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Abstract

Purpose Nitrification and denitrification, two of the key ni-
trogen (N) transformation processes in the soil, are carried out
by a diverse range of microorganisms and catalyzed by a
series of enzymes. Different management practices, such as
continuous grazing, mowing, and periodic fencing off from
grazing, dramatically influenced grassland ecosystems. This
study aimed to examine the effects of management practices
on the abundance and community structure of nitrifier and
denitrifier communities in grassland ecosystems.

Materials and methods Soil samples were collected from a
semiarid grassland ecosystem in Xilingol region, Inner Mon-
golia, where long-term management practices including free-
grazing, different periods of enclosure from grazing, and dif-
ferent frequencies of mowing were conducted. Real-time
quantitative polymerase chain reaction (Q-PCR), denaturing
gradient gel electrophoresis (DGGE), sequencing, and phylo-
genetic analysis were applied to estimate the abundance and
composition of amoA, nirS, nirK, and nosZ genes.

Results and discussion The ammonia-oxidizing archaca
(AOA) amoA copies were in the range 5.99x 10% to 8.60x
10%, while those of ammonia-oxidizing bacteria (AOB) varied
from 3.02x107 to 4.61x10”. The abundance of AOA was
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substantially higher in the light grazing treatment (LG) than
in the mowing treatments. The quantity and intensity of
DGGE bands of AOA varied with pasture management. In
stark contrast, AOB population abundance and community
structure remained largely unchanged in all the soils irrespec-
tive of the management practices. All these results suggested
that ammonia oxidizers were dominated by AOA. The higher
gene abundance and greater intensity of DGGE bands of nirS
and nosZ under the enclosure treatments would suggest great-
er stimulated denitrification. The ratio of nosZ/(nirS+nirK)
was higher in mowing treatments than in the free-grazing
and enclosure treatments, possibly leading to more complete
denitrification. Correlation analysis indicated that soil mois-
ture and inorganic nitrogen content were the two main soil
environmental variables that influence the community struc-
ture of nitrifiers and denitrifiers.

Conclusions In this semiarid neutral to alkaline grassland eco-
system under low temperature conditions, AOA mainly affil-
iated with Nitrososphaera dominated nitrification. These re-
sults clearly demonstrate that grassland management practices
can have a major impact on nitrifier and denitrifier communi-
ties in this semiarid grassland ecosystem, under low tempera-
ture conditions.

Keywords Ammonia-oxidizing archaea (AOA) -
Ammonia-oxidizing bacteria (AOB) - nirK - nirS - nosZ -
Pasture management

1 Introduction

Nitrous oxide (N,O), which is both a potent greenhouse gas
and an ozone-depletion gas, is produced as a by-product of
autotrophic nitrification and as an intermediate product of in-
complete biological denitrification (Conrad 1996; Di et al.


http://dx.doi.org/10.1007/s11368-015-1321-1
http://crossmark.crossref.org/dialog/?doi=10.1007/s11368-015-1321-1&domain=pdf

J Soils Sediments (2016) 16:896-908

897

2014). In nitrification, ammonium (NH,") is converted to ni-
trite (NO, ) and then to nitrate (NO5 "), while in denitrification
NOj is gradually reduced to NO, and to nitrogen gases (NO,
N,O, and N,). Both nitrification and denitrification in the soil
are performed by microorganisms. The first and rate-limiting
step of nitrification, the conversation of ammonium to hydrox-
ylamine, is mainly performed by ammonia-oxidizing bacteria
(AOB) and ammonia-oxidizing archaea (AOA) which carry
the ammonia monooxygenase (amoA) gene (Venter et al.
2004; Francis et al. 2005; Prosser and Nicol 2008). Recent
studies have shown that the role of AOB and AOA commu-
nities in ammonia oxidation is affected by soil and environ-
mental condition (Chen et al. 2008; Zhang et al. 2012). For
example, in some high-fertility or high-nitrogen environ-
ments, AOB communities were found to play a dominant role
in ammonia oxidation (Di et al. 2009), whereas in strongly
acidic soils, AOA may play a dominate role in ammonia ox-
idation (Zhang et al. 2012). However, our understanding of
the community abundance of AOB and AOA and the relative
importance of the two in ammonia oxidation in many different
ecosystems is poor and urgently requires further research to
bridge this knowledge gap.

In the denitrification pathway, the reactions are cata-
lyzed by nitrate reductase, nitrite reductase, nitric oxide
reductase, and nitrous oxide reductase (Zumft 1997;
Philippot and Hallin 2005). Of the denitrification steps,
the reduction of NO, to NO involves two structurally
different but functionally equivalent genes for nitrite re-
ductase, the nirS gene containing cytochrome cd/ and the
nirK gene containing copper (Hallin and Lindgren 1999;
Braker et al. 2000). The reduction of N,O to N, is another
critically important step which converts N,O to the inert
N, gas. This last step is catalyzed by the N,O reductase
encoded by the nosZ gene (Scala and Kerkhof 2000;
Throbéck et al. 2004). If more N,O is reduced to N, this
would reduce the greenhouse gas N,O emissions. Howev-
er, our understanding on the impact of management on
these critically important processes and related N,O emis-
sions is still limited and this limits our ability to manage
these processes to reduce greenhouse gas emissions and
increase the N use efficiency by plants.

Grassland is one of the largest terrestrial ecosystems in
the world. In China, it accounts for more than 40 % of its
total land area (Nan 2005). Grassland ecosystem is not
only important for food production to feed the growing
world population but also plays a critical role in global
climate change. The world’s grasslands are an important
source of greenhouse gases and will also be impacted by
climate change.

Different management practices, such as continuous
grazing, mowing, or periodic fencing off from grazing,
can significantly affect the functioning of grassland eco-
systems (Li et al. 2000; Zhao et al. 2007). For example,

mowing of grassland was reported to increase species
richness and community stability of herbaceous plants
(Collins et al. 1998; Yang et al. 2012), decrease the
amount of available N in soil, and affect the abundance
and community structure of AOA and AOB in a temper-
ate grassland ecosystem (Chen et al. 2014). Grazing can
affect soil physical conditions by animal trampling, which
causes soil compaction, and affect nutrient cycling (par-
ticularly N) through dung and urine returns to grassland
during grazing (Oenema et al. 2007; Houlbrooke et al.
2008; Zhong et al. 2014). In grazed grasslands, about
70-90 % of the N ingested by the grazing animal is
returned to the grassland soils in the excreta, particularly
in the urine (Di and Cameron 2002). Animal treading was
also reported to stimulate denitrification to some extent in
grass-clover pastures (Menneer et al. 2005). Cattle graz-
ing led to a significant increase in AOB abundance but
not that of AOA, narG, or nosZ genes in a meadow grass-
land (Zhong et al. 2014). Free livestock grazing was
found to have increased the population abundance of ni-
trification genes and decreased that of denitrification
genes (Le Roux et al. 2008; Xie et al. 2014). Another
study reported that grazing resulted in an increase in
AOB abundance in the topsoil (0—10 cm) but had no ef-
fect at 10-20 cm depths (Liu et al. 2011).

However, these studies mainly described the effect of
grazing on soil microbial communities and most of them
only focused on nitrifiers. The effects of different man-
agement practices on nitrification, denitrification process-
es, and related microbes remain elusive. In particular,
there is very little information available on the responses
of nitrifying and denitrifying communities in extensively
managed semiarid grasslands to mowing or periodic fenc-
ing off from grazing. Enclosure is used as a restoration
practice for grassland to avoid over grazing, but its impact
on key soil microbial communities and functions is poorly
understood. An improved understanding of the relation-
ships between different grassland management practices
and key N cycling microbial communities is critically im-
portant for developing sustainable grassland management
systems in the long term.

The aim of this research was to study the impact of
different grassland management practices, including free-
grazing, enclosure, and mowing, on the abundance and
community structure of microbial functional genes related
to nitrification and denitrification in the soil in a semiarid
grassland under low temperature in Inner Mongolia in
northern China. It is hypothesized that animal trampling
in the free-grazing treatment would compact the soil and
reduce soil aeration, leading to more anaerobic conditions,
and this would affect both the nitrifier and denitrifier
communities compared with those in the enclosure and
mowing treatments. Similarly, the removal of herbage in
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the mowing treatments would also affect the carbon (C)
and nitrogen (N) cycling and this would also affect the
microbial communities.

2 Materials and methods
2.1 Site description and soil sampling

This study was conducted in Xilingol region (43°26'-
44°39'N, 115°32'-117°12'E) in Inner Mongolia, China.
The region has a continental, semiarid climate, with
around 102-136 frost-free days. This region is very cold
in winter and cool in summer. The mean annual tempera-
ture is —0.4 °C, with the minimum and maximum monthly
mean temperatures ranging from —19.5 °C in January to
20.8 °C in July (Kawamura et al. 2005). The average
annual precipitation is 350 mm, distributed unevenly
among seasons, falling mainly during June—August which
coincides with the plant-growing season. The annual po-
tential evaportranspiration ranges from 1600 to 1800 mm.
The dominant plant species in the study area was Leymus
chinensis with some Stipa grandis and Cleistogenes
squarrosa. The soil type is dark chestnut (calcic Cherno-
zem according to ISSS Working Group RB, 1998) (Bai
et al. 2010).

There were six long-term treatments at the research
site, each with three replicates, and these are randomly
allocated in the field. The treatments were detailed in
Table 1. Soil samples were collected from the upper 10-
cm layer from five random locations within each plot
using a 5-cm diameter soil auger in October 2013. The
five samples from each plot were bulked into a single
composite sample, packed with ice packs, and transported
to the laboratory. Soil samples were then passed through a
2-mm sieve, stored at 4 °C for soil analysis, and a sub-
sample taken from each soil was stored at —80 °C for
nucleic acids extraction.

Soil pH was measured with a soil-to-water ratio of
1:2.5, and soil organic carbon (SOC) was determined by
dichromate digestion (Kalembasa and Jenkinson 1973).
Gravimetric soil moisture content was analyzed by oven
drying at 105+2 °C for 24 h. Available potassium (AK)
was extracted by 1 M ammonium acetate and determined
by flame photometry. Nitrate (NO3 ) and ammonium
(NH,") were extracted with 1 M KCI and determined by
a flow injection analyzer (SAN++, Skalar, Holland). Total
nitrogen (TN) content was analyzed using Kjeldahl acid
digestion method with an auto-analyzer (Foss Inc.,
Hillerad, Sweden).

2.2 Extraction of total DNA from soils and Q-PCR
of functional genes

DNA was extracted from 0.5 g (fresh weight) of soil with a
FastDNA Spin Kit for Soil (MP Biomedicals, LLC., Solon,
OH, USA), in accordance with the manufacturer’s protocol.
The DNA size and integrity were checked by electrophoresis
ona 0.7 % agarose gel, the quantity and purity were estimated
using a Nanodrop®ND-2000 UV-vis spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA). The ex-
tracted DNA was stored at —20 °C until analysis.

Quantitative polymerase chain reaction (Q-PCR) assays
targeting bacterial and archaeal amoA genes, bacterial nirsS,
nirK, and nosZ genes were carried out in triplicate by real-
time PCR with LightCycler 480 (Roche Applied Science).
Each 20 pL reaction mixture contained 10 L. SYBR Premix
Ex Taq (TaKaRa, Dalian, China), 1 mM of each primer and
1.5 uL of tenfold diluted DNA template (1-10 ng) and 7.9 uL
milli-Q water. Melting curve analysis was performed at the
end of each real-time PCR run to confirm PCR product spec-
ificity by measuring fluorescence continuously with the tem-
perature increasing from 50 to 99 °C.

Real-time PCR standard curve was developed as previ-
ously described by Di et al. (2009). Briefly, each gene
fragment was PCR-amplified. The details of primers and

Table 1 Site description
Treatments

Area

Grazing LG: light grazing, the grazing intensity was 170 standard animal unit days (ha 10,000 m? (50 by
year) ' (GI170). The surface had a good vegetation cover 200 m)

HG: heavy grazing, with a grazing intensity of GI920. The soil was degraded 10,000 m* (50 by
and showed signs of desertification 200 m)

Enclosure  E96: plots had been enclosed since 1996 24,000 m? (60 by
400 m)

E83: enclosed since 1983 24,000 m> (60 by
400 m)

Mowing M1/2: herbage mowed and carried away once every second year since 2001. 480 m? (20 by

This mowing management was regarded as the optimum mowing practice

MI: herbage mowed and carried away once every year since 2001. This
mowing management was regarded as the conventional mowing practice

24 m)

480 m? (20 by
24 m)
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Table 3 Basic characteristics of

samples (0-10 cm) Site pH Soil moisture (%)~ AK (mg kg ) SOC(gkg')  TN(gkg"
LG 7.61+0.08a 9.63+1.44ab 243.81+27.80ab 14.30+2.04¢ 1.68+0.35b
HG 7.21+0.01ab 5.4340.20c 206.94429.64b 10.12+1.08d 1.16+0.06b
E96 7.26+0.02ab 5.824+0.09bc 224.64+15.79b 14.18+1.42¢ 1.30+0.28b
E83 7.13+0.02b 7.47+0.46ab 299.74+19.22a 17.85+1.82b 1.56+0.32b
M1/2 7.43+0.27ab 9.254+0.73a 258.57+17.32ab 19.51+0.52ab 1.89+0.47b
M1 7.45+0.13ab 942+1.76a 269.11+9.30ab 21.81+0.34a 2.97+0.28a

All values are mean+SE (n=3). The different letters (a—d) within the same column indicate significant differ-

ences between treatments at P<0.05

AK available potassium, SOC soil organic carbon, TN total nitrogen

PCR conditions were shown in Table 2. The PCR
amplicons were subsequently purified with a PCR cleanup
kit (Nucleospin, Macherey-Nagel) and cloned into the
pGEM-T Easy Vector (Promega, Madison, WI, USA).
The resulting ligation mix was transformed in Escherichia
coli JM109 competent cells (Promega, Madison, WI,
USA) according to the manufacturer’s instructions. Plas-
mids were extracted from the correct insert clones of each
target gene and sequenced with an ABI PRISM® 3730
Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA), after cycle sequencing reactions using a BigDye®
Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems). Tenfold serial dilutions of a known copy
number of the plasmid DNA representing 10°~10° copies
uL ™! were subjected to real-time PCR assay in triplicate
to generate an external standard curve. High efficiencies
of 92.3-101.2 % were obtained for the functional genes
amplification, with the R values ranging between 0.994
and 0.998.

2.3 PCR-DGGE assays of functional genes

Before denaturing gradient gel electrophoresis (DGGE)
analysis, PCR amplifications were performed using the
primers and thermal cycling conditions of functional
genes from nitrifiers and denitrifiers according to
Table 2. Amplification was performed in 20 pL reaction
mixtures, including 10 pL 2xFEasy Taqg® PCR SuperMix
(TransGen Biotech, Beijing, China), 8.6 uL milli-Q water,
0.5 uM of each primer and 1 pL DNA template, except
that 1 uL of tenfold diluted DNA was used for AOA PCR
amplification. About 150 ng of PCR amplicons was sub-
jected to DGGE analysis carried out in a Dcode Universal
Mutation Detection System (Bio-Rad Laboratories, Her-
cules, CA, USA), and the detailed DGGE analysis profile
of the functional genes was listed in Table 2. The PCR
products of bacterial and archaeal amoAd genes were sep-
arated on 8 % (w/v) acrylamide gels while those of nirsS,
nirK, and nosZ genes were separated on 6 % (w/v) acryl-
amide gels. After electrophoresis, the gels was stained in
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1:10,000 (v/v) SYBR green I (Amresco, Solon, OH, USA)
for 30 min and scanned using ChemiDoc XRS System
(Bio-Rad). The obtained DGGE profiles were analyzed
using Quantity One Software, and cluster analysis was
also conducted according to the DGGE bands.

2.4 Sequencing and phylogenetic analysis

DGGE bands with different mobility of every treatment
were excised for direct sequencing, then the nucleotide
sequences were translated to protein sequences by the
EMBOSS Transeq program within the European Bioinfor-
matics Institute website. The protein sequences were
aligned with BLAST for the closest relatives from the
GenBank database. Phylogenetic analysis of archacal
and bacterial amoA genes and bacterial nirS, nirK, and
nosZ genes was then conducted by Molecular Evolution-
ary Genetic Analysis software (MEGAG6.06) with 1000-
fold bootstrap support. The DNA sequences of bacterial
and archaeal amoA genes and bacterial nirS, nirK, and
nosZ genes were deposited in the [DNA Data Bank of
Japan (DDBJ) LC060262-LC060279, LC060280-
LC060285, LC060286-LC060297, LC060298-
LC060305, and LC060306-LC060313], respectively.

2.5 Statistical analysis

All statistical analyses were performed using SPSS ver-
sion 20, and one-way analysis of variance (ANOVA)
followed by Duncan’s multiple range test was used to
check for the differences of soil physio-chemical proper-
ties and functional genes abundance between treatments.
P<0.05 was considered to be statistically significant. The
figures of differences of soil physio-chemical properties
and functional genes abundance between treatments were
prepared by Origin (Origin Pro 9.0 for Windows). The
correlation analysis between microbial community struc-
ture and soil properties was analyzed by non-metric mul-
tidimensional scaling (NMDS) using the Bray-Curtis dis-
similarity measurement. The significant differences



J Soils Sediments (2016) 16:896-908

901

Fig. 1 Ammonium-N () 13.2 4 a
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0.0 T T T T

LG HG E96 E83 M1/2 M1
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between soil properties and each community structure
were analyzed by ANOSIM. VEGAN of R language
was implemented to do the above two analyses.

3 Results
3.1 Soil physio-chemical properties

Table 3 showed that pasture management practices profoundly
affected soil basic characteristics. Generally, soil AK, SOC,
and TN of the samples from HG were the lowest among the
six treatments. AK in the E83 treatment was significantly
higher than those in the HG and E96 treatments. Soil moisture

Fig. 2 Archaeal () and bacterial
() amoA gene copy numbers
retrieved from the studied soils. 1.0x10° —

in the HG treatment was lower than that in the E96, markedly
lower than those in the LG, E83, and mowing treatments.

The NH,"-N concentration in all the treatments was low
but was higher in the enclosure treatments (E83 and E97) than
HG and mowing (M1 and M1/2) managements (Fig. 1). The
NO; -N concentration in the LG treatment was higher than
those of all the other treatments.

3.2 Abundance of microbial functional genes
3.2.1 Abundance of amoA genes

The archaeal amoA gene copy numbers outnumbered those of
AOB in all the soils (Fig. 2). The ratios of archaeal to bacterial

24.3] [144]  [131]

Error bars represent standard i [_JAOA
errors of triplicate samples @ 8.0x10° - %E $ 777 AOB

3 - &3 ? i

= 6.0x10° %

3§ o] W

E S 4.0x10° -

s 2
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g 3 2010~
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o € 1

T 2 8.0x10"

c € a

s > . a

g 8 6.0x10 —- a a a

©

5 4.0x10" 2% % a a %% %

e ] % % %

< 2.0x10" 7

] 7
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amoA gene copy numbers ranged from a high of 24.3 in E83
to a low of 13.1 in M1. The archaeal amoA gene copy num-
bers varied from 5.99x 10% to 8.60x 10® copies per gram dry
soil, whereas that of AOB ranged from 3.02x10" to 4.61x
10”. The archaeal amoA gene copy numbers were significant-
ly lower in the mowing treatments than in the light grazing
treatment (LG). On the other hand, the pasture management
did not significantly affect the bacterial amoA gene
abundance.

3.2.2 Abundance of denitrification genes nirS, nirK, and nosZ

The copy numbers of nirS gene in the soil samples of M1 were
significantly lower than those in the other five treatments,
while no significant difference was found between those five
treatments (Fig. 3). The nirK gene copy numbers were gener-
ally lower than those of the nirS gene except in the M1 treat-
ment, and the effect of grazing management was small on the
nirK copy numbers. Furthermore, there was a negative rela-
tionship between nirS abundance and TN concentration (R’=
0.418, P=0.004), whereas a positive relationship between
nirK abundance and SOC concentration (R°=0.350, P=
0.01). The nosZ gene copy numbers varied from 3.60x 10
to 6.51x10® per gram dry soil, and these were much higher
than both the nirS and nirK genes. However, grazing manage-
ment did not have a significant impact on nosZ gene copy
numbers. The nosZ/(nirS+nirK) ratios were 4.15, 5.60, and
7.75 for free-grazing, enclosure, and mowing treatments,
respectively.

3.3 DGGE analysis of microbial functional genes

After using the DDBJ to compare the sequences, we found
that the DGGE bands with the same mobility in the DGGE
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same mobility were marked with the same number. The com-
munity structure of archaeal and bacterial amoA, nirS, nirk,
and nosZ analyzed by DGGE showed a clear change with
management treatments (Fig. 4 and Fig. S1 in the Electronic
Supplementary Material). DGGE banding patterns of tripli-
cate soil samples for each treatment showed good
reproducibility.

3.3.1 DGGE analysis of amoA genes

In total, 18 bands were detected with different mobility for
AOA (Fig. 4a). Bands A3 and A5 were detected only in the
LG sample, whereas bands A12, A13, and A14 were unique
to HG. Some bands, such as bands A16 and A17 were ob-
served solely in the HG, E96, and E83 treatments. Although
some bands (e.g., A6, A8, A9, A10) were present in the pro-
files of all treatments, their intensity was different. For exam-
ple, bands A6 and A8 had the highest intensity in the HG
treatment, while bands A9 and A10 became stronger in inten-
sity for samples HG, E96, and E83.

The DGGE profile of AOB changed slightly among the
management system and six bands with different mobility in
total were observed (Fig. S1, Electronic Supplementary Ma-
terial). Five bands were common with strong intensity in all
the samples. Band B6 had the most prominent intensity in the
HG treatment but was faint in the LG, E96, and mowing
treatments and disappeared altogether in the E83 treatment.

Cluster analysis further confirmed that the different man-
agement practices had a strong effect on community structure
of AOA (Fig. S2a, Electronic Supplementary Material) but
not on that of AOB (Fig. S2b, Electronic Supplementary Ma-
terial). Moreover, the community structure of AOA was sig-
nificantly related to soil moisture, pH, TN, and NO3 -N
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concentrations (R°=0.580, P=0.001; R=0.404, P=0.027;
R’=0.420, P=0.015 and R’=0.644, P=0.001, respectively)
(Fig. S3a, Electronic Supplementary Material), whereas no
significant correlation was found between AOB community
and soil characteristics.

3.3.2 DGGE analysis of denitrification genes nirS, nirk,
and nosZ

In general, the intensities of DGGE bands of nirS and nosZ
were enhanced by the enclosure treatments compared with the
grazing and mowing treatments. As for nirS gene (Fig. 4b),
band S1 had the highest intensity in the mowing treatments,
lower intensity in the LG and enclosure treatments, but disap-
peared in the HG treatment. Both enclosure treatments
showed a more diverse banding pattern with additional bands
S3, S4, and S10 compared with the other treatments. Howev-
er, bands S11 and S12 were unique to the HG treatment,
whereas band S6 was only detected in the mowing treatments.

Three common bands of the nirK gene were shown in all
the treatments but band K2 was observed in the mowing treat-
ments, and bands K3 and K4 were unique to the enclosure
treatments, whereas bands K5 and K7 were only shown in the
HG, E96, and E83 treatments (Fig. 4c).

The DGGE band patterns of nosZ (Fig. 4d) showed a clear
variation with different pasture management treatments. Band
Z2 appeared in all the samples except the mowing treatments,
while band Z4 became stronger in intensity for soil samples in
the enclosure treatments, and band Z8, although faint, was
shown in all but the HG treatments.

(d) nosz

Cluster analysis of the band patterns (Fig. S2c—e, Electron-
ic Supplementary Material) showed that there were marked
effects of pasture management on community structure of
nirS, nirK, and nosZ genes. The period of enclosure also had
a major effect on the community structure of nirS (Fig. S2c,
Electronic Supplementary Material). Besides, according to the
NMDS analysis (Fig. S3b—d, Electronic Supplementary Ma-
terial), the nirS community structure was significantly related
to soil moisture, pH, and NO; -N content (R°=0.516, P=
0.007; R°=0.399, P=0.031; and R°=0.438, P=0.013, respec-
tively), while changes in the overall nirK community structure
were significantly correlated to soil moisture and NH,"-N
concentration (R°=0.557, P=0.001 and R°=0.399, P=0.029,
respectively). In contrast, the community composition of nosZ
was significantly related to soil moisture, SOM, and NO; -N
concentrations (R°=0.496, P=0.007; R°=0.481, P=0.009;
and R?=0.490, P=0.007, respectively).

3.4 Phylogenetic analysis of microbial communities

A neighbor-joining tree was constructed using the translated
amino acid sequences of DGGE bands and the related se-
quences obtained from DDBJ.

3.4.1 Phylogenetic analysis of amoA genes

Phylogenetic analysis of archaeal amoA gene sequences
(Fig. 5a) showed that the majority of the AOA sequences were
affiliated with cluster Nitrososphaera (previously also desig-
nated as soil or I.1b AOA lineage, DeLong 1998), and
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Fig. 5 Neighbor-joining phylogenetic tree of AOA (a) and AOB (b) retrieved from the DGGE bands (shown in bold) in this study. Bootstrap values
(>50 %) are indicated at branch points. The scale bars represent 2 and 1 % estimated sequence divergence, respectively

grouped into three distinct clusters, referred to as
Nitrososphaera subclusters 1, 2, and 3. Bands A3 and AS,
detected only in the LG treatment, were aligned in cluster 2,
while bands A13 and A 14 shown exclusively in the HG treat-
ment were affiliated with cluster 1. Almost all the AOB se-
quences fell into Nitrosospira species, and a high proportion
was grouped into cluster 3a, with some in cluster 2 and cluster
3b (Fig. 5b).

3.4.2 Phylogenetic analysis of nirS, nirK, and nosZ genes

The nirS sequences were widespread in the phylogenetic tree,
and the nirS tree was divided into four clusters (clusters [-1V)
(Fig. 6a). Among them, clusters I and IV were related to the
nirS of Rhizobiales and Burkholderiales bacteria, respectively.
Cluster III was not related to known denitrifying bacteria, and
clusters II showed high similarities to numerous unculturally
deduced nirS clones from arable soils. As for nirK (Fig. 6b),
each of sequences obtained in this study was branched with
known denitrifying bacteria and the sequences were spread
throughout the tree. The nirK tree was grouped into three
clusters, and they were closely related to nirK from
Bradyrhizobium, Mesorhizobium, and Pseudomonadaceae,
respectively. The genera Bradyrhizobium and Mesorhizobium
are both affiliated to Rhizobiales. In complete contrast to nirk,
the phylogenetic tree of nosZ (Fig. 6¢) showed that most of the
sequences were not related to any known denitrifying bacteria.
The nosZ tree was classified into two clusters, and cluster I
was related to the nosZ of Rhizobiales, while cluster 11 was
distantly related to the nosZ of known denitrifying bacteria.

@ Springer

4 Discussion

Results from this study clearly demonstrated that pasture man-
agement had a major impact on soil fertility with the heavy
grazing treatment (HG) having the lowest available K and soil
organic matter content. The significant reductions in the nu-
trient contents would suggest that heavy grazing is not sus-
tainable in the long-term in this grassland ecosystem.

With the microbial communities studied, it is interesting
that the abundance of AOA was many times that of AOB in
this semiarid grassland. Previous studies have shown that
AOA play an important role in nitrification in strongly acid
soils (Zhang et al. 2012). In the present study, the soil is weak
alkaline but AOA was also the dominant ammonia oxidizer
community. This might suggest that soil pH may not be the
only factor affecting AOA abundance in different soils. The
driving factor for the predominantly higher AOA abundance
than AOB abundance is not clear. The very low population
abundance of AOB and the lack of a treatment effect on AOB
populations might suggest that AOB probably play a lesser
role in N cycling compared with their AOA counterparts in
this weak alkaline grassland soil under low temperature. Pre-
vious studies have shown that AOB are better adapted to
higher fertility and higher N environments, whereas AOA
are more favored by low fertility and low N environments
(Nicol et al. 2008; Jia and Conrad 2009; Di et al. 2009,
2010; Zhang et al. 2012). The soil used in the present study
is very low in soil fertility and ammonium content (Fig. 1).
This low fertility and dry environment (Table 3) may therefore
favored AOA over AOB in this grassland ecosystem. These
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results confirm the prevalence of AOA in terrestrial ecosys-
tems, particularly in low fertility and stressed environments,
such as this semiarid grassland ecosystem.

The only significant pasture management effect on the
ammonia oxidizers was the significantly higher AOA
abundance in the light grazing (LG) treatment than in
the mowing treatments. Previously, Chen et al. (2014)
also reported significantly lower AOA abundance in
mowing than in non-mowing treatments. It is possible that

Uncultured bacterium.AY 325680

(C) nosZ

the recycling of nutrients, particularly N, in the forms of
urine and dung in the light grazing treatment might have
stimulated a slightly higher AOA population abundance.
Wan and Luo (2003) suggested that thaumarchaea could
also use organic carbon as an energy source. The soluble
organic C in the urine and dung might therefore also
played a role. Further research is required to understand
possible factors that may control the abundance of AOA
in different management systems of grassland.
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Although little difference was recorded in the bacterial
amoA DGGE patterns among the different treatments, clear
differences were detected in the archaeal amo4 DGGE pat-
terns between different treatments (Fig. S1, Electronic Sup-
plementary Material and Fig. 4a). The lower numbers of
bands and lower intensity of archaeal amo4 DGGE bands
under the mowing treatments compared with grazing and en-
closure treatments would suggest that mowing decreased the
diversity of archaeal communities. Even though the HG treat-
ment leads to a more stressed environment with low fertility,
the diversity of archaeal amoA4 communities was still high as
demonstrated by the DGGE patterns (Fig. 4a), pointing to the
resilience of AOA in this ecosystem. In the semiarid grassland
ecosystem, soil moisture, pH, TN, as well as NO; -N concen-
trations were the four main environmental variables that influ-
ence AOA community structure (Fig. S3a, Electronic Supple-
mentary Material).

Phylogenetic analysis of the present study showed that
most of the AOA sequences were affiliated with the
Nitrososphaera cluster (previously also designated as cluster
soil (DeLong 1998)), leaving two bands ungrouped. No
Nitrosopumilis (previously also designated as marine
(DeLong 1998)) origin of AOA in this grassland soils was
found (Fig. 5a). This is in line with the findings in other tem-
perate grassland soils (Shen et al. 2011; Chen et al. 2014). All
the AOB sequences in this study were grouped within
Nitrosospira species (Fig. 5b), similar to those reported in
other grassland systems (Di et al. 2009; Chen et al. 2013),
upland soils (He et al. 2007), and paddy soils (Bowatte et al.
2006; Chen et al. 2008). The absence of Nitrosomonas in the
present study is interesting and requires further investigations
to understand the mechanisms behind this finding. Band B6 in
this study was grouped to cluster 2, which has previously been
associated with acid soils (Stephen et al. 1998), even though
the soil in this study is slightly alkaline, suggesting the wider
pH adaptability of this group.

These results clearly demonstrate that pasture management
practices of grazing, mowing, and enclosure can significantly
affect the abundance and community structure of AOA, rather
than AOB, confirming the importance of AOA in N cycling in
this important grassland ecosystem.

In this study, nirS gene abundance was higher than that of
nirK in all the treatments except in the M1 treatment (Fig. 3).
This was in contrast with the findings from some previous
studies in other ecosystems which showed the dominance of
nirK in forest and paddy soils (Wallenstein and Vilgalys 2005;
Yoshida et al. 2010; Zhou et al. 2011). It is interesting that the
nirS abundance was significantly lower in the M1 treatment,
while nirK abundance in the M1 treatment was the highest of
all the treatments. Yoshida et al. (2010) and Zhou et al. (2011)
found that nirK communities were more sensitive to environ-
mental change than nirS in agricultural soils. These results
therefore may partly support the hypothesis that there may
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be a niche differentiation between nirS and nirK in different
ecosystems (Banerjee and Siciliano 2012; Novinscak et al.
2013).

Even though the nosZ gene abundance was the highest of
all the denitrifying genes studied in all the treatments, it was
not significantly affected by the management practices, in-
cluding the grazing treatments with animal trampling. This
may indicate that the nosZ communities were relatively stable
under the different management practices. The soil at the site
was dry, and the different treatments did not result in a major
difference in soil moisture content. This might be partly re-
sponsible for the stable of the nosZ communities. Neverthe-
less, the DGGE band patterns of nosZ indicated higher inten-
sity for the enclosure treatment (Fig. 4d). Therefore, enclosure
might have stimulated greater denitrification. In addition, sig-
nificantly higher ratios of nosZ/(nirS+nirK) were shown in
the mowing treatments, which might suggest that the denitri-
fication reactions might occur to a more complete extent in the
mowed grassland. If this were the case, this would have im-
plications on N,O emissions in the mowed grassland treat-
ments. Further research is required to confirm this hypothesis.

Intriguingly, according to our study, the community struc-
ture of denitrifiers, irrespective of nirS, nirk, or nosZ, was
significantly correlated to soil moisture and inorganic nitrogen
content (Fig. S3b—d, Electronic Supplementary Material).
These results strongly suggested the impact of environmental
variables on diversity of denitrifiers.

Results from the phylogenetic analysis showed that the
denitrifiers were comprised of a diverse microbial community.
The nirS sequences (clusters I and IV) were closely related to
the Rhizobiales and Burkholderiales bacteria in this grassland
soil (Fig. 6a). These are different from those reported in paddy
soils which were related to Burkholderiales and
Rhodocyclales bacteria (Yoshida et al. 2009). Some of the
nirS sequences were also unique to this grassland ecosystem
(cluster III). The nirK sequences, on the other hand, were all
grouped to known denitrifiers, mostly relating to
Bradyrhizobium sp. and Mesorhizobium sp. (Fig. 6b). Even
though Bradyrhizobium contains both nirK-harboring and
nirS-harboring denitrifiers, the nirS communities were more
diverse than the nirK communities. In contrast, the majority of
the nosZ sequences were not grouped to known denitrifying
populations, suggesting novel and unique nosZ communities
in this grassland soil (Fig. 6¢).

5 Conclusions

This field study has shown major impacts of management
practices on the community abundance and structure of nitri-
fiers and denitrifiers in the semiarid grasslands of Inner Mon-
golia under cold conditions. The results showed that AOA
rather than AOB was the predominant ammonia oxidizers in
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this neutral to alkaline grassland ecosystem. The majority of
the AOA species were affiliated with Nitrososphaera cluster
whereas the AOB was mainly affiliated to Nitrosospira spe-
cies. The different management practices only had a signifi-
cant impact on the abundance and community structure of
AOA, but not that of AOB, pointing to the dominant role of
AOA in N cycling in this soil system under low temperature
conditions. Of the denitrifiers, the nirS communities were
greater in number and diversity than the #irK communities,
suggesting a greater role by the nirS communities in denitri-
fication. Higher gene abundance and greater DGGE band in-
tensity of nirS and nosZ genes in the enclosure treatments
might indicate greater denitrification in this treatment. The
higher nosZ/(nirS+nirK) ratios in the mowed grassland treat-
ment might also suggest more complete denitrification in this
treatment, possibly reducing N,O emissions in this treatment.
Soil moisture and inorganic nitrogen content were found to be
the two main soil environmental variables that influence the
community structure of nitrifiers and denitrifiers.
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