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Urban-development-induced 
Changes in the Diversity and 
Composition of the Soil Bacterial 
Community in Beijing
Bing Yan1,2, Junsheng Li2, Nengwen Xiao2, Yue Qi1,2, Gang Fu1,2, Gaohui Liu2 & Mengping Qiao3

Numerous studies have implicated urbanization as a major cause of loss of biodiversity. Most of them 
have focused on plants and animals, even though soil microorganisms make up a large proportion 
of that biodiversity. However, it is unclear how the soil bacterial community is affected by urban 
development. Here, paired-end Illumina sequencing of the 16 S rRNA gene at V4 region was performed 
to study the soil microbial community across Beijing’s built-up area. Proteobacteria, Acidobacteria, 
Bacteroidetes, Actinobacteria, Gemmatimonadetes, Verrucomicrobia, Planctomycetes, and Chloroflexi 
were the dominant phyla in all samples, but the relative abundance of these phyla differed significantly 
across these concentric zones. The diversity and composition of the soil bacterial community were 
found to be closely correlated with soil pH. Variance partitioning analysis suggested that urban ring 
roads contributed 5.95% of the bacterial community variation, and soil environmental factors explained 
17.65% of the variation. The results of the current work indicate that urban development can alter 
the composition and diversity of the soil microbial community, and showed pH to be a key factor in 
the shaping of the composition of the soil bacterial community. Urban development did have a strong 
impact on the bacterial community of urban soil in Beijing.

Globally, urbanization is proceeding rapidly and now poses a major threat to biodiversity1–4 and it is a principal 
cause of biotic homogenization5,6. In the past few years, most studies of the effect of urbanization have focused 
on plants and animals7–9, even though microbial communities in soil are incredibly abundant and diverse10,11 and 
play important roles in biogeochemical cycles12 and nutrient cycles13,14. However, although the conservation of 
microbial biodiversity is receiving increasing amounts of attention15–17, the effect of urbanization on microorgan-
isms remains largely unknown.

The diversity of microbes in soil is enormous and complex10,18, and many studies have attempted to deter-
mine how soil microbes might be influenced by biotic and abiotic factors. Identifying the dominant factors that 
affect the soil bacterial communities is crucial to understanding the diversity of the soil bacterial community. 
Various studies have generally considered soil pH to be an important factor in determining the distribution of 
soil bacterial communities19–23. Recent studies have shown bacterial diversity to be determined predominantly 
by soil pH24,25, but other soil parameters can also influence the composition and diversity of the bacterial com-
munity. Soil organic carbon and C/N ratios are here considered important influencers of soil microbial commu-
nities26–28. Soil nutrient availability has been found to have a significant impact on soil microbial communities29. 
Soil moisture30, and salinity31 have also been shown to be significantly correlated with the structure of soil micro-
bial communities. Some studies have shown that climate change factors, including elevated CO2, temperature 
and precipitation, can influence the composition of soil microbial community in some specific ecosystems32–35. 
Yuan et al. stated that precipitation would be an important factor for changes of soil bacterial communities36. In 
this way, soil microbial communities can be influenced by a large number of factors, but the driving factor may 
be different in different ecosystems.

As described above, most soil microbial studies have been conducted in natural settings, but urban ecosystems 
are more complex than other ecosystems. Urbanization processes have been shown to affect soil ecosystems37,38. 
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Urbanization is associated with a variety of effects on the physical and chemical properties of the soil, including 
the urban heat island effect39, pollution40, conversion to various forms of land use, and soil community changes41. 
These things can alter the structure and functionality of urban soil42. It is here speculated that these changes in soil 
chemical and physical properties may affect the soil microorganisms in urban areas.

The effect of urbanization on soil microbial communities has received relatively little attention43. Recently, Xu et al.  
suggested that urbanization affects the composition of bacterial community in urban park soils44. Ramirez et al.  
found there to be similar bacterial diversity between soil from Central Park and the global data set45. Barberán  
et al. also found that the microbes present in dust did not differ significantly between the areas within and outside 
of cities46. However, it remains unclear how urban development influences soil microbial communities. Urban 
soil microbial communities are also critical to urban ecosystem function and perhaps even human health47. These 
are an important source of airborne microbial diversity48. More studies are needed on this topic.

Specifically, during the past few decades, Beijing has been undergoing rapid urbanization. Especially since 
the 1970 s, its urban areas have expanded significantly, and its built-up area increased from 232.13 km2 in 1978 to 
1268 km2 in 2013. The population had reached 21.15 million by 201349. This rapid urbanization is mostly attribut-
able to the concentric expansion of the urban area. Ring roads, which here serve as indicators of urban expansion, 
were established in different years. They are associated with residential areas of different ages, population den-
sities, and related socioeconomic variables. In this way, urban sprawl from the city center (Forbidden City) has 
extended outward, forming five concentric areas ringed by roads, which here served as dividers between areas at 
different stages of urban development. Beijing was here considered a significant opportunity to address the issue 
of how microbial communities are affected by urban development.

Here, the manner in which microbial communities respond to urban development and the factors driving 
the composition of microbial communities in urban soil were determined. The relationship between the compo-
sition and diversity of the microbial community and urban ring road areas was assessed. It is here hypothesized 
that changes in urban development may affect the diversity and composition of the soil bacterial community. 
Specifically, it is here hypothesized that the changes in the bacterial communities were predominantly caused by 
alterations in the properties of the edaphic environment. The aims of this study were as follows: (i) to identify the 
dominant bacterial taxa in urban green land at different stages of urban development in Beijing, (ii) to assess the 
relative abundance and diversity of bacteria in these soils, and (iii) to determine which factors have important 
effects on the distribution of bacterial communities in urban soil and the most important driving factors deter-
mining the composition of the microbial community in urban soil.

Results
Physicochemical properties of the soil samples. The physicochemical properties of the soil samples, 
including the soil pH, moisture, soil bulk density (SBD), total carbon (TC) content, total nitrogen (TN) content, 
and electric conductivity (EC) are summarized in Table S1. The collected samples had pH values, ranging from 
7.25 to 8.46. Most of the urban soil samples were alkalescent or alkaline. However, only 2 samples (both from 2–3 
ring road) had pH values below 7.5. Soil total C varied from 11.77 to 53.53 g kg−1, soil and total N ranged from 
0.99 to 4.25 g kg−1. There was no correlation between the SBD and the ring roads of the sampling sites (r =  0.273, 
P =  0.069). In contrast, the total soil C (r =  − 0.449, P =  0.002), total soil N (r =  − 0.411, P =  0.005), moisture 
(r =  − 0.497, P =  0.001), soil EC (r =  0.535, P <  0.001), and soil pH (r =  0.384, P =  0.009) were significantly closely 
correlated with ring roads (Table S2).

Composition of bacterial communities dominant taxa in urban soils. In total, 1,501,775 quality 
sequences were obtained from all 45 samples in this study, and the number of sequences varied from 18,780 to 
81,399 per sample (mean =  33,373). Of these sequences, 91.04% were classified as bacterial sequences. Bacterial 
sequences were clustered into OTUs at ≥ 97% similarity level, 264,564 OTUs were obtained from all of the soil 
samples, ranging from 7,046–21,388 OTUs per sample. The predominant phyla across all soil samples (relative 
abundance > 5%) were Proteobacteria, Acidobacteria, Bacteroidetes, Actinobacteria, Gemmatimonadetes, and 
Verrucomicrobia, accounting for more than 82% of the bacterial sequences (Fig. 1). The phyla Planctomycetes, 
Chloroflexi, Nitrospirae, Armatimonadetes, OD1, Cyanobacteria, TM7, WS3, OP3, Firmicutes, Elusimicrobia, 
and FBP had a relatively low abundance (relative abundance > 0.1%) but were still identified in all of the samples. 
In addition, 15 fewer phyla were also present in most of the soil samples, and 16 rare phyla were found in several 
of the samples (Table S3). Proteobacteria and Actinobacteria were the two most abundant phyla in all of the sam-
ples, accounting for 43–64% of all bacterial sequences from each ring. The bacterial communities from all areas 
sampled showed the same dominant taxa but different rare taxa.

Of the main abundant phyla, Proteobacteria (F4,40 =  3.618, P =  0.045), Bacteroidetes (F4,40 =  3.828, P =  0.039), 
Actinobacteria (F4,40 =  3.189, P =  0.023), Planctomycetes (F4,40 =  4.308, P =  0.028), and Chloroflexi (F4,40 =  6.533, 
P =  0.007) showed significant differences in relative abundance among different ring road areas (Fig. S1).

To analyze the influences of location and soil pH on relative abundance of dominant bacterial phylum. Ring 
road areas were closely correlated with the relative abundance of some phyla (Fig. S2). The relative abundance 
of Acidobacteria (r =  0.331, P =  0.026), Actinobacteria (r =  0.481, P =  0.001), Chloroflexi (r =  0.522, P <  0.001), 
Armatimonadetes (r =  0.31, P =  0.038) were significantly closely correlated with ring roads, and Proteobacteria 
(r =  − 0.5, P <  0.001), Bacteroidetes (r =  − 0.386, P =  0.009), Gemmatimonadetes (r =  − 0.391, P =  0.008) showed 
a significant negative correlation with ring roads, and Nitrospirae (r =  − 0.286, P =  0.057) showed a marginally 
significant negative correlation with ring roads.

Soil pH was also closely correlated with the relative abundance of four dominant bacterial phyla. The rela-
tive abundances of Acidobacteria (r =  0.431, P =  0.003), Planctomycetes (r =  0.57, P <  0.001), and Nitrospirae 
(r =  0.365, P =  0.014) were significantly positively correlated with soil pH, while that of Gemmatimonadetes 
(r =  − 0.391, P =  0.008) was significantly negatively correlated with soil pH (Fig. S3).
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Results showed that the relative abundance of some phyla, such as Nitrospirae, Gemmatimonadetes, and 
Acidobacteria, had significant correlations with both ring road location and pH, but other phyla were only sig-
nificantly correlated to one or the other. The most abundant phyla were Proteobacteria and Actinobacteria; both 
were only significantly correlated with the ring roads, and neither were correlated with soil pH. The relative 
abundance of Proteobacteria and Actinobacteria were strongly significantly negatively correlated with each other 
(r =  − 0.813, P <  0.001) (Fig. S4).

Variations in the diversity of the bacterial community. Both Faith’s phylogenetic diversity (PD) 
and phylotype richness were used to compare the levels of bacterial diversity. Results are presented in Fig. 2. 
The diversity of bacterial communities showed high-low-high changes across the ring road area gradient, dif-
fering significantly by area (P =  0.04; P =  0.027, respectively). Samples from 2 H and 5 H showed higher levels 
of diversity than samples from 3–4 H. Both the phylogenetic diversity and the phylotype richness in 2–3 H and 
4–5 H soil samples were toward the middle of the values of all samples collected throughout the five ring road 
areas. Correlation analysis showed soil pH to be significantly positively correlated with both phylotype richness 
(r =  0.446, P =  0.002) and phylogenetic diversity (r =  0.401, P =  0.006) (Fig. 3). No other soil properties showed 
any significant relationship to bacterial diversity (Table S4).

Environmental factors and bacterial community structure. Non-metric multidimensional scaling 
(NMDS) ordinations were performed to assess the microbial community structure of all samples. The NMDS 
plots indicated that bacterial community structures differed significantly among ring road areas (Mantel test 
r =  0.338, P =  0.001) were also strongly influenced by soil pH (Mantel test r =  0.285, P =  0.001) (Fig. 4). The rela-
tionships between the NMDS scores, ring roads, and pH values were evaluated using linear regression, and results 

Figure 1. Relative abundance of the dominant bacterial community at the phylum level in samples 
separated by ring road category. Relative abundances were found to depend on the average relative number 
of the bacterial sequences of nine samples from each ring. Here “other” means to the taxa with a maximum 
abundance of < 0.5% in any sample.

Figure 2. Ring road areas and the (A) phylogenetic diversity and (B) phylotype richness of soil bacterial OTUs. 
Diversity indices were calculated using random selections of 17000 sequences per soil sample.
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showed ring roads to have a significant linear relationship with NMDS1 and soil pH to have a significant linear 
relationship with NMDS2 (Fig. S5). The changes in bacterial community structures can be attributed to their 
locations in different road areas across NMDS1 axis and to soil pH along the NMDS2 axis.

Correlations between environmental parameters and composition of the bacterial community.  
CCA was conducted to identify the environmental factors that had the most important effect on bacterial com-
munity structure (Fig. 5). Urban ring road area, pH, and moisture were found to be the most important factors 
(longer arrows) affecting microbial community composition. Variance partitioning analysis was performed to 
quantify the contributions of soil properties and urban ring roads to the bacterial community variation (Fig. 6). 
A total of 36.37% of the variation was explained using these environmental variables. Soil properties and urban 

Figure 3. Relationship among soil pH, bacterial phylogenetic diversity, and OTUs phylotype richness. 

Figure 4. Non-metric multidimensional scaling ordination results showing relationships among urban 
community composition. Samples are color-coded to indicate (A) ring road areas and (B) soil pH. Each point 
represents an individual sample.

Figure 5. Canonical correspondence analysis (CCA) of sequencing data and environmental factors with 
symbols coded by ring roads category. 
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development independently explained 17.65% and 5.95% of the total bacterial community variance, respectively. 
Interactions between soil properties and urban development explained 12.77% of the variance.

Discussion
It is here speculated that urban development can significantly alter the soil microbial community. Results indi-
cated that all the areas studied had the same dominant phyla, but relative abundance differed significantly. The 
main phyla Proteobacteria, Acidobacteria, Bacteroidetes, Actinobacteria, Gemmatimonadetes, Verrucomicrobia, 
Planctomycetes, and Chloroflexi, were observed in all soil samples studied here. These results were similar to 
the findings reported by Xu et al. in soil from urban park soil in China44. They were also consistent with a study 
performed in New York City’s Central Park45,50. These phyla were also found in the Park Grass Experiment25. 
This suggests that the dominant phyla of bacterial communities in urban soil may be similar. Although the main 
phyla in the communities are constant, relative abundances vary significantly among samples. Several rare phyla 
were only observed in some samples, indicating that rare phyla are crucial to the study of composition of the soil 
bacterial community in soil at different stages of urban development.

Urbanization has led to homogenization of plant and animal, and has caused the extinction of some native 
species5,7. Urbanization also increases the non-native plant and animal populations2,51. For soil bacteria, it is not 
clear how urbanization might affect microbial communities. Xu et al. suggested that urbanization factors have 
no significant correlation with α -diversity in urban parks44. However, in the current work, results showed that 
soil bacterial diversity had significant differences across urban ring road areas. Areas 2 H and 5 H showed more 
diversity than 3–4 H, indicating that urban construction may influence the soil bacterial diversity but does not 
necessarily reduce the diversity of soil bacteria. The diversity of the bacteria found in the global samples and in 
New York City’s Central Park was similar45. Reese et al. also found the diversity of bacteria in the medians to be 
similar to that of Central Park50. It should be noted that the samples in other studies44,45,50 were collected from 
urban parks subject to no direct disturbances from human activities, suggesting that the bacterial communities 
of urban park soil microbial communities might not respond to direct disturbances by urban development. More 
studies should be performed to confirm this.

The results reported here show that soil moisture and TC changed considerably, and the strongest relationship 
among EC, moisture, and TC in different ring road areas. In this study, soil pH was found to differ significantly 
among ring road areas and to have a significantly close correlation with urban ring roads (P <  0.05). This indicates 
that urban development can affect the properties of the edaphic environment. Shifts in bacterial communities can 
be expected to be associated with differences in urban development that are directly or indirectly related to the 
effects of changes in urban development edaphic properties.

In this study, results showed that some phyla display correlations to variations in pH. The patterns of some 
specific phyla across this pH gradient are similar to their pH responses observed in other studies. For instance, the 
relative abundance of Planctomycetes was here shown to decrease with increasing pH, as in other studies44. The 
relative abundance of Acidobacteria has been shown to increase with decreasing pH20,22, in contrast to the present 
results. Here, the two most abundant phyla, Proteobacteria and Actinobacteria, showed no significant correlation 
with pH value, and they were negatively correlated with each other. It is here speculated that Proteobacteria and 
Actinobacteria are less sensitive to pH in urban soil than bacteria from other phyla are. This result was consistent 
with results reported by Xu et al.44. However, it was here observed that Proteobacteria and Actinobacteria were 
significant closely correlated with urban ring roads. This means that, in order to study the effect of urban devel-
opment on the composition of soil bacterial communities, the changes in the abundance of Proteobacteria and 

Figure 6. Variance partition analysis of microbial community explained by soil properties and urban 
development. 
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Actinobacteria should be considered. Several highly abundant taxa were also observed to have positive and nega-
tive relationships with the ring roads. This indicated that stages of urban development also have a strong influence 
on relative abundance of bacterial phyla. In general, pH and ring roads affect the composition of the soil bacterial 
community by changing the abundances of different taxa.

Notably, the present study demonstrates that bacterial diversity and community composition are mainly cor-
related with soil pH. As shown in many previous studies, soil pH is key to shaping the composition of soil bacte-
rial community21,52. Soil pH also has a strong correlation with microbial diversity19,24. Soil pH is considered one 
of the best predictors of variation in microbial diversity20–22,25. In this way, soil pH is a universally good predictor 
of bacterial distribution patterns53, but it is not the only one. For example, Liu et al. reported soil C content to be 
significantly closely correlated with bacterial diversity and bacterial community structure53. Precipitation and soil 
NH4

+ are shown to have considerable influence on bacterial communities at depth of 0–5 cm36. Temperature and 
NH4

+–N may be two of the key impact factors that shape microbial community structure54. History of land-use 
was a great determinant of the composition of microbial communities55. Plant diversity was found to be crucial to 
shaping the microbial community and its diversity56. For this reason, it is here speculated that different factors can 
influence microbial communities according to different ecosystems and environmental conditions. Factors, such 
as soil metal concentration, polycyclic aromatic hydrocarbons (PAHs) content, temperature, nutrient availability, 
and texture should be considered in subsequent assessments of urban soil microbial communities.

Both the CCA and relationship analysis showed that ring roads and soil microbial diversity to be significantly 
correlated (P <  0.01). Ring roads may be important factors that alter soil bacterial community structure and 
diversity during urban development in Beijing. Urbanization processes were found to exert some influence on 
soil bacterial community composition, and urbanization indexes were found to be significant predicting factors44. 
The ring roads of Beijing were completed in different years, and urban development from the city center to the 
outskirts can be measured using the ring roads. The gradient of urban ring roads is a suitable way to represent the 
stages of urban development. For this reason, it is here speculated that ring roads (representing different stages 
of urban development) are also important driving factors of bacterial communities in the urban soil in Beijing. 
Further, microbial communities in disturbed soil have been found to return to their native state over time55. Soil 
bacterial communities can change in response to the disturbance caused by urban construction; however, the 
order of succession is unclear.

Urban development was found to independently explain 5.95% of the variation in the soil bacterial commu-
nity and soil properties to explain and 17.65%. Soil properties are dominant factors that influence composition 
of the soil bacterial community during urban development. Results here showed that interactions between soil 
properties and urban development are also an import part of shaping the composition of soil bacterial commu-
nities. As reported by Xu et al., however, a large part of the variation observed in such communities has remained 
unexplained44. Other factors, such as soil metal concentration, plants, population density, and gross domestic 
product per square kilometer (GDP km−2) should be considered in further studies of urban soil microbes.

In conclusion, this study indicated that the dominant bacterial phyla in all of the samples in different 
ring roads of Beijing are Proteobacteria, Acidobacteria, Bacteroidetes, Actinobacteria, Gemmatimonadetes, 
Verrucomicrobia, Planctomycetes, and Chloroflexi. Soil pH is an important driving factor that shapes soil bac-
terial diversity and community composition among different ring road areas. Urban ring roads are also another 
principal factor contributing to the variation in the composition of soil bacterial communities, and a relatively 
high diversity of the bacterial community was observed at 2 H and 5 H. About 63.63% of the total variance could 
not be explained by these environmental factors, indicating that urban development has complex effects on soil 
microbial communities in Beijing and cannot be easily predicted using common factors.

Materials and Methods
Site and sampling. The metropolitan city of Beijing was selected as the study area (39.4°N– 41.6°N, 
115.7°E– 117.4°E). Beijing is the capital of China, and it has a 3,000-year history of urban construction, and more 
than 800 years of history as the political and cultural center of China. Soil samples were collected from the center 
to northern parts of Beijing’s built-up area in August 2014. A total of five sites were selected, one in an area ringed 
by the second ring roads (2 H), one in the area between the second and third ring roads (2–3 H), one in the area 
between the third and fourth ring roads (3–4 H), one in the area between the fourth and fifth ring roads (4–5 H), 
one in area outside of the fifth ring road (5 H) (Fig. 7). A map of the sampling sites was drawn using ArcGIS 10.1 
(http://www.esri.com/). At each site, soil samples were collected from 9 plots (10 m ×  10 m) as nine independent 
replicates. In each plot, samples of the soil top layer (10 cm ×  10 cm in area, and 0–10 cm depth directly below 
the litter layer) were collected at five random points using a sterile blade. After collection, the soil samples were 
composited together as a single sample and sieved through a 2 mm mesh to thoroughly homogenize and remove 
the roots, plant residues and stones. All samples were divided into two subsamples. One subsample was air-dried 
to determine the physical and chemical properties of the soil, and one was stored at − 80 °C for DNA extraction.

Soil property measurements. The soil moisture of each sample was measured gravimetrically, after the 
sample had been dried in an oven at 105 °C for 12 h. Soil bulk density (SBD) was determined from an undisturbed 
soil core. The soil pH was measured by pH meter (FE20-FiveEasyTM pH, Mettler Toledo, German) after shaking 
a soil water (1:2.5 wt/vol) suspension for 30 min. The electrical conductivity (EC) of each soil sample was tested 
using the electromagnetic conductivity meter as soil:water ratio of 1:5 (1:5 wt/vol). The soil total carbon (TC) and 
total nitrogen (TN) were determined using an elemental analyzer (Costech ECS 4012, Italy)

DNA extraction, PCR and high-throughput sequencing. For each soil sample, microbial DNA 
was extracted from 0.5 g wet soil using a FastDNA® SPIN Kit for soil (MP Biomedicals, Santa Ana, CA, U.S.) 
according to the manufacturer’s instructions. The extracted soil DNA was dissolved in 50 μ l TE buffer, and 

http://www.esri.com/
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DNA concentrations were measured using the NanoDropTM 2000 spectrophotometer (Thermo Scientific, 
U.S.), and stored at − 20 °C until use. Bacterial DNA was sequenced for all sites targeting the V4 region of 
the bacterial 16 S rRNA gene, PCR amplification by the 515 F: GTGCCAGCMGCCGCGGTAA and 806 R: 
GGACTACHVGGGTWTCTAAT primers57. The paired-end sequencing was done using the Illumina MiSeq 
platform (Illumina Inc., San Diego, CA, U.S.) at the Beijing Genome Institute (BGI).

Sequence analysis. Sequence data were processed using the Quantitative Insights Into Microbial Ecology 
(QIIME) software package58. Reads were filtered using QIIME quality filters to remove low-quality reads. Then 
qualified sequences were clustered into operational taxonomic units (OTUs) at a 97% similarity level. The most 
abundant sequence in each OUT was selected as representative of that OUT and aligned using PyNAST59. The 
taxonomic identity of each OTU was determined using an RDP classifier60. In order to ensure that sampling depth 
would remain the same across all samples, samples were rarified to 17,000 sequences each for analysis.

Data analyses. One goal of this study was to assess the correlations between the relative abundance of 
bacterial phyla, bacterial diversity, and soil properties, using linear regression analyses. For alpha diversity, 
Phylogenetic diversity and phylotype richness were chosen to asses the internal (within-sample) complexity of 
individual microbial population. Phylogenetic diversity was estimated using Faith’s index, which incorporates the 
phylogenetic breadth across taxonomic levels61,62. Here, one-way ANOVA to determine whether relative abun-
dance of the most abundant phyla and bacterial diversity differed among rings. For beta diversity, Bray-Curtis 
distance was used to measure the differences in overall community composition between each pair of samples. 
The Bray-Curtis index was used to indicate community structure because it is sensitive to the difference in abun-
dance observed between the same taxa across pairs of samples. Non-metric multidimensional scaling (NMDS) 
was conducted based on Bray–Curtis distances for bacterial community composition dissimilarity analysis. The 
relationship between community composition variation and environmental factors was assessed by fitting the 
ordination scores to soil parameters and urban ring roads. Canonical correspondence analysis (CCA) was per-
formed to identify the abiotic factors most important to shaping variation in bacterial community structure. 
Variation partitioning analysis was used to evaluate the influence of soil parameters and urban rings on bacte-
rial community structure. The R project for statistical analysis package was used for all statistical analyses that 
involved different packages63.

References
1. Sala, O. E. et al. Global biodiversity scenarios for the year 2100. Science 287, 1770–1774 (2000).
2. McKinney, M. L. Urbanization, Biodiversity, and Conservation BioScience 52, 883–890 (2002).
3. Kowarik, I. Novel urban ecosystems, biodiversity, and conservation. Environ. Pollut. 159, 1974–1983 (2011).
4. Grimm, N. B. et al. Global change and the ecology of cities. Science 319, 756–760 (2008).
5. McKinney, M. L. Urbanization as a major cause of biotic homogenization. Biol. Conserv. 127, 247–260 (2006).
6. Trentanovi, G. et al. Biotic homogenization at the community scale: disentangling the roles of urbanization and plant invasion. 

Divers. Distrib. 19, 738–748 (2013).
7. McKinney, M. L. Effects of urbanization on species richness: a review of plants and animals. Urban Ecosyst. 11, 161–176 (2008).
8. Chace, J. F. & Walsh, J. J. Urban effects on native avifauna: a review. Landscape Urban Plan. 74, 46–69 (2006).

Figure 7. Sampling sites in the urban area of Beijing(created using ArcGIS 10.1 http://www.esri.com/ 
software).

http://www.esri.com/


www.nature.com/scientificreports/

8Scientific RepoRts | 6:38811 | DOI: 10.1038/srep38811

9. Aronson, M. F. et al. A global analysis of the impacts of urbanization on bird and plant diversity reveals key anthropogenic drivers. 
Proc. R. Soc. Lond. B 281, 20133330 (2014).

10. Nannipieri, P. et al. Microbial diversity and soil functions. Eur. J. Soil Sci. 54, 655–670 (2003).
11. Curtis, T. P. & Sloan, W. T. Prokaryotic diversity and its limits: microbial community structure in nature and implications for 

microbial ecology. Curr. Opin. Microbiol. 7, 221–226 (2004).
12. Falkowski, P. G., Tom, F. & Delong, E. F. The microbial engines that drive Earth’s biogeochemical cycles. Science 320, 1034–1039 

(2008).
13. Wall, D. H. Sustaining biodiversity and ecoystemsservices in soils and sediments. SCOPE Series. (Island Press, Washington, DC, 

USA, 2004).
14. Rick, W. Y. & Thomas, S. M. Microbial nitrogen cycles: physiology, genomics and applications. Curr. Opin. Microbiol. 4, 307–312 

(2001).
15. Cockell, C. S. & Jones, H. L. Advancing the case for microbial conservation. Oryx 43, 520–526 (2009).
16. Sutherland, W. J. et al. Horizon scan of global conservation issues for 2011. Trends Ecol. Evol. 26, 10–16 (2011).
17. Bodelier, P. Toward understanding, managing, and protecting microbial ecosystems. Front. Microbiol. 2, 80 (2011).
18. Torsvik, V. & Øvreås, L. Microbial diversity and function in soil: from genes to ecosystems. Curr. Opin. Microbiol. 5, 240–245 (2002).
19. Fierer, N. & Jackson, R. B. The diversity and biogeography of soil bacterial communities. Proc. Natl. Acad. Sci. USA 103, 626–631 

(2006).
20. Shen, C. et al. Soil pH drives the spatial distribution of bacterial communities along elevation on Changbai Mountain. Soil Biol. 

Biochem. 57, 204–211 (2013).
21. Lauber, C. L., Hamady, M., Knight, R. & Fierer, N. Pyrosequencing-based assessment of soil pH as a predictor of soil bacterial 

community structure at the continental scale. Appl. Environ. Microbiol. 75, 5111–5120 (2009).
22. Chu, H. et al. Soil bacterial diversity in the Arctic is not fundamentally different from that found in other biomes. Environ. Microbiol. 

12, 2998–3006 (2010).
23. Rousk, J. et al. Soil bacterial and fungal communities across a pH gradient in an arable soil. ISME J. 4, 1340–1351 (2010).
24. Sun, R., Zhang, X. X., Guo, X., Wang, D. & Chu, H. Bacterial diversity in soils subjected to long-term chemical fertilization can be 

more stably maintained with the addition of livestock manure than wheat straw. Soil Biol. Biochem. 88, 9–18 (2015).
25. Zhalnina, K. et al. Soil pH determines microbial diversity and composition in the park grass experiment. Microb. Ecol. 69, 395–406 

(2015).
26. Fierer, N., Bradford, M. A. & Jackson, R. B. Toward an ecological classification of soil bacteria. Ecology 88, 1354–1364 (2007).
27. Tripathi, B. M. et al. Tropical soil bacterial communities in Malaysia: pH dominates in the equatorial tropics too. Microb. Ecol. 64, 

474–484 (2012).
28. Sul, W. J. et al. Tropical agricultural land management influences on soil microbial communities through its effect on soil organic 

carbon. Soil Biol. Biochem. 65, 33–38 (2013).
29. Lauber, C. L., Strickland, M. S., Bradford, M. A. & Fierer, N. The influence of soil properties on the structure of bacterial and fungal 

communities across land-use types. Soil Biol. Biochem. 40, 2407–2415 (2008).
30. Brockett, B. F., Prescott, C. E. & Grayston, S. J. Soil moisture is the major factor influencing microbial community structure and 

enzyme activities across seven biogeoclimatic zones in western Canada. Soil Biol. Biochem. 44, 9–20 (2012).
31. Rajaniemi, T. & Allison, V. Abiotic conditions and plant cover differentially affect microbial biomass and community composition 

on dune gradients. Soil Biol. Biochem. 41, 102–109 (2009).
32. Rinnan, R., Rousk, J., Yergeau, E., Kowalchuk, G. A. & Bååth, E. Temperature adaptation of soil bacterial communities along an 

Antarctic climate gradient: predicting responses to climate warming. Global Change Biol. 15, 2615–2625 (2009).
33. Kuffner, M. et al. Effects of season and experimental warming on the bacterial community in a temperate mountain forest soil 

assessed by 16S rRNA gene pyrosequencing. FEMS Microbiol. Ecol. 82, 551–562 (2012).
34. Yergeau, E. et al. Shifts in soil microorganisms in response to warming are consistent across a range of Antarctic environments. ISME J. 

6, 692–702 (2012).
35. Chen, D. et al. Patterns and drivers of soil microbial communities along a precipitation gradient on the Mongolian Plateau. 

Landscape Ecol. 30, 1669–1682 (2015).
36. Yuan, Y., Si, G., Wang, J., Luo, T. & Zhang, G. Bacterial community in alpine grasslands along an altitudinal gradient on the Tibetan 

Plateau. FEMS Microbiol. Ecol. 87, 121–132 (2014).
37. Civerolo, K. et al. Estimating the effects of increased urbanization on surface meteorology and ozone concentrations in the New York 

City metropolitan region. Atmos. Environ. 41, 1803–1818 (2007).
38. Ash, C., Jasny, B. R., Roberts, L., Stone, R. & Sugden, A. M. Reimagining cities. Science 319, 739–739 (2008).
39. Oke, T. R. The heat island of the urban boundary layer: characteristics, causes and effects. Wind climate in cities. (Springer, 81–107, 

1995).
40. Lovett, G. M. et al. Atmospheric deposition to oak forests along an urban-rural gradient. Environ. Sci. Technol. 34, 4294–4300 

(2000).
41. McIntyre, N. E. Ecology of urban arthropods: a review and a call to action. Ann. Entomol. Soc. Am. 93, 825–835 (2000).
42. Pickett, S. T. A. et al. Urban ecological systems: linking terrestrial, ecological, physical, and socioeconomic components 

ofmetropolitan areas. Annu. Rev. Ecol. Syst. 32, 127–157 (2001)
43. Pickett, S. T. & Cadenasso, M. L. Advancing urban ecological studies: frameworks, concepts, and results from the Baltimore 

Ecosystem Study. Austral Ecol. 31, 114–125 (2006).
44. Xu, H. J. et al. Does urbanization shape bacterial community composition in urban park soils? A case study in 16 representative 

Chinese cities based on the pyrosequencing method. FEMS Microbiol. Ecol. 87, 182–192 (2014).
45. Ramirez, K. S. et al. Biogeographic patterns in below-ground diversity in New York City’s Central Park are similar to those observed 

globally. P. Royal Soc. London B. 281, 20141988 (2014).
46. Barberan, A. et al. Continental-scale distributions of dust-associated bacteria and fungi. Proc. Natl. Acad. Sci. USA 112, 5756–5761 

(2015).
47. Hanski, I. et al. Environmental biodiversity, human microbiota, and allergy are interrelated. Proc. Natl. Acad. Sci. USA 109, 

8334–8339 (2012).
48. Bertolini, V. et al. Temporal variability and effect of environmental variables on airborne bacterial communities in an urban area of 

Northern Italy. Appl. Microbiol. and Biotech. 97, 6561–6570 (2013).
49. BMBS(Beijing Municipal Bureau of Statistics, NBS Survey Office in Beijing) (China Statistics Press, Beijing, 2014).
50. Reese, A. T. et al. Urban stress is associated with variation in microbial species composition—but not richness—in Manhattan. ISME 

J. 10, 751–760 (2015).
51. Kühn, I., Brandl, R. & Klotz, S. The flora of German cities is naturally species rich. Evol. Ecol. Res. 6, 749–764 (2004).
52. Wang, J., Soininen, J., He, J. & Shen, J. Phylogenetic clustering increases with elevation for microbes. Env. Microbiol. Rep. 4, 217–226 

(2012).
53. Liu, J. et al. High throughput sequencing analysis of biogeographical distribution of bacterial communities in the black soils of 

northeast China. Soil Biol. Biochem. 70, 113–122 (2014).
54. Yang, Y. et al. The microbial gene diversity along an elevation gradient of the Tibetan grassland. ISME J. 8, 430–440 (2014).



www.nature.com/scientificreports/

9Scientific RepoRts | 6:38811 | DOI: 10.1038/srep38811

55. Jangid, K. et al. Land-use history has a stronger impact on soil microbial community composition than aboveground vegetation and 
soil properties. Soil Biol. Biochem. 43, 2184–2193 (2011).

56. Zhang, Y. et al. Soil bacterial diversity patterns and drivers along an elevational gradient on Shennongjia Mountain, China. Microb. 
Biotechnol. 8, 739–746 (2015).

57. Fierer, N. et al. Cross-biome metagenomic analyses of soil microbial communities and their functional attributes. Proc. Natl. Acad. 
Sci. USA 109, 21390–21395 (2012).

58. Caporaso, J. G. et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335–336 (2010).
59. Caporaso, J. G. et al. PyNAST: a flexible tool for aligning sequences to a template alignment. Bioinformatics 26, 266–267 (2010).
60. Wang, Q., Garrity, G. M., Tiedje, J. M. & Cole, J. R. Naive Bayesian classifier for rapid assignment of rRNA sequences into the new 

bacterial taxonomy. Appl. Environ. Microbiol. 73, 5261–5267 (2007).
61. Faith, D. P. Conservation evaluation and phylogenetic diversity. Biol. Conserv. 61, 1–10 (1992).
62. Faith, D. P., Lozupone, C. A., Nipperess, D. & Knight, R. The cladistic basis for the phylogenetic diversity (PD) measure links 

evolutionary features to environmental gradients and supports broad applications of microbial ecology’s “phylogenetic beta 
diversity” framework. Int. J. Mol. Sci. 10, 4723–4741 (2009).

63. R. Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. 
URL http://www.R-project.org/ (2013).

Acknowledgements
This work was supported by Financial Fund Program of Beijing (PXM2014-178218-000005).

Author Contributions
B.Y., J.L., N.X. conceived the research. B.Y., Y.Q., G.F. and G.L. performed the experiments. B.Y. wrote the 
manuscript. J.L., N.X. edited the manuscript. Y.Q., G.F., G.L. and M.Q. contributed sampling, reagents or data 
analysis pipeline. All authors reviewed and accepted the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Yan, B. et al. Urban-development-induced Changes in the Diversity and Composition 
of the Soil Bacterial Community in Beijing. Sci. Rep. 6, 38811; doi: 10.1038/srep38811 (2016).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2016

http://www.R-project.org/
http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Urban-development-induced Changes in the Diversity and Composition of the Soil Bacterial Community in Beijing
	Results
	Physicochemical properties of the soil samples. 
	Composition of bacterial communities dominant taxa in urban soils. 
	Variations in the diversity of the bacterial community. 
	Environmental factors and bacterial community structure. 
	Correlations between environmental parameters and composition of the bacterial community. 

	Discussion
	Materials and Methods
	Site and sampling. 
	Soil property measurements. 
	DNA extraction, PCR and high-throughput sequencing. 
	Sequence analysis. 
	Data analyses. 

	Acknowledgements
	Author Contributions
	Figure 1.  Relative abundance of the dominant bacterial community at the phylum level in samples separated by ring road category.
	Figure 2.  Ring road areas and the (A) phylogenetic diversity and (B) phylotype richness of soil bacterial OTUs.
	Figure 3.  Relationship among soil pH, bacterial phylogenetic diversity, and OTUs phylotype richness.
	Figure 4.  Non-metric multidimensional scaling ordination results showing relationships among urban community composition.
	Figure 5.  Canonical correspondence analysis (CCA) of sequencing data and environmental factors with symbols coded by ring roads category.
	Figure 6.  Variance partition analysis of microbial community explained by soil properties and urban development.
	Figure 7.  Sampling sites in the urban area of Beijing(created using ArcGIS 10.



 
    
       
          application/pdf
          
             
                Urban-development-induced Changes in the Diversity and Composition of the Soil Bacterial Community in Beijing
            
         
          
             
                srep ,  (2016). doi:10.1038/srep38811
            
         
          
             
                Bing Yan
                Junsheng Li
                Nengwen Xiao
                Yue Qi
                Gang Fu
                Gaohui Liu
                Mengping Qiao
            
         
          doi:10.1038/srep38811
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep38811
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep38811
            
         
      
       
          
          
          
             
                doi:10.1038/srep38811
            
         
          
             
                srep ,  (2016). doi:10.1038/srep38811
            
         
          
          
      
       
       
          True
      
   




