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Despite microbes’ key roles in driving biogeochemical cycles, the mechanism of microbe-mediated
feedbacks to global changes remains elusive. Recently, soil transplant has been successfully
established as a proxy to simulate climate changes, as the current trend of global warming
coherently causes range shifts toward higher latitudes. Four years after southward soil transplant
over large transects in China, we found that microbial functional diversity was increased, in addition
to concurrent changes in microbial biomass, soil nutrient content and functional processes involved
in the nitrogen cycle. However, soil transplant effects could be overridden by maize cropping, which
was attributed to a negative interaction. Strikingly, abundances of nitrogen and carbon cycle genes
were increased by these field experiments simulating global change, coinciding with higher soil
nitrification potential and carbon dioxide (CO2) efflux. Further investigation revealed strong
correlations between carbon cycle genes and CO2 efflux in bare soil but not cropped soil, and
between nitrogen cycle genes and nitrification. These findings suggest that changes of soil carbon
and nitrogen cycles by soil transplant and cropping were predictable by measuring microbial
functional potentials, contributing to a better mechanistic understanding of these soil functional
processes and suggesting a potential to incorporate microbial communities in greenhouse gas
emission modeling.
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Introduction

We are witnessing some of the most rapid changes in
climate and land use practices in Earth’s history.
Nevertheless, their consequences remain elusive.
Ecosystem feedbacks may either amplify or dampen
the extent of global change, making them important
targets for further investigation. Microbes constitute a
major portion of the Earth’s biosphere and have a key
role in determining effluxes of greenhouse gases such
as carbon dioxide (CO2), methane (CH4) and nitrous
oxide (N2O), which are considered to be major

feedback responses to global changes (Falkowski
et al., 2008). Therefore, it is important to investigate
soil microbial communities to accurately predict the
future dynamics and consequences of global changes.

Assessing microbial communities in their native
niches is difficult, partly because of their vast
diversity, complex interaction, frequent genetic
interexchange and lack of appropriate analysis tools
(Singh et al., 2010). Moreover, a central issue in
microbial ecology is how microbial community
composition and functional potentials are linked
to metabolism. Although a growing number of
studies have demonstrated that microbial commu-
nity composition has an essential role in bio-
geochemical cycles (Falkowski et al., 2008), the
quantification of this linkage is neither consistent
nor tractable. This knowledge gap has resulted in
the disputable assumption of global climatic models
that microbial composition is irrelevant to global
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change (Reed and Martiny, 2007) and has hampered
the exploitation of microbes in mitigating green-
house gas emission.

The use of soil transplant as a proxy to study the
effects of global changes has been successfully
demonstrated in both plant biology and microbiology
(Balser and Firestone, 2005; Breeuwer et al., 2010;
De Frenne et al., 2011; Lazzaro et al., 2011; Vanhala
et al., 2011). It was reported that soil microbial
community structure and community functions
were altered when soil was transplanted into
warmer regions to simulate global warming
(Vanhala et al., 2011), which was consistent with a
number of studies showing that warming altered
microbial community (Petchey et al., 1999; Rinnan
et al., 2007; Zhou et al., 2012). Nevertheless, it
remains unclear how microbial functional poten-
tials, representing the underlying mechanisms of
microbial community metabolism, are altered.

To tackle this question, we initiated an integrated
study in an agricultural ecosystem to investigate the
microbial community via traditional molecular tools
(phospholipid fatty acid (PLFA) and denaturing
gradient gel electrophoresis (DGGE)) and a high-
throughput metagenomics tool named GeoChip 3.0,
which profiles microbial functional potentials by
targeting a wide range of functional genes on a
microarray (He et al., 2012). GeoChip 3.0 contains
27 812 probes in 292 gene families involved in
microbe-mediated processes such as carbon (C),
nitrogen (N), phosphorus (P) and sulfur (S) cycles,
antibiotic resistance and organic pollutant remedia-
tion. With advantages in quantitative capability,
robustness to contaminants and random sampling
errors, GeoChip has been widely applied in analyzing
samples from soil, seawater, landfill and microbial
electrolysis cells (Lu et al., 2012; Zhou et al., 2012).

In this study, we analyze the interactive effects of
southward soil transplant and maize cropping. We
postulate that (i) southward soil transplant will
result in an increase in microbial diversity, as
community differentiation may be stimulated at
warmer regions; (ii) changes of microbial functional
potentials will affect processes such as nitrification
and field CO2 efflux; and (iii) cropping will alter the
transplant effects on microbial community structure
and metabolism, introducing complexity and impos-
ing a challenge to climate change research, as most
of the current studies were based on vegetated soil
(Balser and Firestone, 2005; Vanhala et al., 2011;
Zhou et al., 2012). Our test of these hypotheses may
provide valuable insights to understand how these
simulated global changes affect microbial commu-
nity and soil functional processes.

Materials and methods

Site description and soil sampling
In October 2005, a total of 18 (1.4 m� 1.2 m� 1.0 m
(length � width � depth)) soil plots were set up at

Hailun experimental station, Heilongjiang province
(N site, E1261380 and N471260). For each of these
plots, the aboveground plant community was
removed and soil was excavated. To ensure an intact
soil matrix, soil was stratified with every 20 cm per
layer during excavation. Six plots were mock
transplanted but remained in-place to serve as
control plots. Six other plots were transferred to
Fengqiu, Henan province (C site, E1141240 and
N351000, transplanted samples were thereby desig-
nated as NC), and another six plots to Yingtan,
Jiangxi Province (S site, E1161550 and N281150,
transplanted samples were thereby designated as
NS). All of these plots were isolated from the
surrounding environment by fencing with a 20-cm
brick wall and with an underlayment of quartz sand.
To test the vegetation effect, maize was planted each
year, starting in 2006, to half of each site. Samples
with maize cropping at these sites were designated
as follows: Nm, NCm and NSm. For the noncropped
plots, soils were kept to be bare by weed removal.
The annual average temperature at N, NC and NS
sites is 3.0, 13.9 and 17.6 1C, respectively. The
annual precipitation at N, NC and NS sites is 530,
605 and 1795 mm, respectively. The soil type at the
N, C and S site is Phaeozem with a pH of 6.5,
Cambisol with a pH of 7.7 and Acrisol with a pH of
4.0, respectively.

In October 2005, 10 soil cores of 2 cm diameter
were collected and composited from the surface soil
(0–15 cm) at the N site (namely, 2005 N shown in
Supplementary Table S1). In the late summer
(August–September) of 2009, 10 soil cores of 2 cm
diameter were collected and composited from the
surface soil (0–15 cm) of each plot. As microbial
biomass measurements by PLFA experiments were
unsuccessful for the 2009 samples, soil was recol-
lected in October, 2011 and used for PLFA experi-
ments. Soil for DNA extraction was transported to
the laboratory in liquid nitrogen and stored at
� 80 1C until analysis. Soil for geochemical analysis
was transported on ice and stored at 4 1C.

Soil attribute and nitrification potential measurements
Soil pH was measured in a soil and water suspen-
sion (soil: water ratio of 2.5:1) with a pH meter
(Mettler Toledo Instruments, Shanghai, China), and
organic matter was measured by dichromate oxida-
tion. The moisture content was measured by an
oven-drying method (Lu, 1999). Total and available
N were determined by Kjeldahl digestion and by the
Illinois Soil Nitrogen Test (ISNT) diffusion method
(Khan et al., 2001), respectively. Total P in soil was
fused with sodium carbonate, and available P was
extracted by sodium bicarbonate and both were
determined by a molybdenum blue method (Olsen
et al., 1954). Total and available potassium concen-
trations were determined with flame photometry
FP6400A (CANY Precision Instrument Co., Ltd,
Shanghai, China) after pretreatments of fusion with
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sodium hydroxide and extracted by ammonium
acetate, respectively. Soil CO2 effluxes, which were
the averages of July and August 2011, were mea-
sured by a Li 6400 Portable Photosynthesis System
(LI-COR Inc., Lincoln, NE, USA). Annual precipita-
tion, relative humidity and annual average tempera-
ture were recorded by the meteorological stations at
three agricultural experiment stations.

Soil nitrification potential was determined based
on a method described in a previous study
(Smolders et al., 2001), with slight modifications.
Briefly, a 31.5-mg (NH4)2SO4 solution was added to
70 g of soil (oven-dry weight equivalent sieved by
2 mm sieve), and additional water was added to
adjust the final soil moisture content to 70% water-
holding capacity. Soil was incubated in the dark at
25 1C for 14 days. On Days 0 and 14, soil NO3

� was
extracted with 1 M KCl extractant (soil: KCl extrac-
tant ratio of 1:5) for 2 h and then determined by a
continuous flow analyzer (BranþLuebbe GmbH
Inc., Hamburg, Germany).

DGGE analyses
DGGE was performed to determine the composition
of the soil microbial communities, using a method
described previously with some modifications (Tong
et al., 2007). Briefly, soil DNA was extracted using
the FastDNA Spin Kit for Soil (MP Biomedicals,
Santa Ana, CA, USA), and the V3 region of 16S
ribosomal DNA was amplified using the primers
F338 (50-ACT CCT ACG GGA GGC AGC AG-30) and
R534 (50-ATT ACC GCG GCT GCT GG-30). The
amplicons were electrophoresed using a CBS-DGGE
2000 system (C.B.S. Scientific Co. Inc., Del Mar, CA,
USA) for 15 h at 60 1C, 70 V with a denaturing
gradient ranging from 40 to 60% and then stained
with SYBR green I dye (Cambrex Bioscience,
Walkersville, MD, USA). Visualization and quanti-
fication were performed with the Gel Doc XRþ
imaging System (Bio-Rad Laboratories Inc.,
Hercules, CA, USA) and Quantity One software
(Bio-Rad Laboratories), respectively.

PLFA analyses
The PLFA content was measured for soil sampled in
October, 2011. Extraction was performed using a
modified Bligh-Dyer protocol, as described pre-
viously (Okabe et al., 2000). Briefly, 2 g of soil (dry
weight) was incubated in a 50-ml flask with 15 ml of
chloroform:methanol:phosphate (1:2:0.8 volume
ratio) buffer. After shaking, centrifuging and filtering,
the chloroform phase was collected. The lipid extract
was then separated to phospholipids, glycolipids and
neutral lipids by a silicic acid-bonded solid-phase
extraction column. Subsequently, phospholipids
were saponified and methylated to fatty-acid methyl
esters and then measured using a Sherlock Microbial
Identification System (MIDI Inc., Newark, DE, USA).

PLFA peaks were identified by comparing retention
times with known standards.

GeoChip analyses
Microbial genomic DNA for GeoChip analyses was
extracted from 5 g of soil by a freeze-grinding
method, as previously described (Zhou et al.,
1996). Crude DNA was purified by agarose gel
electrophoresis followed by successive extractions
with phenol, chloroform and butanol. DNA quantity
was measured by a PicoGreen method (Lu et al.,
2012). DNA purity was determined by a Nanodrop
(Nanodrop Inc., Wilmington, DE, USA) using ratios
of A260/A230 and A260/A280.

DNA hybridization was performed with GeoChip
3.0. In brief, microarray slides were hybridized at
45 1C for 16 h with 50% formamide on a MAUI
hybridization station (BioMicro, Salt Lake City,
UT, USA) and then scanned with a ScanArray
5000 microarray analysis system (Packard BioChip
Technologies, Billerica, MA, USA), as previously
described (Yang et al., 2013, 2014).

The statistical analysis of GeoChip data
Processing of GeoChip data was described
previously (Liu et al., 2014). Briefly, spots with a
signal-to-noise ratio (SNR¼ (signal mean� background
intensity)/background standard deviation) o2.0 or
present only once in three replicates were removed.
Subsequently, raw data were logarithmically trans-
formed and then divided by the mean value of each
slide. Further statistical analyses were carried out by
the use of the vegan and mvpart packages in
R software version 2.12.2 (R Development Core
Team, R Foundation for Statistical Computing,
Vienna, Austria) and included the following:
(i) detrended correspondence analysis (Zhou et al.,
2008); (ii) hierarchical cluster analysis of whole
functional genes (Eisen et al., 1998); (iii) multiple
regression tree analysis (De’Ath, 2002); (iv) b
diversities of microbial community structure with
Bray-Curtis index(Bray and Curtis, 1957); (v) cano-
nical correspondence analysis (CCA) based on the
variance inflation factors (VIF) with attributes with
VIF over 20 removed (Ramette and Tiedje, 2007);
(vi) partial CCA (variation partitioning analysis)
(Borcard et al., 1992); and (vii) simple Mantel tests
to determine the major environmental attributes
shaping microbial structures (Smouse et al., 1986).
Alpha diversities were calculated by Simpson index
(Lande, 1996). To determine the significance of the
differences, one-way Analysis of variance followed
by the least significant difference test in SAS
(version 6.1) (SAS Inc., Cary, NC, USA) (Wonnacott
and Wonnacott, 1972) and two-tailed, unpaired
t–tests by Microsoft Excel 2010 were performed.
Correlations between environmental attributes and
functional genes were conducted by Pearson’s
correlation and t-distribution tests for r- and P-values
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by Microsoft Excel 2010, respectively. We also
conducted two-way analysis of variance in the
PASW software version 18 (SPSS Inc., Chicago, IL,
USA) by treating cropping and sites as two factors to
determine the significance of interaction between
transplant and maize cropping.

Results and discussion

The effects of soil transplant on soil attributes
The NC and NS sites are geographically distant from
the in-place N site by B1700 and 2300 kilometers,
respectively. These two sites were 10.9 and 14.6 1C
higher in annual temperature and 75 and 1265 mm
higher in annual precipitation than those at the N
site, respectively (Table 1). Measurements of soil
attributes showed that total N content remained
unchanged at the NC site, but significantly
(Po0.050) decreased from 2.13 g kg�1 at the N site
to 1.79 g kg�1 at the NS site. Nitrate increased from
30.15 mg kg�1 at the N site to 50.07 mg kg�1 at the
NC site, but decreased to 10.80 mg kg�1 at the NS
site, which was indicative of disparate soil N cycles.
Available N content was increased at the NC site
from 161.72 to 181.53 mg kg�1, but remained
unchanged at the NS site. By contrast, other soil
geochemical attributes, including pH, organic
matter, P, K, available P and K, remained largely
unchanged at both NC and NS sites.

As soil N cycle was the most sensitive to the
disturbance of soil transplant, nitrification capacity
was examined (Table 1). The results showed that

soil nitrification, a process well known to be
microbe-mediated, increased by three or eightfold
at the transplanted sites. In addition, soil CO2 efflux,
another process comprising autotrophic and hetero-
trophic respiration, was nearly doubled at the
transplanted sites. Consistently, it has been well
documented that soil nitrification and CO2 efflux are
strongly affected by climate changes (Grundmann
et al., 1995; Davidson et al., 1998).

The effects of soil transplant on microbial communities
To examine microbial responses to soil transplant,
GeoChip 3.0 was used to examine microbial func-
tional genes. The a diversities of microbial commu-
nities, calculated by Simpson index, increased from
1575 at the N site to 2034 and 2210 at the NC and NS
sites, respectively (Supplementary Figure S1A). The
b diversities between sites (N vs NC, N vs NS and
NC vs NS sites) were significantly (Po0.030)
different from those within sites (N, NC and NS
sites) (Supplementary Figure S2A), suggesting that
transplanted sites differed from the original N sites.
Detrended correspondence analysis and hierarchical
clustering analysis further verified this finding
(Supplementary Figure S3).

Several experimental controls are essential for
excluding possible artifacts introduced by soil
transplant. To ensure that microbial communities
assayed in the transplanted sites, which were
collected in 2009, were derived from samples at
the N site when transplant experiment started in
2005, NC and NS samples were compared with N

Table 1 Environmental attributes in plots without maize cropping

Environmental attributes Na NC NS C S

Soil physical-chemical attributes
pH 6.26bcb 5.97c 6.50b 7.70a 5.97c
Organic matter (g kg� 1) 48.56a 49.16a 47.44a 9.49b 9.92b
Total N (g kg�1) 2.13a 2.20a 1.79b 0.61c 0.64c
NO3

� (mg kg�1) 30.15bc 50.07a 10.80d 32.88b 15.30cd
NH4

þ (mg kg�1) 2.13bc 2.21bc 2.61ab 1.70c 2.98a
Available N (mg kg�1) 161.72b 181.53a 167.23b 41.81d 52.81c
Total P (g kg�1) 0.83a 0.85a 0.82a 0.62b 0.44c
Total K (g kg� 1) 18.54b 19.17a 18.83ab 17.84c 9.86d
Available P (mg kg�1) 33.04a 36.20a 33.89a 6.58c 21.06b
Available K (mg kg� 1) 180.83a 180.00a 170.83ab 95.83c 131.25bc
Moisture content (%) 14.98c 11.63d 29.42a 5.91e 21.62b

Soil functional process
Nitrification potential (%) 3.19c 27.64a 12.53b 14.84b 9.05bc
CO2 efflux (umolCO2m�2 s�1) 1.54c 3.19ab 2.68b 3.42a 1.02c

Climate parameters
Annual temperature (1C) 1.60c 13.81b 18.38a 13.81b 18.38a
Precipitation (mm) 60.40c 128.80b 132.40a 128.80b 132.40a

Abbreviations: K, potassium; N, nitrogen; P, phosphorus.
aN: soil located in Hailun, Heilongjiang Province, Northern China; C: soil located in Fengqiu, Henan Province, Central China; S: soil located in
Yingtan, Jiangxi Province, Southern China; NC: soil of Hailun transferred to Fengqiu; NS: soil of Hailun transferred to Yingtan.
bValues in the table is the mean value of three replicates. Letters behind the values indicate significant differences (Po0.050) among treatments,
as determined by one-way analysis of variance followed by least significant difference test in the SAS system version 6.1. If one treatment shares a
letter with another treatment, the difference between these two treatments is insignificant (P40.050).
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samples collected in 2005 (2005 N). The results
showed that 71.61±0.01% and 62.20±0.01% genes
detected in the NC and NS samples, respectively,
were found in 2005 N samples (data not shown). By
contrast, 82.36±0.01% genes detected in N samples
were found in 2005 N samples. These high percen-
tages strongly supported the fact that microbial
communities assayed in the transplanted sites
resulted from initial samples at the N site. To
exclude the possibility that transplanted soil was
influenced by native soil over the adaption period of
4 years, transplanted samples were compared with
native samples at the C or S site collected in 2009.
Only 29.48±0.03% genes detected in NC samples
were found in C samples, but 62.79±0.01% genes
detected in NS samples were found in S samples. By
contrast, 21.17±0.02% and 39.56±0.01% genes
detected in 2005 N samples were found in the C
and S samples, respectively. Thus, displacement of
transplanted samples by native soil was unlikely for
the C site. However, we could not exclude the
possibility of soil displacement for the S site based
on microbial community information. Thus, we
examined its soil pH, which is usually stable over
a long time course. Soil pH at the S site was 5.97
(Table 1). When soil was transplanted from the N
site, pH was changed from 6.26 to 6.50, denying the
possibility of soil displacement. Interestingly, our
findings that (i) 71.61±0.01% and 62.20±0.01%
genes detected in the NC and NS samples, respec-
tively, were found in 2005 N samples, and that (ii)
29.48±0.03% genes detected in NC samples were
found in C samples, but 62.79±0.01% genes
detected in NS samples were found in S samples,
raised a possibility that the rates of microbial
adaptation occurred more rapidly at the warmer
site. However, further studies are necessary to
examine this possibility.

DGGE, a method to unveil coarse-scale microbial
species richness and diversity, was subsequently
performed. Higher a diversities were detected at the
NC and NS sites (Supplementary Figure S1B), in
accordance with GeoChip results, and suggested that
both microbial phylogenetic and functional diversity
were increased. These findings supported a frame-
work that microbial diversity was positively correlated
with temperature and negatively correlated with
latitude (Fuhrman et al., 2008), but opposed to other
large-scale studies showing that bacterial diversity
was not correlated with temperature or latitude (Fierer
and Jackson, 2006; Chu et al., 2010; Mi et al., 2012).
This discrepancy might be attributed to the high level
of soil heterogeneity in these large-scale studies,
which is controlled in our or the study by Fuhrman
et al. (2008). However, we cannot exclude the
possibility that the change of microbial diversity
might be a reflective, transient response in adapting
to environmental disturbance after transplant.

Fungal, bacterial and total microbial biomass
assessed by PLFA decreased by more than 50% at
both NC and NS sites (Supplementary Figure S1C), in

agreement with a recent study showing that climate
warming decreased microbial biomass (Bradford
et al., 2008). It is likely that there may be stress on
soil biota to acclimate or adapt to a new environment.
Home-site advantage, which predicts that indigenous
species have an advantage to survive in their native
niche in competing with foreign/invasive species,
has been observed in plants and microbes
(Montalvo and Ellstrand, 2001; Savolainen et al.,
2007; Strickland et al., 2009).

The effects of soil transplant on selected functional
genes

N cycle genes. The total abundance of N cycle genes
has been shown to respond to increased temperature
(Szukics et al., 2010). Consistently, we found an
increase in the relative abundance of microbial N
cycle genes at the NS site, and to a lesser extent at the
NC site (Figure 1). For example, the total abundance of
amoA genes involved in nitrification was 2.7-fold
higher at the NS site, whereas the increase in total
abundances of narG, nirK/S, norB and nosZ genes
involved in denitrification, hzo genes involved in
anaerobic ammonium oxidation (anammox) and
napA, nasA, nrfA and nir genes involved in assim-
ilatory nitrogen reduction were less than 0.9-fold
lower (compared with the ’home’ site). Therefore,
transplant elicited a range of impacts for different
functional genes involved in the N cycle.

A group of 40 genes, predominantly genes involved
in N fixation or denitrification, were detected only at
the NC and NS sites but not at the N site
(Supplementary Table S2). Most nitrogen fixation or
denitrification genes were derived from unknown
bacteria. A few exceptions were nifH genes derived
from methanogenic archaea species Methanococcus
maripaludis, Candidatus Methanoregula boonei and
Methanosarcina barkeri. These archaea, with an
optimum growth temperature of 37 1C, are known
for nitrogen fixation activity (Leigh, 2000).

C cycle genes. Consistent with the increase of
microbial functional diversity, an additional 114 and
109 C cycle genes, spanning a range of functions in C
fixation, C degradation and methane cycles, were
observed in the NC and NS samples, respectively.
Among these, a number of genes were shared by NC
and NS samples (Supplementary Table S3), including
the C-fixing pcc gene derived from Deinococcus
geothermalis, a radiation-resistant and slightly
thermophilic species with an optimum growth tem-
perature at 45–50 1C (Ferreira et al., 1997). Starch-
degradation amyA genes derived from Shewanella
amazonensis with an optimum growth temperature
range around 35 1C (Venkateswaran et al., 1998) and
chitin-degradation endochitinase genes derived from
Bacillus thuringiensis were also shared.

P and S cycle genes. Genes present at both
transplanted sites but not at the N site included 8
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and 11 P and S cycle genes, respectively
(Supplementary Table S4). Most P genes (ppk and
ppx) were derived from Proteobacteria or Actino-
bacteria, two of the most abundant soil phyla
(Janssen, 2006), whereas most S genes encoding
sulfite reductase subunits (dsrA and dsrB) were
derived from Proteobacteria or unknown bacteria.

Vegetation overrides soil transplant effects on
microbial communities
We compared NC and NS samples with maize
cropping (namely, NCm and NSm) against N
samples with maize cropping (Nm). Total microbial
biomass and bacterial biomass were decreased by
transplant (Supplementary Figure S4C). Both micro-
bial functional diversity and phylogenetic diversity
remained unaltered by transplant (Supplementary

Figures S4A and B). This was surprising, as soil
transplant or maize cropping alone significantly
increased microbial diversity (Supplementary
Figures S1 and S4A). To explore this, we calculated
the interactive effect of cropping and transplant on
microbial diversity, using an established method
(Klein et al., 2004). The results showed that the
interactive effect of cropping and transplant was
negative (Supplementary Figure S5).

Multiple regression tree analysis, a statistical
technique used to split the data into different levels
and clusters based on environmental factors
(De’Ath, 2002), was used to rank the relative
importance of maize cropping and soil transplant
effects on microbial community composition, show-
ing that cropping overrode soil transplant in affect-
ing microbial community structure, a diversity and
soil attributes (Figure 2). This observation may raise
concerns for many climate change studies, which
are often based on soil with vegetation (Balser and
Firestone, 2005; Vanhala et al., 2011; Zhou et al.,
2012), and underscores the importance of disentan-
gling these effects. Indeed, the effects of soil
transplant on microbial community were distinct
between soils with and without vegetation. Consis-
tently, cropping has been shown to affect the
structure, composition and functional activity of
microbial communities through a number of inter-
twined mechanisms (He et al., 2010). Owing to the
increased aboveground litter input to microbes,
cropping has been shown to significantly increase
microbial diversity (Zhang et al., 2005). Meanwhile,
cropping directly affects the composition of root-
associated microbial community or indirectly
impacts the composition of root-associated micro-
bial community by root exudates (Wardle et al.,
2004).

Major environmental attributes shaping microbial
community functional structure
To identify major environmental attributes shaping
soil microbial communities, Mantel tests were
performed with environmental attributes in all of
the soil samples (Table 1 and Supplementary Table
S5). Annual average temperature, precipitation,
relative humidity, available N, ammonium (NH4

þ ),
total K, total P, available P, grain, maize biomass,
CO2 efflux and soil nitrification capacity were
significantly (Po0.050) linked to microbial commu-
nity functional structures (Table 2), suggesting that
climatic factors, soil properties and maize cropping
were crucial for shaping the soil microbial commu-
nity. By contrast, soil pH, considered a major
attribute shaping microbial community (Fierer and
Jackson, 2006), remained insignificant for our sites.

Canonical correspondence analysis was per-
formed to identify the major environmental attri-
butes shaping the microbial community, resulting in
a significant model (Po0.005) with ten environ-
mental attributes that included moisture content,

Figure 1 Relative changes of gene abundances involved in the
nitrogen cycle at (a) the NC site and (b) the NS site. The signal
intensity of each gene was normalized by the mean value of all
detected genes. The percentage in the bracket was the fold change
(in positive or negative values) of signal intensity of each gene at
the transplanted site compared to that at the N site. Significant
fold changes are indicated by black font. *Po0.100, **Po0.050,
***Po0.010.
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total N, available N, NH4
þ , NO3

� , total P, available P,
total K, maize biomass and ratio of precipitation to
annual average temperature (P/T)(Supplementary

Figure S6A). Among these, P/T, NH4
þ , available

N and total P appeared to be major attributes
contributing to variations of microbial functional
structure.

As our results indicated that climatic factors,
maize cropping, soil nitrogen components and total
P were important for shaping the microbial commu-
nity structure, variance partition analysis was
performed to reveal both independent and inter-
active effects of these attributes on the microbial
community. A total of 65.6% of the microbial
community variation was explained by these attri-
butes (Supplementary Figure S6B), which contrib-
uted significantly and relatively independently to
the changes in microbial community structure. The
interactive contribution of climate factors and soil
geochemical components was 7.0%, suggesting that
climate factors could affect microbial community
functional structure through changes in the soil
geochemical composition.

The influence of selected environmental attributes on
microbial genes

Ammonium. A total of 73 functional genes were
significantly (r¼ � 0.56B0.83, Po0.010) correlated
with NH4

þ (Supplementary Table S6). Among these,
there were a number of pcc, nifH and narG genes,
suggesting that C fixation, N fixation and denitrifi-
cation were linked to NH4

þ content. In addition,
NH4

þ was also correlated with a sensitive phylo-
genetic gene marker gyrB (Wang et al., 2007) derived
from a number of Proteobacteria species. Some of
these microbes have been well documented in NH4

þ

metabolism. For example, Burkholderia species

Figure 2 Multiple regression tree analysis of (a) microbial
phylogenetic diversity, (b) microbial functional diversity and (c)
soil variables for all samples comparing the relative importance of
transplant and maize cropping.

Table 2 The correlation between environmental attributes and
microbial community functional structures by Mantel tests

Environmental attributes r P

pH 0.08 0.215
Organic matter �0.11 0.788
Moisture content 0.11 0.144
Relative humidity 0.27 0.007a

Total N 0.03 0.365
Available N 0.39 0.002
NO3

� 0.00 0.455
NH4

þ 0.27 0.013
Total P 0.24 0.038
Available P 0.34 0.003
Total K 0.20 0.050
Available K 0.17 0.108
Precipitation 0.21 0.029
Annual temperature 0.26 0.008
Grain 0.25 0.043
Maize biomass 0.37 0.009
CO2 efflux 0.58 0.001
Nitrification potential 0.35 0.002

Abbreviations: K, potassium; N, nitrogen; P, phosphorus.
aLetters in bold are statistically significant (Po0.050).
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are important N2-fixing microbes. Klebsiella
pneumoniae can transform N2 to NO3

� and assim-
ilate NO3

� and NO2
� to NH4

þ (Lin et al., 1994).

pH. pH was shown to be a major factor in shaping
soil microbial community at the global scale (Fierer
and Jackson, 2006) and to affect certain genes such
as those involved in nitrification (Bru et al., 2010).
Pearson’s correlation tests indicated that a total of 65
genes spanning a number of categories such as the C
cycle, N cycle, antibiotic and metal resistance were
significantly (r¼ � 0.62B0.84, Po0.010) correlated
with pH (Supplementary Table S7). Among these
were B lactamase genes derived from Mycobacterium
marinum, Rhodospirillum rubrum and several
uncultured bacteria, and CopA genes derived from
Archaeoglobus fulgidus, Methanococcus aeolicus,
Methanocorpusculum labreanum and Sagittula
stellate. For the latter, a recent DNA fingerprinting
experiment showed that CopA genes were strongly
influenced by pH (Lejon et al., 2007). pH has also
been shown to affect both ammonia-oxidizing
archaea and ammonia-oxidizing bacteria (Bru
et al., 2010). Therefore, the correlation between pH
and amoA-ammonia-oxidizing archaea/amoA-ammo-
nia-oxidizing bacteria ratios was examined.
A strong negative correlation (r¼ � 0.68, Po0.010)
(Supplementary Figure S7) was observed, demon-
strating that pH had a role in affecting the relative
abundance of ammonia-oxidizing archaea and
ammonia-oxidizing bacteria.

Linking microbial genes to soil functional processes
Changes in microbial community composition affect
soil functional processes and attributes. For exam-
ple, in experimental microcosms inoculated with
different microbial community composition, rates of
litter decomposition substantially differed (Cavigelli
and Robertson, 2000; Strickland et al., 2009),
suggesting that microbial community composition
determined soil functional processes and negated
the assumption that C degradation was mediated
equivalently by a wide array of microbes. However,
it has also been shown that communities similar in
taxonomic composition may be dissimilar in func-
tional potentials (Strickland et al., 2009), suggesting
that microbes belonging to similar taxonomic groups
can have distinct functions. Further, it is possible
that only a subset of microbes are key players in
mediating processes. Thus, the overall microbial
community composition can exhibit varying rela-
tionships with microbial community function. This
observation makes it difficult to accurately predict
how changes in the phylogenetic composition of
microbial communities affect ecosystem function-
ing, underscoring the importance of using func-
tional genes, rather than phylogenetic information,
in modeling microbe-mediated functional processes
such as greenhouse gas emission. Therefore, we
analyzed the linkages between microbial genes and
soil functional processes.

CO2 efflux. As soil CO2 efflux involves micro-
bial respiration, the correlation between C cycle
gene abundance and in situ CO2 efflux was
examined. A strong positive correlation (r¼ 0.72,
Po0.020) was observed for bare soils but
not cropped soils (r¼ � 0.40, Po0.280) (Figure 3),
suggesting that soil heterotrophic respiration,
rather than autotrophic respiration, was linked to
microbial C cycle genes. Ten C cycle genes were
significantly (r40.76, Po0.010) correlated with
CO2 efflux (Supplementary Table S8), implying
that they have a role in mediating CO2 efflux at
these sites. Among these were C cycle genes derived
from well-studied hemicellulose-degrading microbes
such as Clostridia and Aspergillus species.
The presence of Clostridia species, which are
typically strict anaerobes, indicated that the surface
soil contained anaerobic niches, which is some-
what expected, considering the highly hetero-
geneous nature of soil. In addition, CO2 efflux
was positively correlated with a number of C
fixation genes Rubisco, pcc and CODH derived

Figure 3 Correlations between in situ CO2 efflux and carbon
cycle gene abundance in (a) bare soil samples and (b) maize-
cropped soil samples. Statistic r and P was calculated by
Pearson’s correlation and t-distribution tests. Total abundance of
all carbon cycle genes was used.
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from Proteobacteria and a few other bacteria,
suggesting that C fixation was an important factor
in affecting the volume of CO2 efflux.

Nitrification capacity. Similar to the observation
with the CO2 efflux, our results showed that
nitrification capacity was increased (Table 1). As
soil nitrification is well known to be microbe-
mediated (Grundmann et al., 1995; Lodhi et al.,
2009), we examined the correlation between N gene
abundance and nitrification in all of the soil
samples. A strong positive correlation (r¼ 0.70,
Po0.001) was observed (Figure 4), suggesting that
the increase of N cycle gene abundance in soils may
partially explain the increase of the nitrification
capacity in this study.

A total of 26 N cycle genes were significantly
(r40.56, Po0.010) correlated with nitrification
potential (Supplementary Table S9). Among these
were genes involved in N fixation and denitrifica-
tion such as a number of narG genes derived from
Chromobacterium violaceum and uncultured bac-
teria. These results supported the coupling of
nitrification to N fixation and denitrification
(Wrage et al., 2001).

Understanding the mechanisms between micro-
bial community composition and microbe-mediated
processes is imperative, as current models of
ecosystem functioning treat microbial communities
as a static variable. Nevertheless, our results sug-
gested that microbial communities should be taken
into consideration for modeling. The correlation
between microbial gene abundances and greenhouse
gas emission raises a possibility that gene abun-
dance can be used to indicate soil functional
processes. Currently, it is commonly believed that
microbial community DNA measures the metabolic
potential, and only messenger RNA or protein
represents functional activity. However, detection

of soil messenger RNA from field samples imposes a
number of challenges including interference from
ribosomal RNA and transfer RNA, strict transport
and storage requirements, rapid turnover and severe
instability (Sessitsch et al., 2002), rendering mes-
senger RNA profiling and quantification very diffi-
cult, if not intractable, in many environmental
samples. By contrast, DNA profiling and quantifica-
tion are substantially reliable compared with mes-
senger RNA. We propose that changes in DNA can
be used to estimate functional activity, because it
indicates that the microbial population is active
across the samples, thus providing a good alter-
native to short-lived RNAs in estimating functional
activity. In support of this viewpoint, DNA abun-
dance of nirS–nosZ genes was recently shown to
correlate with N2O emission in soils, suggesting that
these functional genes could serve as proxies for
greenhouse gas (N2O) emissions (Morales et al.,
2010).

Conclusion

Climate warming causes a shift in range toward
higher latitudes across natural ecosystems
(Parmesan and Yohe, 2003). Therefore, soil trans-
plant provides a valuable strategy for examining
ecosystem responses to changes in realistic cli-
mate regimes varying in factors such as tempera-
ture, precipitation and atmospheric nitrogen
deposition. By examining the effects of soil
transplant and cropping on microbial community,
we found that changes of soil carbon and nitrogen
cycles were predictable by measuring microbial
functional potentials, which provided a better
mechanistic understanding of soil functional
processes. Nevertheless, it is important to mention
the caveats imposed by the size and scope of this
study. The field study was based on a relatively
small number of samples and one time point
sampling, which may not extrapolate to larger
spatial or temporal scales. Bare soil was studied to
remove the complication of plant community.
Although it is present in agricultural environment,
it was rare in the natural environment. To manifest
transplant effects, soil was exposed to warmer
regions beyond possible scenarios in the coming
decades. Moreover, annual global temperature is
likely to rise gradually over time, whereas trans-
plant exposes soil to abrupt environmental
changes. Therefore, this still needs to be investi-
gated across different environments to identify
linkages between microbial functional genes and
soil processes, which suggests a potential to
incorporate microbial communities into green-
house gas modeling.
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