ 0.001) for all samples, indicating that bacterial phylogenetic
structure showed clustering in both encroached and control soils (Fig. 4). Almost all
betaNTI scores for bacterial communities were below -2, which suggested that
deterministic assembly dominated soil bacterial community dynamics in both grassland
and shrub-encroached soils (Fig. 4). A correlation network was built at bacterial genus
level. There was a larger proportion of positive than negative correlations between genera
in soils (Fig. S4A). Compared to grassland soils, shrub-encroached soil showed higher
proportion of correlation network hubs (Fig. S4B), suggesting that bacterial community in
shrub-encroached soils might be more interconnected than grassland soils.

Mantel tests demonstrated that soil bacterial community composition showed
significant correlation with soil pH, SM, NO3

-, DOC, TC, TP, and SOC (Table 2; P < 0.05 in
all cases). Among these variables, SOC content (P ¼ 0.002) had the strongest correlation
with soil bacterial community composition. However, spatial distance showed little
correlation with bacterial community composition (P ¼ 0.181; Table 2). CCA further
demonstrated that SOC was the primary driver affecting soil bacterial community
composition (Fig. S5).

Table 1 The correlation between bacterial alpha-diversity and soil properties.

Variables OTU PD Shannon Evenness

Soil pH 0.276 0.327 0.077 -0.164
Soil moisture (%) 0.167 0.109 0.315 -0.045
NH4

+-N (mg/kg) -0.300 -0.146 0.276 0.413

NO3
--N (mg/kg) 0.502* 0.532* 0.475* 0.563*

Dissolved organic C (mg/kg) 0.471* 0.483* 0.402 0.400

Dissolved organic N (mg/kg) 0.131 0.148 0.176 0.138

Total carbon (mg/g) 0.486* 0.495* 0.491* 0.485*

Total nitrogen (mg/g) 0.389 0.394 0.362 0.474*

Total phosphorus (mg/g) 0.462* 0.421 0.493* 0.255

Soil inorganic carbon (mg/g) -0.058 0.019 -0.014 0.248

Soil organic carbon (mg/g) 0.582* 0.586* 0.574* 0.601*

Notes:
Significant correlations are shown in bold (P < 0.05).
* P < 0.05; OTU, operational taxonomic unit; PD, phylogenetic diversity.
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The predicted metabolic function
The metabolic function of bacterial community was predicted by PICRUSt. A total of
328 predicted functional genes were detected in this study. More than 89% of total
sequences belonged to categories of metabolism (52.2%), genetic information processing
(15.8%), environmental information processing (13.3%), and organismal systems (8.35%)
in soils, according to the KEGG database. Compared to controls, shrub encroachment
was associated with significant differences in potential functions of the soil bacterial
community (Fig. S6). Metabolism of cofactors and vitamins, energy metabolism, glycan
biosynthesis and metabolism, enzyme families, and nucleotide metabolism were enriched
in grassland soil, while xenobiotics biodegradation and metabolism, lipid metabolism,
metabolism of terpenoids and polyketides, amino acid metabolism, and carbohydrate
metabolism were enriched in shrub-encroached soils (Fig. 5). The relative abundances of
sequences associated with cell motility, environmental adaptation, signal transduction,
and protein folding, sorting and degradation were enriched in grassland soils (Fig. 5).
The sequences related to cell growth and death, transport and catabolism, nervous
system, membrane transport, and transcription were enriched in shrub-encroached soils
(Fig. 5).

Figure 2 LEfSe analysis of soil bacterial biomarkers associated with vegetation type. (A) cladogram representing the taxonomic hierarchical
structure of the phylotype biomarkers identified between two vegetation types. Each filled circle represents one biomarker. Red, phylotypes sta-
tistically overrepresented in grassland soil; green, phylotypes overrepresented in shrub-encroached soil; yellow, phylotypes for which relative
abundance is not significantly different between the two vegetation types. (B) Identified phylotype biomarkers ranked by effect size and the alpha
value was <0.05. Full-size DOI: 10.7717/peerj.7304/fig-2
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DISCUSSION
In this study, encroachment triggered significant changes in soil bacterial community
composition (Fig. 3), and an apparent increase in bacterial alpha-diversity (Fig. 1),
which is consistent with other studies showing that aboveground vegetation triggers a
profound influence on belowground bacterial communities (Bragazza et al., 2015;
Gellie et al., 2017). Recently, we found dramatic shifts in soil bacterial communities
associated with shrub encroachment relative to distant grassland soils (i.e., >500 m;

Figure 4 The values of nearest taxon index (NTI; A) and beta nearest taxon index (betaNTI; B) in
grassland and shrub-encroached soils. GS: control grassland soil; SS: shrub-encroached soil.

Full-size DOI: 10.7717/peerj.7304/fig-4

Figure 3 Non-metric multidimensional scaling (NMDS) plot. Non-metric multidimensional scaling
(NMDS) plot showing bacterial community composition in control grassland and shrub-encroached soils
of Inner Mongolia. Full-size DOI: 10.7717/peerj.7304/fig-3
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Xiang et al., 2018), which is consistent with the current study, which shows a
restructuring of bacterial communities between shrub-encroached and adjacent (one m
apart) grassland soils, indicating that soil bacterial community appears to be sensitive
indicator of plant cover type. In addition, bacterial alpha-diversity showed significant
correlations with soil nutrient levels (e.g., SOC, etc; Table 1), which increased following
shrub encroachment (Table S1; Bragazza et al., 2015), indicating that elevated soil
nutrients might reduce competition within bacterial communities and allow rare species
to persist, leading to an increase in soil bacterial alpha-diversity (Xiang et al., 2018). Our
results go beyond these findings by showing that the predicted metabolic function
differed significantly between grassland and shrub-encroached soils (Fig. 5; Fig. S6),
suggesting that shrub encroachment likely triggers significant shifts in grassland
ecosystem functioning.

Similarly, we found strong evidence for reproducible environmental filtering in
encroached and control soils in this study (Fig. 4), indicating that different vegetation
types were associated with specific belowground bacterial communities (Wallenstein,
McMahon & Schimel, 2007; Chu et al., 2016). Environmental filtering may include
access to specific carbon sources and changes in soil chemistry (Prescott & Grayston,
2013). Previous research also showed substantial differences in bacterial community
compositions among four vegetation types (Gibbons et al., 2017), providing evidence for
dynamic and complex feedbacks between aboveground plant and belowground bacterial
community structure (Shi et al., 2015; Gibbons et al., 2017).

Soil pH has been demonstrated to be a dominant factor in driving belowground
bacterial community composition (Baker et al., 2009). However, compared to adjacent
grassland soils (one m apart), shrub encroachment was not predominantly related to the
shift in soil pH. The primary influence of pH on bacterial community composition was not

Table 2 Mantel test showing the effect of soil properties on bacterial community composition.

Variables Mantel test

r P

Soil pH 0.295 0.003

Soil moisture (%) 0.218 0.012

NH4
+-N (mg/kg) 0.198 0.053

NO3
--N (mg/kg) 0.282 0.017

Dissolved organic C (mg/kg) 0.295 0.006

Dissolved organic N (mg/kg) 0.090 0.183

Total carbon (mg/g) 0.196 0.049

Total nitrogen (mg/g) 0.114 0.164

Total phosphorus (mg/g) 0.185 0.041

Soil inorganic carbon (mg/g) 0.168 0.079

Soil organic carbon (mg/g) 0.412 0.002

Spatial distance (m) 0.068 0.181

Note:
Comparing differences between samples in bacterial community composition to differences between samples in variables
(i.e., soil properties and spatial distance) by Mantel tests. Significant correlations are shown in bold (P < 0.05).
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detectable in this study, possibly induced by limited variation of pH range between
grassland and nearby shrub-encroached soils. In this study, shrub-encroached soil was
strongly related to an increase in SOC content, which was the primary factor in explaining
the variance in bacterial community composition across sites (Table 2; Fig. S5). Sul
et al. (2013) also demonstrated that SOC was the most important factor to explain the
differences in the bacterial community composition in a tropical agricultural ecosystem.
A prior study showed that plant communities altered SOC concentrations to indirectly
affect belowground bacterial community composition (Liu et al., 2014). In addition,

Figure 5 The predicted metabolic function profiles of bacterial community. Variation of metabolic
function profiles of bacterial community in grassland and shrub-encroached soils analyzed by PICRUSt.
(A) Metabolism; (B) Cellular Processes; (C) Organismal Systems; (D) Environmental Information
Processing; (E) Genetic Information Processing. Full-size DOI: 10.7717/peerj.7304/fig-5
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soil carbon fraction might be a crucial factor in shaping microbial communities (Zhou
et al., 2012). Plants may influence bacterial communities by determining the quantity and
quality of the litterfall supply (Wallenstein, McMahon & Schimel, 2007) and/or by releasing
photosynthetic products into the soil (Staddon et al., 2003). Shrubs may contribute
qualitatively different carbon inputs (i.e., litterfall, root exudate, etc; Schlesinger et al., 1990;
Archer, Schimel & Holland, 1995) to soils and thereby influence soil bacterial communities.
Therefore, we speculate that shrub-mediated changes in SOC appear to be primary
responsible for changes in composition of bacterial community.

A prior study demonstrated that shrub expansion was associated with enhanced N
availability, which in turn facilitated shrub expansion and increased shrub patch density
(Chu & Gorgan, 2010). We found that soil NO3

- content showed significant enrichment
in shrub-encroached sites (Table S1). Moreover, shrub encroachment was related to
elevated relative abundance of Nitrospira, which performs soil nitrification process
(Daims et al., 2015) (Fig. 2), indicating that the higher relative abundance of Nitrospira
might lead to the accumulation of soil NO3

- following shrub encroachment (Xiang et al.,
2018). Soil NH4

+ concentrations did not differ between grassland and shrub-encroached
sites. Thus, enhanced N availability in shrub encroached sites appears to be induced by
elevated soil NO3

-, which may act as a positive feedback on shrub encroachment (Chu &
Gorgan, 2010).

Overall, we propose a possible feedback among vegetation, soil properties, and bacterial
community following encroachment based on our results, whereby: (1) shrub
encroachment increases soil organic matter (e.g., litterfall, etc; Schlesinger & Pilmanis,
1998; Kurc & Small, 2004), which (2) activates soil microbes and alters soil nutrient cycling,
and (3) greater resulting N availability facilitates shrub expansion and increased shrub
densities around established shrub patches (Chu & Gorgan, 2010).

CONCLUSIONS
This study demonstrated that shrub-encroached soils were associated with significant
increase in bacterial alpha-diversity and dramatic restructuring of bacterial community
composition. Environmental filtering (e.g., SOC content, etc) appears to mediate
the influence of vegetation type on belowground microbial communities. The results
of predicted metabolic function suggested that shrub encroachment might trigger
large-scale disruptions of grassland ecosystem functioning. This work helps to further
refine our knowledge of how shrub encroachment affects bacterial community structure
in grassland ecosystems. However, we did not investigate the effect of encroachment
on soil fungal communities, which might be more important for carbon cycling
and closely related to changes in vegetation. This limitation should be addressed in
future studies.

ACKNOWLEDGEMENTS
We thank Ms. Kunkun Fan and Ms. Maomao Feng from Institute of Soil Science, Chinese
Academy of Sciences, for assistance in data analysis.

Xiang et al. (2019), PeerJ, DOI 10.7717/peerj.7304 11/17

http://dx.doi.org/10.7717/peerj.7304/supp-2
http://dx.doi.org/10.7717/peerj.7304
https://peerj.com/


ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by the National Natural Science Foundation of China (31801989,
31330012), Natural Science Foundation of Education Committee of Anhui Province
(KJ2018A0001), the Training Project for Xingjia Xiang (S020118002, Z010139012) and the
Strategic Priority Research Program (Grant #XDB15010101) of Chinese Academy of
Sciences. Sean M. Gibbons was supported by a Washington Research Foundation
Distinguished Investigator Award and by startup funds from the Institute for Systems
Biology. 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: 31801989, 31330012.
Natural Science Foundation of Education Committee of Anhui Province: KJ2018A0001.
Training Project for Xingjia Xiang: S020118002, Z010139012.
Strategic Priority Research Program of Chinese Academy of Sciences: #XDB15010101.
Washington Research Foundation Distinguished Investigator Award.
Startup funds from the Institute for Systems Biology.

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

Author Contributions
� Xingjia Xiang performed the experiments, analyzed the data, contributed
reagents/materials/analysis tools, prepared figures and/or tables, authored or reviewed
drafts of the paper, approved the final draft.

� Sean M. Gibbons analyzed the data, contributed reagents/materials/analysis tools,
prepared figures and/or tables, authored or reviewed drafts of the paper, approved the
final draft.

� He Li performed the experiments, analyzed the data, contributed reagents/materials/
analysis tools, approved the final draft.

� Haihua Shen conceived and designed the experiments, approved the final draft.
� Haiyan Chu conceived and designed the experiments, contributed reagents/materials/
analysis tools, prepared figures and/or tables, authored or reviewed drafts of the paper,
approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The raw data is available at the Sequence Read Archive (SRA) of NCBI under the
accession number SRP136091.

Xiang et al. (2019), PeerJ, DOI 10.7717/peerj.7304 12/17

https://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?study=SRP136091
http://dx.doi.org/10.7717/peerj.7304
https://peerj.com/


Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.7304#supplemental-information.

REFERENCES
Archer S, Schimel DS, Holland EA. 1995. Mechanisms of shrubland expansion: land use,

climate or CO2? Climatic Change 29(1):91–99 DOI 10.1007/BF01091640.

Baker KL, Langenheder S, Nicol GW, Ricketts D, Killham K, Campbell CD, Prosser JI. 2009.
Environmental and spatial characterisation of bacterial community composition in soil to
inform sampling strategies. Soil Biology and Biochemistry 41(11):2292–2298
DOI 10.1016/j.soilbio.2009.08.010.

Benjamini Y, Krieger AM, Yekutieli D. 2006. Adaptive linear step-up procedures that control the
false discovery rate. Biometrika 93(3):491–507 DOI 10.1093/biomet/93.3.491.

Bragazza L, Bardgett RD, Mitchell EAD, Buttler A. 2015. Linking soil microbial communities to
vascular plant abundance along a climate gradient. New Phytologist 205(3):1175–1182
DOI 10.1111/nph.13116.

Breshears DD. 2006. The grassland–forest continuum: trends in ecosystem properties for
woody plant mosaics? Frontiers in Ecology and the Environment 4(2):96–104
DOI 10.1890/1540-9295(2006)004[0096:TGCTIE]2.0.CO;2.

Briggs JM, Knapp AK, Blair JM, Heisler JL, Hoch GA, Lett MS, McCarron JK. 2005.An ecosystem
in transition: causes and consequences of the conversion of mesic grassland to shrubland.
BioScience 55(3):243–254 DOI 10.1641/0006-3568(2005)055[0243:AEITCA]2.0.CO;2.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, Fierer N,
Peña AG, Goodrich JK, Gordon JI, Huttley GA, Kelley ST, Knights D, Koenig JE, Ley RE,
Lozupone CA, McDonald D, Muegge BD, Pirrung M, Reeder J, Sevinsky JR, Turnbaugh PJ,
Waters WA, Widmann J, Yatsuneko T, Zaneveld J, Knight R. 2010. QIIME allows
analysis of high-throughput community sequencing data. Nature Methods 7(5):335–336
DOI 10.1038/nmeth.f.303.

Chen LY, Li H, Zhang PJ, Zhao X, Zhou LH, Liu TY, Hu HF, Bai YF, Shen HH, Fang JY. 2015.
Climate and native grassland vegetation as drivers of the community structures of
shrub-encroached grasslands in Inner Mongolia, China. Landscape Ecology 30(9):1627–1641
DOI 10.1007/s10980-014-0044-9.

Chu HY, Gorgan P. 2010. Soil microbial biomass, nutrient availability and nitrogen
mineralization potential among vegetation-types in a low arctic tundra landscape. Plant and Soil
329(1–2):411–420 DOI 10.1007/s11104-009-0167-y.

Chu HY, Sun HB, Tripathi BM, Adams JM, Huang R, Zhang YJ, Shi Y. 2016. Bacterial
community dissimilarity between the surface and subsurface soils equals horizontal differences
over several kilometers in the western Tibetan plateau. Environmental Microbiology
18(5):1523–1533 DOI 10.1111/1462-2920.13236.

Coetzee BWT, Tincani L, Wodu Z, Mwasi SM. 2008. Overgrazing and bush encroachment by
Tarchonanthus camphoratus in a semi-arid savanna. African Journal of Ecology 46(3):449–451
DOI 10.1111/j.1365-2028.2007.00842.x.

Daims H, Lebedeva EV, Pjevac P, Han P, Herbold C, Albertsen M, Jehmlich N, Palatinszky M,
Vierheilig J, Bulaev A, Kirkegaard RH, Von Bergen M, Rattei T, Bendinger B, Nielsen PH,
Wagner M. 2015. Complete nitrification by Nitrospira bacteria. Nature 528(7583):504–509
DOI 10.1038/nature16461.

Xiang et al. (2019), PeerJ, DOI 10.7717/peerj.7304 13/17

http://dx.doi.org/10.7717/peerj.7304#supplemental-information
http://dx.doi.org/10.7717/peerj.7304#supplemental-information
http://dx.doi.org/10.1007/BF01091640
http://dx.doi.org/10.1016/j.soilbio.2009.08.010
http://dx.doi.org/10.1093/biomet/93.3.491
http://dx.doi.org/10.1111/nph.13116
http://dx.doi.org/10.1890/1540-9295(2006)004[0096:TGCTIE]2.0.CO;2
http://dx.doi.org/10.1641/0006-3568(2005)055[0243:AEITCA]2.0.CO;2
http://dx.doi.org/10.1038/nmeth.f.303
http://dx.doi.org/10.1007/s10980-014-0044-9
http://dx.doi.org/10.1007/s11104-009-0167-y
http://dx.doi.org/10.1111/1462-2920.13236
http://dx.doi.org/10.1111/j.1365-2028.2007.00842.x
http://dx.doi.org/10.1038/nature16461
http://dx.doi.org/10.7717/peerj.7304
https://peerj.com/


Edgar RC. 2010. Search and clustering orders of magnitude faster than BLAST. Bioinformatics
26(19):2460–2461 DOI 10.1093/bioinformatics/btq461.

Eldridge DJ, Bowker MA, Maestre FT, Roger E, Reynolds JF, Whitford WG. 2011. Impacts of
shrub encroachment on ecosystem structure and functioning: towards a global synthesis.
Ecology Letters 14(7):709–722 DOI 10.1111/j.1461-0248.2011.01630.x.

Faith DP. 1992. Conservation evaluation and phylogenetic diversity. Biological Conservation
61(1):1–10 DOI 10.1016/0006-3207(92)91201-3.

Gellie NJC, Mills JG, Breed MF, Lowe AJ. 2017. Revegetation rewilds the soil bacterial
microbiome of an old field. Molecular Ecology 26(11):2895–2904 DOI 10.1111/mec.14081.

Gibbons SM, Lekberg Y, Mummey DL, Sangwan N, Ramsey PW, Gilbert JA. 2017.
Invasive plants rapidly reshape soil properties in a grassland ecosystem. mSystems
2(2):e00178-16 DOI 10.1128/mSystems.00178-16.

Griffiths RI, Thomson BC, James P, Bell T, Bailey M, Whiteley AS. 2011. The bacterial
biogeography of British soils. Environmental Microbiology 13(6):1642–1654
DOI 10.1111/j.1462-2920.2011.02480.x.

Gómez-Rey MX, Madeira M, Gonzalez-Prieto SJ, Coutinho J. 2013. Soil C and N dynamics in
a Mediterranean oak woodland with shrub encroachment. Plant and Soil 371(1–2):339–354
DOI 10.1007/s11104-013-1695-z.

Hardy OJ. 2008. Testing the spatial phylogenetic structure of local communities: statistical
performances of different null models and test statistics on a locally neutral community.
Journal of Ecology 96(5):914–926 DOI 10.1111/j.1365-2745.2008.01421.x.

Hart SC, DeLuca TH, Newman GS, MacKenzie MD, Boyle SI. 2005. Post-fire vegetative
dynamics as drivers of microbial community structure and function in forest soils. Forest Ecology
and Management 220(1–3):166–184 DOI 10.1016/j.foreco.2005.08.012.

Hibbard KA, Archer S, Schimel DS, Valentine DW. 2001. Biogeochemical changes
accompanying woody plant encroachment in a subtropical savanna. Ecology 82(7):1999–2011
DOI 10.1890/0012-9658(2001)082[1999:BCAWPE]2.0.CO;2.

Ho J, Chambers LG. 2019. Altered soil microbial community composition and function in two
shrub encroached marshes with different physicochemical gradients. Soil Biology and
Biochemistry 130:122–131 DOI 10.1016/j.soilbio.2018.12.004.

Jackson RB, Banner JL, Jobbágy EG, Pockman WT, Wall DH. 2002. Ecosystem carbon
loss with woody plant invasion of grasslands. Nature 418(6898):623–626
DOI 10.1038/nature00910.

Knapp AK, Briggs JM, Collins SL, Archer SR, Bret-Harte MS, Ewers BE, Peters DP, Young DR,
Shaver GR, Pendall E, Cleary MB. 2008. Shrub encroachment in North American
grasslands: shifts in growth form dominance rapidly alters control of ecosystem carbon inputs.
Global Change Biology 14(3):615–623 DOI 10.1111/j.1365-2486.2007.01512.x.

Kurc SA, Small EE. 2004. Dynamics of evapotranspiration in semiarid grassland and shrubland
ecosystems during the summer monsoon season, central NewMexico.Water Resources Research
40(9):W09305 DOI 10.1029/2004WR003068.

Langfelder P, Horvath S. 2012. Fast R functions for robust correlations and hierarchical clustering.
Journal of Statistical Software 46(11):1–17 DOI 10.18637/jss.v046.i11.

Langille MGI, Zaneveld J, Caporaso JG, McDonald D, Knights D, Reyes JA, Clemente JC,
Burkepile DE, Vega Thurber RL, Knight R, Beiko RG, Huttenhower C. 2013. Predictive
functional profiling of microbial communities using 16S rRNA marker gene sequences.
Nature Biotechnology 31(9):814–821 DOI 10.1038/nbt.2676.

Xiang et al. (2019), PeerJ, DOI 10.7717/peerj.7304 14/17

http://dx.doi.org/10.1093/bioinformatics/btq461
http://dx.doi.org/10.1111/j.1461-0248.2011.01630.x
http://dx.doi.org/10.1016/0006-3207(92)91201-3
http://dx.doi.org/10.1111/mec.14081
http://dx.doi.org/10.1128/mSystems.00178-16
http://dx.doi.org/10.1111/j.1462-2920.2011.02480.x
http://dx.doi.org/10.1007/s11104-013-1695-z
http://dx.doi.org/10.1111/j.1365-2745.2008.01421.x
http://dx.doi.org/10.1016/j.foreco.2005.08.012
http://dx.doi.org/10.1890/0012-9658(2001)082[1999:BCAWPE]2.0.CO;2
http://dx.doi.org/10.1016/j.soilbio.2018.12.004
http://dx.doi.org/10.1038/nature00910
http://dx.doi.org/10.1111/j.1365-2486.2007.01512.x
http://dx.doi.org/10.1029/2004WR003068
http://dx.doi.org/10.18637/jss.v046.i11
http://dx.doi.org/10.1038/nbt.2676
http://dx.doi.org/10.7717/peerj.7304
https://peerj.com/


Lett MS, Knapp AK. 2003. Consequences of shrub expansion in mesic grassland: resource
alterations and graminoid responses. Journal of Vegetation Science 14(4):487–496
DOI 10.1111/j.1654-1103.2003.tb02175.x.

Liu JJ, Sui YY, Yu ZH, Shi Y, Chu HY, Jin J, Liu XB, Wang GH. 2014. High throughput
sequencing analysis of biogeographical distribution of bacterial communities in the
black soils of northeast China. Soil Biology and Biochemistry 70:113–122
DOI 10.1016/j.soilbio.2013.12.014.

Maestre FT, Bowker MA, Puche MD, Hinojosa MB, Martinez I, Garcia-Palacios P, Castillo AP,
Soliveres S, Luzuriaga AL, Sanchez AM, Carreira JA, Gallardo A, Escudero A. 2009.
Shrub encroachment can reverse desertification in semi-arid Mediterranean grasslands.
Ecology Letters 12(9):930–941 DOI 10.1111/j.1461-0248.2009.01352.x.

McClaran MP, Moore-Kucera J, Martens DA, Van Haren J, Marsh SE. 2008. Soil carbon and
nitrogen in relation to shrub size and death in a semi-arid grassland. Geoderma 145(1–2):60–68
DOI 10.1016/j.geoderma.2008.02.006.

McKinley DC, Blair JM. 2008. Woody plant encroachment by Juniperus virginiana in a mesic
native grassland promotes rapid carbon and nitrogen accrual. Ecosystems 11(3):454–468
DOI 10.1007/s10021-008-9133-4.

Meyer KM, Wiegand K, Ward D. 2009. Patch dynamics integrate mechanisms for
savanna tree–grass coexistence. Basic and Applied Ecology 10(6):491–499
DOI 10.1016/j.baae.2008.12.003.

Paul EA, Clark FE. 1996. Soil microbiology and biochemistry. Second Edition. San Diego: Academic
Press Inc.

Peng H-Y, Li X-Y, Li G-Y, Zhang Z-H, Zhang S-Y, Li L, Zhao G-Q, Jiang Z-Y, Ma Y-J. 2013.
Shrub encroachment with increasing anthropogenic disturbance in the semiarid Inner
Mongolian grasslands of China. Catena 109:39–48 DOI 10.1016/j.catena.2013.05.008.

Poudel R, Jumpponen A, Schlatter D, Paulitz T, Gardener BM, Kinkel L, Garrett K. 2016.
Microbiome networks: a systems framework for identifying candidate microbial assemblages for
disease management. Phytopathology 106(10):1083–1096 DOI 10.1094/PHYTO-02-16-0058-FI.

Prescott CE, Grayston SJ. 2013. Tree species influence on microbial communities in litter and
soil: current knowledge and research needs. Forest Ecology and Management 309:19–27
DOI 10.1016/j.foreco.2013.02.034.

Purcell D, Sompong U, Yim LC, Barraclough TG, Peerapornpisal Y, Pointing SB. 2007.
The effects of temperature, pH and sulphide on the community structure of hyperthermophilic
streamers in hot springs of northern Thailand. FEMS Microbiology Ecology 60(3):456–466
DOI 10.1111/j.1574-6941.2007.00302.x.

Reynolds JF, Virginia RA, Kemp PR, de Soyza AG, Tremmel DC. 1999. Impact of drought
on desert shrubs: effects of seasonality and degree of resource island development. Ecological
Monographs 69(1):69–106 DOI 10.1890/0012-9615(1999)069[0069:IODODS]2.0.CO;2.

Rivest D, Rolo V, López-Díaz L, Moreno G. 2011. Shrub encroachment in Mediterranean
silvopastoral systems: Retama sphaerocarpa and Cistus ladanifer induce contrasting effects on
pasture and Quercus ilex production. Agriculture, Ecosystems & Environment 141(3–4):447–454
DOI 10.1016/j.agee.2011.04.018.

Schlesinger WH, Pilmanis AM. 1998. Plant-soil interactions in deserts. Biogeochemistry
42(1/2):169–187 DOI 10.1023/A:1005939924434.

Schlesinger WH, Reynolds JF, Cunningham GL, Huenneke LF, Jarrell WM, Ross VA,
Whitford WG. 1990. Biological feedbacks in global desertification. Science
247(4946):1043–1048 DOI 10.1126/science.247.4946.1043.

Xiang et al. (2019), PeerJ, DOI 10.7717/peerj.7304 15/17

http://dx.doi.org/10.1111/j.1654-1103.2003.tb02175.x
http://dx.doi.org/10.1016/j.soilbio.2013.12.014
http://dx.doi.org/10.1111/j.1461-0248.2009.01352.x
http://dx.doi.org/10.1016/j.geoderma.2008.02.006
http://dx.doi.org/10.1007/s10021-008-9133-4
http://dx.doi.org/10.1016/j.baae.2008.12.003
http://dx.doi.org/10.1016/j.catena.2013.05.008
http://dx.doi.org/10.1094/PHYTO-02-16-0058-FI
http://dx.doi.org/10.1016/j.foreco.2013.02.034
http://dx.doi.org/10.1111/j.1574-6941.2007.00302.x
http://dx.doi.org/10.1890/0012-9615(1999)069[0069:IODODS]2.0.CO;2
http://dx.doi.org/10.1016/j.agee.2011.04.018
http://dx.doi.org/10.1023/A:1005939924434
http://dx.doi.org/10.1126/science.247.4946.1043
http://dx.doi.org/10.7717/peerj.7304
https://peerj.com/


Scholes RJ, Archer SR. 1997. Tree-grass interaction in savannas. Annual Review of Ecology
and Systematics 28(1):517–544 DOI 10.1146/annurev.ecolsys.28.1.517.

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

Shi Y, Xiang XJ, Shen CC, Chu HY, Neufeld JD, Walker VK, Groganc P. 2015.
Vegetation-associated impacts on arctic tundra bacterial and microeukaryotic communities.
Applied and Environmental Microbiology 81(2):492–501 DOI 10.1128/AEM.03229-14.

Smith DL, Johnson L. 2003. Expansion of Juniperus virginiana L. in the Great Plains: changes
in soil organic carbon dynamics. Global Biogeochemical Cycles 17(2):1062–1073
DOI 10.1029/2002GB001990.

Soliveres S, Eldridge DJ. 2014. Do changes in grazing pressure and the degree of shrub
encroachment alter the effects of individual shrubs on understorey plant communities and
soil function? Functional Ecology 28(2):530–537 DOI 10.1111/1365-2435.12196.

Staddon PL, Ramsey CB, Ostle N, Ineson P, Fitter AH. 2003. Rapid turnover of hyphae of
mycorrhizal fungi determined by AMS microanalysis of 14C. Science 300(5622):1138–1140
DOI 10.1126/science.1084269.

Stegen JC, Lin X, Konopka AE, Fredrickson JK. 2012. Stochastic and deterministic assembly
processes in subsurface microbial communities. ISME Journal 6(9):1653–1664
DOI 10.1038/ismej.2012.22.

Sul WJ, Asuming-Brempong S, Wang Q, Tourlousse DM, Penton CR, Deng Y, Rodrigues JLM,
Adiku SGK, Jones JW, Zhou JZ, Cole JR, Tiedje JM. 2013. Tropical agricultural land
management influences on soil microbial communities through its effect on soil organic carbon.
Soil Biology and Biochemistry 65:33–38 DOI 10.1016/j.soilbio.2013.05.007.

Throop HL, Archer SR. 2008. Shrub (Prosopis velutina) encroachment in a semidesert grassland:
spatial-temporal changes in soil organic carbon and nitrogen pools. Global Change Biology
14(10):2420–2431 DOI 10.1111/j.1365-2486.2008.01650.x.

Trumbore SE. 1997. Potential responses of soil organic carbon to global environmental change.
Proceedings of the National Academy of Sciences of the United States of America
94(16):8284–8291 DOI 10.1073/pnas.94.16.8284.

Van Vegten JA. 1984. Thornbush invasion in a savanna ecosystem in eastern Botswana. Vegetatio
56(1):3–7 DOI 10.1007/BF00036129.

Wallenstein MD, McMahon S, Schimel J. 2007. Bacterial and fungal community structure in
Arctic tundra tussock and shrub soils. FEMS Microbiology Ecology 59(2):428–435
DOI 10.1111/j.1574-6941.2006.00260.x.

Webb CO. 2000. Exploring the phylogenetic structure of ecological communities: an example
for rain forest trees. American Naturalist 156(2):145–155 DOI 10.1086/303378.

Xiang XJ, Gibbons SM, Li H, Shen HH, Fang JY, Chu HY. 2018. Shrub encroachment is
associated with changes in soil bacterial community composition in a temperate grassland
ecosystem. Plant and Soil 425(1–2):539–551 DOI 10.1007/s11104-018-3605-x.

Yannarell AC, Menning SE, Beck AM. 2014. Influence of shrub encroachment on the soil
microbial community composition of remnant hill prairies. Microbial Ecology 67(4):897–906
DOI 10.1007/s00248-014-0369-6.

Zhang Z, Wang S-P, Nyren P, Jiang G-M. 2006. Morphological and reproductive response of
Caragana microphylla to different stocking rates. Journal of Arid Environments 67(4):671–677
DOI 10.1016/j.jaridenv.2006.03.015.

Xiang et al. (2019), PeerJ, DOI 10.7717/peerj.7304 16/17

http://dx.doi.org/10.1146/annurev.ecolsys.28.1.517
http://dx.doi.org/10.1186/gb-2011-12-6-r60
http://dx.doi.org/10.1128/AEM.03229-14
http://dx.doi.org/10.1029/2002GB001990
http://dx.doi.org/10.1111/1365-2435.12196
http://dx.doi.org/10.1126/science.1084269
http://dx.doi.org/10.1038/ismej.2012.22
http://dx.doi.org/10.1016/j.soilbio.2013.05.007
http://dx.doi.org/10.1111/j.1365-2486.2008.01650.x
http://dx.doi.org/10.1073/pnas.94.16.8284
http://dx.doi.org/10.1007/BF00036129
http://dx.doi.org/10.1111/j.1574-6941.2006.00260.x
http://dx.doi.org/10.1086/303378
http://dx.doi.org/10.1007/s11104-018-3605-x
http://dx.doi.org/10.1007/s00248-014-0369-6
http://dx.doi.org/10.1016/j.jaridenv.2006.03.015
http://dx.doi.org/10.7717/peerj.7304
https://peerj.com/


Zhang XF, Xu SJ, Li CM, Zhao L, Feng HY, Yue GY, Ren ZW, Cheng G. 2014. The soil
carbon/nitrogen ratio and moisture affect microbial community structures in alkaline
permafrost-affected soils with different vegetation types on the Tibetan Plateau. Research in
Microbiology 165(2):128–139 DOI 10.1016/j.resmic.2014.01.002.

Zhou JZ, Xue K, Xie JP, Deng Y, Wu LY, Cheng XL, Fei SF, Deng SP, He ZL, Van Nostrand JD,
Luo YQ. 2012. Microbial mediation of carbon-cycle feedbacks to climate warming.
Nature Climate Change 2(2):106–110 DOI 10.1038/nclimate1331.

Zuur AF, Leno EN, Elphick CS. 2010. A protocol for data exploration to avoid common
statistical problems. Methods in Ecology and Evolution 1(1):3–14
DOI 10.1111/j.2041-210X.2009.00001.x.

Xiang et al. (2019), PeerJ, DOI 10.7717/peerj.7304 17/17

http://dx.doi.org/10.1016/j.resmic.2014.01.002
http://dx.doi.org/10.1038/nclimate1331
http://dx.doi.org/10.1111/j.2041-210X.2009.00001.x
http://dx.doi.org/10.7717/peerj.7304
https://peerj.com/

	Proximate grassland and shrub-encroached sites show dramatic restructuring of soil bacterial communities
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	flink6
	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


