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Abstract

The influence of long-term chemical fertilization on soil microbial communities has
been one of the frontier topics of agricultural and environmental sciences and is criti-
cal for linking soil microbial flora with soil functions. In this study, 16S rRNA gene
pyrosequencing and a functional gene array, GeocHir 4.0, were used to investigate the
shifts in microbial composition and functional gene structure in paddy soils with dif-
ferent fertilization treatments over a 22-year period. These included a control without
fertilizers; chemical nitrogen fertilizer (N); N and phosphate (NP); N and potassium
(NK); and N, P and K (NPK). Based on 16S rRNA gene data, both species evenness
and key genera were affected by P fertilization. Functional gene array-based analysis
revealed that long-term fertilization significantly changed the overall microbial func-
tional structures. Chemical fertilization significantly increased the diversity and abun-
dance of most genes involved in C, N, P and S cycling, especially for the treatments
NK and NPK. Significant correlations were found among functional gene structure and
abundance, related soil enzymatic activities and rice yield, suggesting that a fertilizer-
induced shift in the microbial community may accelerate the nutrient turnover in soil,
which in turn influenced rice growth. The effect of N fertilization on soil microbial
functional genes was mitigated by the addition of P fertilizer in this P-limited paddy
soil, suggesting that balanced chemical fertilization is beneficial to the soil microbial
community and its functions.

Keywords: 165 rRNA gene pyrosequencing, chemical fertilizer, GeocHrr, long-term fertilization,
soil microbial community

Received 29 August 2014; revision received 13 November 2014; accepted 17 November 2014

Introduction
Correspondence: Yong-Guan Zhu, Fax: 86 592 6190977; Rice is an important staple food feeding more than half
E-mail: ygzhu@iue.ac.cn of the world’s population. Chemical and organic fertil-
These two authors contributed equally to this work. izers are commonly used in rice cultivation to increase

© 2014 John Wiley & Sons Ltd



EFFECT OF BALANCED FERTILIZATION ON SOIL MICROBES 137

rice yields and meet the demand from an ever-expand-
ing population. The highly diverse and abundant soil
microbes are central to nutrient cycling, hence soil fertil-
ity, and ultimately the productivity, diversity and com-
position of plant communities (van der Heijden et al.
2008). Application of chemical fertilizers, nitrogen (N),
phosphorus (P) and potassium (K), increases nutrient
availability to rice and may also alter soil productivity
through changing microbial community structure and
function. Due to the worldwide application of chemical
fertilizers in agricultural fields, the impacts of long-term
N, P and K inputs on soil microorganisms and biogeo-
chemical cycling have been the focus of many studies
(Fierer et al. 2012; Ramirez et al. 2012; Lentendu et al.
2014).

Organic fertilizers, including plant residue, animal
manure and composted organic matter, usually increase
soil microbial biomass, activity and diversity (Saunders
et al. 2012; Zhang et al. 2012). However, the impacts of
chemical fertilizers or different management regimes on
the soil microbial community structure and function
remain uncertain, and the underlying mechanisms have
not been fully explored. Long-term chemical fertiliza-
tion increased microbial biomass and activities, as mea-
sured by PCR-DGGE, PLFA analysis and community-
level catabolic profiles (Biolog), without significantly
changing bacterial community structure (Chu et al.
2007; Islam et al. 2011; Zhang et al. 2012), while another
study revealed that it decreased arbuscular mycorrhizal
fungal diversity as determined by pyrosequencing (Lin
et al. 2012).

The influence of N addition on the soil microbial
community has received extensive study. Added N has
been shown to have important impacts on bacterial, ar-
chaeal and fungal communities across ecosystems
(Campbell et al. 2010; Wessén et al. 2010; Gorfer et al.
2011). Although it is well established that N input sig-
nificantly influences specific N-cycling processes and
associated microbes (He et al. 2007; Gorfer et al. 2011;
Lu et al. 2011), the impacts of N or balanced fertilizers
on the overall below-ground microbial community
dynamics and other biogeochemical processes remained
largely unknown. Using 454 pyrosequencing and shot-
gun metagenomic sequencing, Fierer et al. (2012) found
significant shifts in microbial composition and a correla-
tion between catabolic activities and phylogenetic and
metagenomic responses across N gradient. However,
we know less about the responses of microorganisms to
nutrient (P or K) deficiency or balanced fertilization
practices.

To gain a more comprehensive understanding of the
impacts of different fertilization regimes on the soil
microbial communities, 454 pyrosequencing and GEOCHIP
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analysis were used to examine differences in microbial
and functional gene structures among experimental
sites managed for 22 years with different chemical fer-
tilizer treatments. Also, the soil enzyme activities were
investigated to reveal possible linkages between micro-
bial composition and function. Our hypothesis is that (i)
long-term chemical fertilization would change the
microbial community composition and functional gene
structure, and (ii) chemical fertilizers could enhance C-,
N- and P-cycling genes, hence stimulated soil nutrient
turnover and rice yield.

Materials and methods

Soil sampling

The long-term fertilizer experiment site was located at
Taoyuan station (111°27'E, 28°55'N) of agro-ecology
research, Chinese Academy of Sciences, Hunan Prov-
ince, China. It has a subtropical monsoon climate with
an annual rainfall of 1447 mm and annual average tem-
perature of 16.5 °C. The soil is classified as hydragric
anthrosols (World Reference Base WRB system) with a
silt loam texture (clay 8.6%, silt 81.0% and sand 10.4%)
derived from quaternary red clay earth. The site was
established in 1990 with a random plot designed dou-
ble-harvest rice system, including triplicate plots of 10
treatments. In this study, bulk soil samples (0-15 cm)
were collected in September 2010 (grain filling stage
during rice cultivation) from the following five treat-
ments: control without fertilizers (control); chemical fer-
tilizer nitrogen (N); chemical fertilizers N and
phosphate (NP); N and potassium (NK); and N, P and
K (NPK). The amount of chemical fertilizer was
1823 kg N, 393 kg P and 197.2 kg K/ha/a as urea,
superphosphate and potassium chloride, respectively.
For each plot (33 m?), a composite sample was collected
from a mixture of 10 random soil cores (4 cm diameter,
15 cm depth). Samples were sealed in sterile plastic
bags and transported on ice to the laboratory within
12 h. Each soil sample was partitioned into three subs-
amples: one stored at —80 °C for DNA extractions, the
second was partially air-dried and passed through a 2-
mm sieve for chemical analyses, and the third was
stored at 4 °C for analyses of the biological characteris-
tics within 3 days.

Soil chemical and biological analyses

Soil chemical parameters were analysed as follows: soil
pH in KCI was measured at a soil to solution ratio
of 1:25 (w/v) using a pH meter (Mettler-Toledo FE
20; Switzerland); total C and N were measured by
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combustion at 1200 °C using an Element Analyzer (Va-
rio EL III; Elementar, USA); nitrate (NOj3 ); ammonium
(NHj) was extracted with 2 M KClI at a soil to solution
ratio of 1:10 (w/v) for 30 min, and concentrations were
determined with an automated Continuous Flow Ana-
lyzer (SAN++; SKALAR, The Netherlands); available P
was extracted with 0.5 M NaHCO; (pH 8.5) at a soil to
solution ratio of 1:20 (w/v) for 30 min and measured
by a colorimetric procedure (Bao 1999a); available K
was extracted with 1 M CH;COONH, (pH 7.0) at a soil
to solution ratio of 1:10 (w/v) for 30 min and deter-
mined by atomic absorption spectrometry (Bao 1999b).

Soil biological parameters were analysed as follows:
microbial biomass C and N were measured according
to Wu et al. (1990) and Jenkinson (1988), respectively;
microbial biomass P was measured according to Wu
et al. (2000); cellulase enzyme activities were measured
according to Mersi and Schinner (1995); urease enzyme
activities and nitrate reductase enzyme activities were
measured according to Kandeler (1995a,b); acid phos-
phatase, arylsulfatase and dehydrogenase enzyme activ-
ities were measured according to Tabatabai (1994);
catalase and polyphenol oxidase enzyme activities were
measured according to Guan (1986); nitrification poten-
tial was measured according to Schmidt and Belser
(1994); and denitrification was measured using denitri-
fier enzyme activity (Tiedje 1994). All tests were per-
formed in triplicate.

Soil DNA extraction

High molecular weight community DNA was extracted
by the freeze-grinding, SDS-based method (Zhou et al.
1996) and was purified using a low-melting agarose gel
followed by phenol extraction. DNA concentration and
quality were determined using a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies Inc., Wil-
mington, DE, USA).

16S rRNA gene amplification, pyrosequencing and
data analysis

DNA extracted from the soil samples served as tem-
plate to prepare 16S rRNA gene libraries as previously
described (Yang et al. 2014). Acquired pyrosequencing
data were processed using RDP’s Pyrosequencing Pipe-
line (http://pyro.cme.msu.edu/) to filter low-quality
sequences and trim off the barcodes and primers. Chi-
meric sequences were detected and removed using
UCHIME (Edgar et al. 2011) with the ‘gold’ reference
database from the Broad Institute (available from the
USEARCH website at http://drive5.com/uchime/gold.
fa). The chimera free sequences were aligned and clus-
tered into OTUs at the 97% similarity level using RDP

pipeline tools. Representative sequences were retrieved
and classified using RDP classifier, after which a phylo-
genetic tree of the representative sequences was created
with FASTTREE (Price ef al. 2009). Further processing and
analysis was performed using R version 2.15.2 (The R
Foundation for Statistical Computing, Vienna, Austria)
with VEGAN (Oksanen ef al. 2012), LaBDsv (Roberts 2012),
BIODIVERSITYR (Kindt & Coe 2005) and the Bioconductor
packages DECIPHER (Wright 2012) and PHYLOSEQ (McMur-
die & Holmes 2013). Representative sequences identi-
fied as chimeric by DECIPHER were removed, as were
those identified as archaea, unclassified root and chlo-
roplasts. Global singletons were also removed prior to
diversity estimation, principal component analysis
(PCA) and correlation with environmental parameters.
The difference between microbial communities was cal-
culated using the unweighted Unifrac metric after rare-
faction to the same sequencing depth and visualized
with  principal coordinate analysis (PCoA). All
sequences were deposited in the National Center for
Biotechnology Information Sequence Read Archive
under the Accession no. SRP043656.

GEOCHIP 4.0 hybridization and data analysis

GEOCcHIP 4.0 hybridization was performed as described
previously (Lu et al. 2012; Yang et al. 2013). In brief,
extracted DNA was labelled with the fluorescent dye
Cy-5 by random priming; hybridization was carried
out hybridized on a MAUI Hybridization Station
(Roche, South San Francisco, CA, USA) for 16 h at
42 °C in the presence of 40% formamide. The arrays
were scanned using a MS 200 Microarray Scanner
(Nimblegen, Madison, WI, USA), and the signal intensi-
ties were quantified and processed using the data
analysis pipeline as previously described (He et al.
2010; Yang et al. 2013).

Statistical analyses

Statistical analysis was performed as described previ-
ously (Lu et al. 2012; Yang et al. 2013). Detrended corre-
spondence analysis, three nonparametric tests (multiple
response permutation procedure; permutational multi-
variate analysis of variance, Adonis; analysis of similar-
ity, anosim), canonical correlation analysis (CCA),
variation partitioning analysis (VPA), Mantel test and
analysis of variance (aNova) were performed using
VEGAN package in R version 3.0.0 (The R Foundation for
Statistical Computing). Differences between treatments
were compared by post hoc Fisher’s least significant dif-
ference (LSD) test with Holm-Bonferroni adjustment.
The significant differences were defined as P < 0.05, or
with listed P-values.
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Results

Soil chemical and biological parameters

The chemical and biological properties of soil are listed
in Tables 1 and 2, respectively. PCA of chemical data
indicated that long-term chemical fertilization changed
the chemical ordination patterns of all the treatments,
as they were well separated from control samples.
About 76.8% of the total variance was explained by the
first two axes, with PC1 and PC2 explaining 41.2% and
35.6% of the total variance, respectively. Samples from
treatments N and NK were clustered together and well
separated from treatments NP and NPK (Fig. S1, Sup-
porting information).

Soil process measurements showed that long-term
chemical fertilization improved soil nutrient contents
and microbial activity (Tables 1 and 2). Compared with
the control, no obvious change in soil pH was observed
in the N, NP, NK and NPK treatments. The content of
soil total C and N, microbial biomass C, N and P, and
dehydrogenase activity in all four chemical fertilization
treatments (N, NP, NK and NPK) were significantly
greater than the control, while there were no significant
differences in these parameters between fertilization
treatments. Among all the treatments (control, N, NP,
NK and NPK), the highest ammonium content was in
the N treatment and the lowest in the NPK treatment;
the highest nitrate content was in the NPK treatment
and the lowest in the N treatment. In addition, the N
treatment had the greatest nitrification potential, acid
phosphatase activity and arylsulfatase activity, which
were 111—233%, 20.1—49.4% and 4.2—15.3% greater
than the other treatments (control, NP, NK and NPK),
respectively. Soils in the NP treatment contained much
more available P and supported greater nitrate reduc-
tase activity and denitrification potential than soils in
the other treatments (control, N, NK and NPK). The
largest available K content was detected in the NK

treatment and was about 1.1-2.0 times larger than that
in the other treatments (control, N, NP and NPK).

The NPK treatment had the highest cellulase activity,
urease activity, catalase activity and polyphenol oxidase
activity, which were 33.9-51.4%, 7.8-23.8%, 3.3-32.9%
and 5.7-14.3% higher than the other treatments (control,
N, NP and NK), respectively. According to the average
rice yields over 5 years from 2005 to 2009 (Fig. S2, Sup-
porting information), the NPK and NP treatments had
the first and second highest rice yields, about 12 000
and 10 000 kg/ha, respectively. The lowest rice yields
(around 7000 kg/ha) were in all the treatments that did
not receive P fertilizer (control, N and NK).

Phylogenetic diversity of bacterial communities

A total of 41 082 bacterial sequences were obtained for the
15 samples, with sequences per sample ranging from 2304
to 3268. At the 3% dissimilarity level, these sequences
clustered into 3448 OTUs. Representative sequences of
these OTUs were assigned taxonomy with the RDP classi-
fier. There were no obvious differences among treatments
at the phylum level (Fig. S3, Supporting information). The
most prevalent phyla, in descending order by abundance,
were Proteobacteria, Acidobacteria, Chloroflexi, Nitro-
spira, Firmicutes, Planctomycetes, WS3, Verrucomicro-
bia, Gemmatimonadetes and Spirochaetes. Unidentified
bacteria accounted for 20.4% of all sequences. The most
abundant OTU was classified as Bradyrhizobium (Fig. 54,
Supporting information), and 3.1% of all sequences
were classified to this genus.

Chaol estimator was used to evaluate the phyloge-
netic diversity of bacterial community, and no signifi-
cant difference was observed between the control and
the long-term chemical fertilized samples (P > 0.05)
(Fig. S5A, Supporting information). Renyi diversity pro-
files were plotted to assess differences in species rich-
ness and evenness among treatments (Fig. S5B,
Supporting information). There were no significant

Table 1 Chemical properties of the soil under different fertilization treatments

Total C Total N Nitrate Ammonium Available P Available K
Treatment*  pH (KCD) (g/kg) (g/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
Control 4.06 + 0.03 ¢ 194 £ 0.72 b 1.85 + 0.06 b 2.87 +£0.18 d 242 + 1.68d 122 £021d 59.1 +4.13d
N 416 £ 0.05b 215 + 1.69 a 227 £ 0.15a 275 + 0.16 d 51.6 + 145 a 2.46 + 043 ¢ 66.2 + 4.11 ¢
NP 4.09 + 0.08 ¢ 224 +249 a 232+ 0.15a 4.71 £ 0.03 ¢ 28.1 £ 1.13 ¢ 11.8 £ 0.77 a 63.4 + 4.00 cd
NK 423 +0.04 a 211 + 181 a 220 £ 0.14 a 529 + 0.01 b 452 +1.23b 220 + 047 ¢ 175+ 12.1 a
NPK 4.05 + 0.05 ¢ 224 + 190 a 232 +£0.20 a 6.45 + 0.17 a 18.3 £ 0.65 e 10.7 £ 0.73 b 83.2 +391b

*Treatment: control without fertilizers (control); chemical fertilizer nitrogen (N); chemical fertilizers N and phosphorus (NP); N and
potassium (NK); N, P and K (NPK).
'Mean + standard deviation (1 = 3). Values within the same column followed by the same letter do not differ at P < 0.05.
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Table 2 Biological properties of the soil under different fertilization treatments

Treatment®

Soil property (per gram soil) Control N NP NK NPK

Microbial biomass C ug 807 £ 63.4b" 945 + 721 a 995 + 785 a 919 £ 73.6a 1026 + 81.5a
Microbial biomass N pg 62.7 + 428 b 85.6 £ 6.66 a 86.5 £+ 6.68 a 825 £560a 877 +6.19a
Microbial biomass P ug 21.3 £ 1.03b 276 £152a 29.1 £ 183 a 273 +£147a 304 +170a
Cellulase ng glucose per day 146 + 6.88 d 161 924 cd 165 £888bc 155 £698d 221 £938a
Urease ug NHJ -N per hour 30.3 £ 140 c 348 £ 1.67ab 341 +£117Db 31.7 £154c 375+ 117a
Nitrate reductase ug NO;-N per day 0.50 £ 0.05 e 0.88 £ 0.06 b 1.27 £ 0.06 a 0.82 £ 0.05¢c 0.60 £ 0.05d
Acid phosphatase g p-nitrophenol per hour 1410 £373 ¢ 2107 + 56.4 a 1755 £51.1b 1699 +414Db 1722 £ 398 b
Arylsulfatase pg p-nitrophenol per hour 1025 £21.0c 1182 £ 363 a 1134 £ 413b 1133 £377b 1116 £251b
Catalase mL 0.1 N K MnO,/(20 min) 143 + 0.03 e 1.60 £ 0.03 ¢ 1.84 + 0.03 b 154 £004d 190 + 0.06 a
Dehydrogenase ug triphenyl formazan per day 204 + 1.25b 242 +£1.06 a 247 £1.09 a 233 +£1.14a 231+122a
Polyphenol oxidase pg gallicin per hour 210 £9.88 ¢ 219 + 8.97 be 227 £ 762ab 2254+ 275b 240 +£ 109 a
Nitrification pg NO3 per day 012 £0.01d 0.40 £ 0.02 a 0.16 £ 0.01 ¢ 019 £001b 0.15+0.01c
Denitrification pg N>O-N per hour 049 +£004d 084 £007b 1.06 £ 0.06 a 090 £ 0.07b 0.62 £0.05c¢

*Treatment: control without fertilizers (control); chemical fertilizer nitrogen (N); chemical fertilizers N and phosphorus (NP); N and

potassium (NK); N, P and K (NPK).

‘Mean + standard deviation (1 = 3). Values within the same row followed by the same letter do not differ at P < 0.05.

differences in species richness, but evenness was greater
for the control samples which differed significantly
(P <0.05) from treatments receiving P. PCoA of un-
weighted unifrac-based beta diversity showed that rep-
licate samples from each treatment could not be
clustered together (Fig. S6A, Supporting information).
Minor differences in community structure due to addi-
tion of P were also evident by PCA, but at first glance,
this is not obvious. The first two PCs explain relatively
little variance (22%), replicate samples did not cluster
well by treatment (Fig. S6B, Supporting information),
there were no significant (P < 0.05) differences in com-
munity structure between treatments detected by per-
mutational multivariate analysis (Table 3), and nor
were significant indicator species (adjusted P < 0.05) for
any treatment detected by indval (R package LABDSV) or
function mt (Bioconductor package rHYLOSEQ). However,
the second PC represented a gradient in available phos-
phorous and separated samples according to whether or
not P was added (Fig. S6B, Supporting information).
Taken together with the differences in evenness among
treatments, these results suggest that the proportions of
certain OTUs increased in response to higher available P.
Direct gradient analysis was used to determine which
OTUs were correlated with available P. This was car-
ried out for both OTUs containing at least 25 sequences
and for OTUs agglomerated by genus. Examples of
OTUs and genera with more sequences in treatments
receiving P are depicted in Fig. S7 (Supporting informa-
tion). The abundances of Bradyrhizobium, Gemmatimonas,
Smithella and Syntrophobacteriaceaea were all positively
correlated with available P, as were many other OTUs.

Table 3 Adonis tests of the effects of chemical fertilization on
the overall microbial community structure based on GeocHir 4.0
data and 165 rDNA sequencing data

GEOCHIP 16S rDNA

F P-value F P-value
Control vs N 0.667 0.027 0.2137 0.38
Control vs NP 0.46 0.019 0.26326 0.09
Control vs NK 0.834 0.032 0.20999 0.37
Control vs NPK 0.833 0.001 0.26265 0.06

NP, N and phosphate; NK, N and potassium; NPK, N, P and

K.

Adonis: Permutational multivariate analysis of variance using
distance matrices. Significance tests were performed by F-tests
based on sequential sums of squares from permutations of the
raw data.

Long-term fertilization changed the microbial
functional gene diversity and structure

Different functional gene structure detected by GEocHIP
showed that samples from each treatment were clus-
tered together and separated by the first axis from the
control samples and that samples from treatments NK
and NPK were separated by the second axis (Fig. 1).
Significant difference (P < 0.05) was observed between
the control and the samples with chemical fertilization
when a nonparametric multivariate statistical test, ado-
nis, was analysed based on the Grocmr 4.0 data
(Table 3). Chemical fertilization significantly increased
the diversity of functional genes involved in C, N, P, S
cycling, especially for the treatments NK and NPK (Fig.
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Fig. 1 Canonical correspondence analysis (CCA) compares the
GEOcHIP hybridization signal intensities (symbols) and environ-
mental variables (arrows), including nitrate (Nit), ammonium
(AMM), available potassium (AK) and available phosphorous
(AP). Environmental variables were chosen based on signifi-
cance calculated from individual CCA results and variance
inflation factors (VIFs) calculated during CCA. The percentage
of variation explained by each axis is shown, and the relation-
ship is significant (P = 0.005).

S8, Supporting information). Thus, these results indicate
that, although the phylogenetic compositions of micro-
bial communities as assessed by 16S rRNA data were
similar, the soil microbial community functional gene
structure was significantly affected by long-term chemi-
cal fertilization.

The relationships between microbial community func-
tional structure and soil chemical parameters were
assessed with canonical correspondence analysis (CCA)
(Fig. 1). Four parameters, nitrate (Nit), ammonium
(AMM), available potassium (AK) and available phos-
phorous (AP) were selected based on variance inflation
factors and significant test. Over 60% of the community
functional variation can be explained by the above-
selected variables based on GeocHir data. The result
showed that the control and chemically fertilized sam-
ples were grouped separately. The first canonical axis
was positively correlated with the concentrations of
nitrate and available potassium, and the second axis
was positively correlated with concentration of AP and
negatively correlated with ammonium. Nit, AMM and
AK appeared to play major roles in shaping microbial
community functional structure as important variables
are represented by longer arrows. Treatment NK was
positively correlated with AK. Treatment NPK was pos-
itively affected by AP and Nit, while N and NP were
negatively correlated with AP and Nit and were posi-
tively affected by AMM. CCA-based VPA was per-
formed to separate the effects of nitrogen, phosphorous
and potassium fertilizers on microbial community
structure (Fig. 2). Nitrate and ammonium explained
substantially more variation (25.4%, than available
phosphorous (9.3%) and available potassium (9.2%).

© 2014 John Wiley & Sons Ltd
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Fig. 2 Variation partitioning analysis of microbial functional
diversity explained by soil chemical parameters based on Geo-
cHIP 4.0 data. Environmental variables include nitrate (Nit),
ammonium (AMM), available potassium (AK) and available
phosphorous (AP).

Interaction between nitrogen and AK accounted for
16.3% of the variation, which is much stronger than the
interactions between nitrogen and AP (5.1%), or AP and
AK (2.4%). There was zero variance attributed to the
interaction of all variables.

Effect of chemical fertilization on microbial functional
genes

Carbon cycling. As a major biogeochemical process in
paddy soils, microbial functional genes responsible for
degradation of starch, hemicellulose, cellulose, pectin,
chitin and lignin were detected in all samples. N fertil-
izer significantly enhanced the normalized signal inten-
sity of most genes involved in cellulose, pectin and
chitin degradation. N and K fertilizer enhanced most of
the genes involved in starch, cellulose, pectin and chitin
degradation except neopullulanase for starch degrada-
tion and arabinofuranosidase for hemicellulose degrada-
tion. N, K and P fertilizer showed a pattern similar to
that of N and K fertilizer. N and P fertilizer enhanced
glucoamylase and pullulanase for starch degradation,
xylanase for hemicellulose degradation, and cellobiase
and exoglucanase for cellulose degradation. The abun-
dances of genes involved in lignin degradation were lar-
gely unchanged by chemical fertilization. The fact that
most of the genes that were significantly affected by
chemical fertilization increased in abundance (Fig. 3)
suggests that long-term chemical fertilization may stim-
ulate carbon degradation processes in paddy soils.

Nitrogen cycling. The application of N fertilizer signifi-
cantly enhanced most genes (norB, nosZ and nirS)
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Fig. 3 The normalized average signal
intensity of the detected functional genes
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involved in denitrification, nasA for assimilatory N bacteria decreased after chemical fertilization. However,

reduction and the archaea-derived amoA gene for nitrifi-
cation (Fig. 4). Further, nirS/K, norB and nosZ for deni-
trification, napA and nrfA for dissimilatory N
reduction, nasA for assimilatory N reduction, gdh for
ammonification and archaea-derived amoA gene for
nitrification exhibited significantly higher signal intensi-
ties in N, K and P fertilized samples (Figs 4 and S9,
Supporting information). Similar pattern was observed
for the treatment with N and K fertilizer, while N and
P fertilizer only enhanced nirS for denitrification and
napA for dissimilatory N reduction (Fig. 4). The normal-
ized signal intensity of amoA from archaea was signifi-
cantly increased by NK and NPK, while amoA from

diversity of amoA from both archaea and bacteria was
increased by chemical fertilization (Fig. 5). The fact that
most of the genes involved in nitrogen cycling were
detected with significantly higher signal intensity in
chemical fertilized samples (Figs S9 and S10, Support-
ing information) implies that chemical fertilizer may
accelerate the geochemical cycle of nitrogen in paddy
soils.

P cycling. The ceocHir 4.0 targets three enzymes
involved in P utilization. Genes encoding phytase for
phytate degradation showed no difference between con-
trol and long-term chemical fertilized soils and long-
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term cultivation samples. Genes encoding polyphos-
phate kinase (ppk) for polyphosphate biosynthesis in
prokaryotes was detected with significantly (P < 0.01)
increased abundances after long-term chemical fertiliza-
tion, while genes encoding exopolyphosphatase (ppx)
for inorganic polyphosphate degradation were signifi-
cantly (P < 0.01) decreased (Fig. S11, Supporting infor-
mation).

Methane. Three genes encoding enzymes involved in
methane metabolism were included in Geocrip 4.0: mcrA
encoding the alpha-subunit of methyl coenzyme M
reductase for methane production, pmoA encoding par-
ticulate methane monoxygenase and mmoX encoding
methane monoxygenase for methane oxidation. For all
the three genes, significantly (P < 0.01) higher signal
intensities were detected in chemically fertilized soils,
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particularly for mcrA and pmoA, suggesting that stron-
ger methane metabolism could occur after long-term
chemical fertilization, which might accelerate the meth-
ane cycling processes (Fig. S12, Supporting informa-
tion).

Relationship between microbial community
functional genes and soil properties

Mantel tests were performed to investigate the relation-
ship between microbial community functional structure
and soil properties (Table 4), which showed that the
chemical variables were highly correlated with changes
in microbial functional communities, especially nitrate,
total nitrogen and available potassium. Denitrification
activity in soil was significantly correlated with the
genes involved in denitrification and to narG, nirK, nirS
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[ ]Control

Normalized signal intensity

Diversity

amoA-A

amoA-B

Fig. 5 The normalized average signal intensity and diversity of
the detected amoA genes. Diversity was represented with
inverse Simpson indice. amoA-A, archaeal amoA genes; amoA-B,
bacterial amoA genes. All data were presented as the
mean + SE. Bars with the same letter do not differ at P < 0.05.

and nosZ, respectively. Nitrate reductase activity was
significantly correlated with the genes involved in deni-
trification and with the nitrate reductase encoding
genes narG and mnapA. Significant correlations were
detected between all the genes involved in nitrogen
cycling and soil biomass N. Acid phosphomonoesterase
was significantly correlated with the genes involved in
phosphorous cycling and further with phytase gene
and exopolyphosphatase encoding ppx gene. These
results suggested that microbial community functional
gene structure could significantly affect the soil process
and nutrient (Table 2).

Discussion

Due to heavy weathering and nutrient leaching, the fer-
tility of the paddy soil derived from quaternary red clay
is often very low, and rational fertilization is the most
important measure to improve yield towards a sustain-
able crop production (Ahamadou et al. 2009). Previous
studies have revealed that P deficiency is a critical con-
straint to crop growth in red soil (Ultisols and Oxisols,
WRB system), although soil N is also seriously deficient

in red soils, stimulation of crop yields by N application
could be achieved only after improving P supply (Fair-
hurst ef al. 1999; Zhong & Cai 2007). In this study,
applications of N plus P, and N, P plus K significantly
increased rice yield (average value from the year of
2005 to 2009), while applications of N alone and N plus
K had no significant effect on rice yield, indicating the
importance of long-term P fertilizer application in pro-
moting crop yield. Furthermore, balanced fertilization
of N, P plus K had a higher rice yield than the other
fertilization treatments (N, NP and NK), suggesting a
positive impact of balanced chemical fertilizer applica-
tions on crop production, in accordance with previous
reports that balanced fertilization resulted in higher
crop yield (Gu et al. 2009; Shang et al. 2014). The PCA
of basic chemical properties showed that the NP and
NPK treatments were clustered together and distinct
from the control, N and NK treatments on PC1, this fur-
ther confirmed that P availability is a key factor for
nutrient cycling and fertility in this soil.

The influence of long-term fertilization on soil fertili-
ties can be reflected by the changes in soil biological
properties. In our study, treatments with chemical fertil-
ization (N, NK, NP and NPK) increased soil microbial
biomass C, N and P contents as compared to the con-
trol. A recent meta-analysis based on 107 data sets from
64 long-term trials from around the world revealed the
increase in soil microbial biomass by mineral fertilizer
application (Geisseler & Scow 2014). In addition, chemi-
cal fertilization significantly enhanced the activities of
soil oxidoreductase (catalase and dehydrogenase), and
most extracellular enzymes involved in C (cellulase and
polyphenol oxidase), N (urease and nitrate reductase),
P (acid phosphatase) and S cycling (arylsulfatase) and
were in general agreement with the functional gene
data as revealed by GeocHir (Tables 2 and 4). This may
be the consequence of stimulation of both microbial
growth and activity by improved nutrient availability
as well as the changes in microbial community compo-
sition induced by different fertilization regimes (Chu
et al. 2007; Ge et al. 2009; Ai et al. 2012). In addition, the
improvement of soil physical properties by chemical
fertilization could make the soil environment more
favourable for microbial growth (Haynes & Naidu 1998;
Iovieno et al. 2009).

In addition to soil microbial biomass and enzymatic
activities, microbial community composition can also be
affected by chemical fertilization. Differences of micro-
bial composition in soil with chemical and organic fer-
tilization were identified using PLFA analysis (Zhang
et al. 2012). Using this method, Ng et al. (2014a,b) dem-
onstrated that soil carbon is a key factor in driving
microbial composition and functioning, and stoichiome-
tric invariance of microbial activity constrained
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Table 4 Correlation between microbial community functional Table 4 Continued
genes and respective soil properties using mantel test

Acid phosphomonoesterase activity

Gene Soil property Statistic v P .
P gene*  APA 0.285  0.019
All functional genes All chemical variables 0.478 0.001 phytase  APA 0.380  0.003
Nit 0.462 0.003 ppk APA 0209 0.073
AMM 0.109 0.13 ppx APA 0.309 0.014
AP 0.122 0.115
pH 0.159 0.105 AK, available potassium; AMM, ammonium; AP, available
TC 0.106 0.137 phosphorous.
Bold text indicate significant P-values (<0.05).
N 0.294 0.019 “The sional i ity of all f ional involved in denitri
AK 0.249 0.048 . e' signal intensity of all functional genes involved in denitri-
fication.
Denitrification enzyme activity "The signal intensity of all functional genes involved in nitro-
gen cycling.
Denitrification* DEA 0.240 0.026 "The signal intensity of all functional genes involved in phos-
narG DEA 0262 0.027 phorous cycling.
nirk DEA 0.246 0.030
nirS DEA 0.298 0.015
norB DEA 0.160  0.096 microbial community response to organic input. Several
1n0sZ DEA 0.235  0.030 studies have shown that long-term fertilization regimes

resulted in changes in soil bacterial community struc-
ture and diversity based on the analysis of 165 rRNA

Nitrate reductase activity

Denitrification* NRA 0.252  0.030 gene libraries. Higher richness and diversity of bacterial
napA, narG, nasA- NRA 0248  0.043 communities were found in soil amended with farm-
napA NRA 0188 0.061 yard manure or inorganic P and K fertilizers (Ge et al.
narG NRA 0272 0.034 2008; Gu et al. 2009). In contrast, other studies showed
nasA NRA 0.163 0.124

that overall bacterial community composition was rela-
Nitrification potential tively nonresponsive to long-term fertilization (Ogilvie
et al. 2008; Wu et al. 2011). This discrepancy between

ZZZOA Eg 78233 8‘3?2 studies may be due at least in part to the limited capac-
amoAarch NP —0.059 0,549 ity of th.elr methods in assessing the whole microbial
amoAbac NP ~0.099 0.698 community.

In our study, 165 rRNA gene-based 454-pyrosequenc-

Urease activit . .1 .
y ing was employed, providing a more comprehensive

ureC UA 0.179 0.076 assessment of the impact of chemical fertilization on
soil microbial composition and diversity than conven-

Biomass N tional 165 rRNA gene library analysis. Still, statistically
N gene' BioN . 0.001 signific.ant‘community.diffe'rence§ were not. detec'table
NiR BioN 0.387 0.012 by ordination nor by diversity estimates relying primar-
NirB BioN 0.700 0.001 ily on species richness, which is most likely due to the
amoA BioN 0.408 0.002 artefacts associated with random sampling processes
gdh BioN 0.426 0.004 (Zhou et al. 2011, 2013). Evenness was, however, lower
hao BioN 0.359 0.006 for samples from fertilized plots, especially those receiv-
hzo B%ON 0.354 0.010 ing P, suggesting the enrichment of some OTUs. Also,
ZZf 2 gigg gg?g ggg; the.second.PC, while explaining only 10% of the totz?l
nasA BioN 0413 0.006 variance, did order samples by treatment. When envi-
nifH BioN 0.458 0.001 ronmental data were fit to the PCA, PC2 was correlated
nirA BioN 0.342 0.008 with available P, and this motivated us to re-examine
nirk BioN 0.503 0.001 the data using a direct gradient approach. Effects due
nirS BioN 0.522 0.001 to P are especially relevant as it also increased rice
norB BioN 0414 0.016 yield. By filtering and sorting OTUs based on their cor-
nosZ BioN 0.457 0.007 . . .
nrfA BioN 0311 0.008 %‘elatI.OI.’lS with aval.labl.e P ?md sequence abundance, we
ureC BioN 0481 0.003 identified those differing in abundance between treat-

ments even though they contributed relatively little to
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the calculated differences between samples on which
ordination is based.

While statistical tests were used to sort out OTUs and
genera responsive to P addition, this procedure is best
thought of as a data mining technique, and true signifi-
cance depends on being able to attach biological mean-
ing to the results. Two genera more responsive to P
fertilizer addition were Bradyrhizobium and Gemmati-
monas (Fig. S7, Supporting information). Bradyrhizobium
is capable of improving nutrient uptake, thus enhancing
plant growth and yield (Biswas et al. 2000; Chaintreuil
et al. 2000; Egamberdiyeva et al. 2004), which may con-
tribute to the higher rice yield in the P fertilization
treatment (Fig. S2, Supporting information). Gemmati-
monas was reported as a polyphosphate-accumulating
bacterium (Zhang et al. 2003), which could be stimu-
lated by increased P input in P fertilization treatment.

Although the 165 rRNA data revealed only small dif-
ferences in bacterial community structure, our func-
tional gene array data suggest that soil microbial
functional gene structure was greatly affected by long-
term chemical fertilization. All the fertilization treat-
ments increased most of the genes involved in carbon
degradation and N cycling (Figs 3 and 4), suggesting
that long-term fertilization can accelerate soil C and N
turnover in the paddy soil. The genes responsible for
lignin (relatively more recalcitrant C) degradation
remained largely unchanged by chemical fertilization,
which may be important in maintaining C stability in
soil (He et al. 2010; Zhou et al. 2012). Some previous
studies reported that the microbial functional communi-
ties were affected by long-term fertilization practices.
For example, it was shown that the combined inorganic
and organic fertilizer treatments (NPK plus organic
manure) had the highest copy numbers of ammonia-
oxidizing bacteria and archaea (He et al. 2007). A signif-
icant variation in the community diversity of denitrifi-
ers was induced by long-term chemical fertilization
(Chen et al. 2010). However, in these studies, only a few
functional genes were assessed using quantitative PCR,
therefore did not provide an overall picture of the
changes in soil microbial functional genes. In this study,
for the first time, GEOcHIP was employed to assess micro-
bial functional genes in paddy soils with long-term
chemical fertilization, providing comprehensive infor-
mation regarding the impact of chemical fertilization on
the soil microbiome.

It is expected that fertilizer input may stimulate soil
nutrient cycling through its modification on the abun-
dance and activity of the related functional microorgan-
isms (Fierer et al. 2012). In this study, significant
correlations between denitrification enzymes, nitrate
reductase, and phosphomonoesterase and the related
functional genes were detected (Table 4), which sup-

ported this hypothesis. Previous studies in this field
also demonstrated that N and NPK treatment markedly
increased the abundance of the denitrifying genes and
potential denitrification activity was significantly corre-
lated with narG and nosZ (Chen et al. 2012). However,
no significant relationship between ammonia oxidizer
(AOA and AOB) and nitrification potential was
observed, which may due to the changes in mineral N
when using partial air-dried soil for measurement. In
addition, the lack of correlation between ammonia oxi-
dizers and nitrification potential may suggest that het-
erotrophic nitrification process could also be important
in acidic soils (De Boer & Kowalchuk 2001; Zhang et al.
2011). Significant correlations between functional gene
data and soil enzyme activities (Table 4) indicate a close
linkage between soil nutrient cycling and associated
genes (Marschner ef al. 2003; Majumder et al. 2007;
Nemergut et al. 2008; Wang et al. 2008; Bannert et al.
2011). In addition, significant correlation between rice
yield and several soil parameters was observed, includ-
ing nitrate, available phosphorus, total carbon, total
nitrogen, catalase, urease, cellulase, biomass C and bio-
mass P (Table S1, Supporting information), suggesting a
significant relationship between microbial functional
gene structure and rice yield.

The application of N fertilizer can alter soil N avail-
ability and the N-cycling-related microorganisms (He
et al. 2007). As the stoichiometric patterns of substrate
availability determine soil nutrient cycling processes
and microbial community composition (Manzoni et al.
2008), N availability can also regulate microbial decom-
position of soil organic matter (Yao et al. 2009). Signifi-
cant differences in microbial functional structure were
observed between the control and N treatment; how-
ever, the difference in microbial functional gene struc-
ture between the control and the NP treatment is less
pronounced as compared to that between the control
and the N treatment (Fig. 1). This is likely due to the
interactions between soil nutrients, plant growth and
microbial community. It has been well documented that
rice production is limited by soil phosphorus (P) defi-
ciencies in many parts of the world (Lan et al. 2012).
Due to the P deficiency in this soil, the application of P
fertilizer greatly increased plant growth (Fig. S2, Sup-
porting information) and further N uptake, thus result-
ing in reduced ammonium content in soil as compared
with the N treatment (Table 1). Consequently, the effect
of N fertilizer on soil microbial community composition
was weakened by the P fertilizer application. Further
analysis showed that most genes involved in N cycling
were enhanced by N fertilizer application, while the
combination of N and P fertilization (NP treatment)
only enhanced two groups of N-cycle-related genes
(Figs 4 and S10, Supporting information). The NK and
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NPK treatments were very different from other treat-
ments in microbial functional structure, indicating that
soil K availability is also an important factor in driving
soil microbial community structure and diversity. Gen-
erally, soil K fertilizer can improve plant root growth,
resulting in increased amounts of plant root exudates,
which will have direct influence on the composition
and activity of microbial communities (Simek et al.
1993). The significant difference in microbial functional
structure between NK and NPK treatments indicated
an incorporative effect of balanced fertilizer. Most of
the genes were stimulated in NPK treatment, which
has the highest rice yield, demonstrating the importance
of balanced fertilization in promoting soil nutrient,
stimulating microbial activity and increasing rice
yield.

Conclusions

In conclusion, our results indicated that long-term
chemical fertilization showed little effect on the bacte-
rial phylogenetic diversity and composition; however, it
significantly changed the microbial functional gene
structure. Most of the functional genes involved in C,
N, P cycling were significantly stimulated after long-
term fertilization. Significant correlations were observed
between functional gene abundance and available nutri-
ents and enzyme activities, implicated that long-term
chemical fertilization could accelerate the nutrient turn-
over in paddy soil. Balanced application of N, P and K
was more beneficial in improving soil microbial func-
tional diversity and activities compared with other
imbalanced fertilization treatments and may contribute
to higher rice yield.
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