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A B S T R A C T

Nitrous oxide reduction is a pivotal process of nitrogen transformation regarding to global warming and ozone
depletion, but little is known about the ecological distribution of nitrous oxide reducing communities and their
determining factors. In total, 131 agricultural upland soil samples, including quaternary red clay soil (QRC),
tertiary red stone soil (TRS), alluvial soil (AS) and black soil (BS) were collected in this study. Typical nitrous
oxide reducers (nosZI) were sequenced on an Illumina Miseq platform. The results showed that although dif-
ferent types of soils displayed distinctive soil properties, 515 out of 994 OTUs were common species shared by all
the four soil types, moreover, these common OTUs took 96–99% of the relative abundance of the total nosZI-
containing population in different soil types. In contrast, unique nosZI-containing species which appeared in one
specific type of soil were minimal. Furthermore, copiotrophic taxa including Bradyrhizobiaceae, Rhodospirillaceae
and Phyllobacteriaceae were the dominant common nosZI-containing communities. These results indicated that
nosZI-containing denitrifiers were homogenously distributed among different agricultural soils, which may be
closely related to the intensive agricultural practices under long-term crop cultivation. Even though, the relative
abundance of most of the common OTUs, especially the high abundant ones, showed significant variations
among the soil types.

Collectively, our results suggested that the nosZI-containing soil microorganisms could be homogenized and
enriched in agricultural soils with the agricultural practices acting as major potential drivers, whereas soil
distinctive properties resulted in significant shifts in the relative abundance of common nosZI-containing deni-
trifying species and the presence of a small number of unique communities with low abundance.

1. Introduction

Denitrification is an important process in soil nitrogen cycling,
which is closely linked to nitrogen use efficiency, water eutrophication,
and groundwater contamination. It is also related to global warming
due to the production of greenhouse gas, N2O (Philippot et al., 2009).
Nitrous oxide reduction as the final step of denitrification, is catalyzed
by the nitrous oxide reductase. The composition and distribution of soil
nitrous oxide reducers is a global concern because nitrous oxide re-
duction was the only biological consumption pathway for N2O (Ye
et al., 1994), it is thus crucial to understand the differentiation of

nitrogen cycling and nitrous oxide emission in various ecosystems
(Conthe et al., 2018; Shaaban et al., 2018). However, limited knowl-
edge on the mechanisms driving the nitrous oxide reducing community
composition in ecosystems is available.

Nitrous oxide reduction is performed by phylogenetically diverse
groups of microorganisms that harbor the nosZ gene, which encodes the
structural part of nitrous oxide reductase. Up to date, two major clades
in the nosZ phylogeny-clade I and clade II were classified in soil eco-
systems (Jones et al., 2013; Sanford et al., 2012). Niche differentiation
was observed between the microorganisms with these two types of N2O
reductase (Jones et al., 2014). NosZI-containing denitrifiers were

https://doi.org/10.1016/j.apsoil.2019.05.013
Received 10 July 2018; Received in revised form 14 May 2019; Accepted 17 May 2019

⁎ Corresponding author.
E-mail address: shengrong@isa.ac.cn (R. Sheng).

Applied Soil Ecology 142 (2019) 8–17

Available online 25 May 2019
0929-1393/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09291393
https://www.elsevier.com/locate/apsoil
https://doi.org/10.1016/j.apsoil.2019.05.013
https://doi.org/10.1016/j.apsoil.2019.05.013
mailto:shengrong@isa.ac.cn
https://doi.org/10.1016/j.apsoil.2019.05.013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsoil.2019.05.013&domain=pdf


mainly affiliated with α-, β- and γ-proteobacteria (Jones et al., 2013),
which were generally the dominant bacteria phyla in arable soils
(Sheng et al., 2015; Sun et al., 2015), while nosZII-containing bacteria
were affiliated to a range of bacteria and archaea, such as bacteroidetes,
δ-proteobacteria and Aquificae (Jones et al., 2013). Furthermore, most of
the nosZI-containing microorganisms were found containing whole set
of denitrifying genes (Graf et al., 2014; Jones et al., 2014; Sanford et al.,
2012), and could use all denitrification intermediates to maintain their
biomass (Conthe et al., 2018; Juhanson et al., 2017). Whereas, nosZII-
containing community tended to be mainly dependent on exogenous
N2O (Conthe et al., 2018; Kong et al., 2017). Although both nosZ-con-
taining denitrifiers were influenced by soil properties, the degree to
which the soil properties influence the abundance and composition was
varied. For example, the abundance of nosZ clade I was more influenced
by soil texture (Jones et al., 2014) and C/N (Ligi et al., 2015) than that
of clade II, which in constrast responded more to differencce in soil pH
(Jones et al., 2014). Besides soil properties, numerous researches sug-
gested that nosZI-containing denitrifying communities also responded
sensitively to soil types (Chèneby et al., 1998; Yang et al., 2015), cli-
mate factors (Meng et al., 2017; Wallenstein et al., 2006) and agri-
cultural practices (Enwall et al., 2005; Hallin et al., 2009; Tortosa et al.,
2015). Therefore, nosZI-containing denitrifiers are important functional
community and labile to the changes of ecological factors, it is worth-
while to investigate the variations of their compositions in intensive
agricultural soils.

Although it has been reported that the nosZI-containing denitrifiers
inhabit in various ecosystems, such as agricultural soils (Hallin et al.,
2009; Liu et al., 2012; Yang et al., 2015), grassland soils (Cantarel et al.,
2012; Zhang et al., 2018), and forest soils (Meng et al., 2017), the
distribution pattern might change a lot in different ecosystems. The
picture that emerges from the existing literatures is that, a range of soil
properties, such as soil pH (Bru et al., 2011; Tsiknia et al., 2015), soil
texture (Enwall et al., 2010), soil carbon content (Bent et al., 2016), as
well as climate factors, including precipitation (Regan et al., 2017) and
temperature (Meng et al., 2017) have been suggested as driving factors
for the nosZI-containing microbial community composition in specific
environments. For example, the composition of nosZI-containing deni-
trifiers was reported to vary between adjacent meadow and forest soils,
which were mainly shaped by soil NH4

+ content and C/N ratio (Rich
et al., 2003). It was also detected that significant differences in nosZI-
containing denitrifiers existed between natural and re-vegetated forest
soils despite all they were forest ecosystems (Meng et al., 2017). In
comparison with natural ecosystems, agricultural ecosystems are dif-
ferent, because they have been continuously disturbed by anthro-
pogenic activities such as crop cultivation, annual tillage, fertilization,
and irrigation. Therefore, besides the factors similar to those in natural
ecosystems, soil nosZI-containing denitrifying communities in agri-
cultural ecosystems may also be regulated by agricultural practices
(Hallin et al., 2009). For instance, long-term fertilization was found to
significantly influence the composition and abundance of nosZI-con-
taining denitrifiers (Chen et al., 2010; Chen et al., 2012; Hallin et al.,
2009), while application of nitrogen and organic fertilizers could enrich
certain nosZI-containing denitrifying groups that adapted to the

changing soil environment (Wang et al., 2017). Additionally, growth of
plants was also found to induce shifts in nosZI-containing denitrifying
communities of the rhizosphere soil because root excretions might
create a unique niche for microorganisms (Tortosa et al., 2015; Zhu
et al., 2016). Furthermore, other soil management practices such as
irrigation (Wafula et al., 2015) and tillage (Tatti et al., 2015) have also
been found to alter the composition and activity of soil nosZI-containing
denitrifying communities. These results suggested that agricultural
practices could result in significant disturbances to soil nosZI-containing
denitrifying community composition. However, it is not clear whether
these anthropogenic influences on soil nosZI-containing denitrifiers can
overtake the impacts of edaphic properties and other climate factors in
agricultural ecosystems.

In this study, we focused on four major types of agricultural upland
soils with contrasting parent material backgrounds and distinct soil
physico-chemical properties. Field soil samples were collected in the
southern, northern and northeast of China. Barcode pyrosequencing
was employed to investigate the variations of nosZI-containing com-
munity composition. The objective is to reveal the distribution pattern
of nosZI-containing communities in different types of agricultural soils.
We hypothesized that the nosZI-containing community composition
would vary among four soil types while long-term crop cultivation
could only cause some modification based on the original frame.

2. Materials and methods

Soil sampling was carried out during July to August 2014 when all
the field sites were under crop growing season. The current crops were
mainly maize. Four major types of agricultural upland soils in China
were selected, which were quaternary red clay soil (QRC), tertiary red
stone soil (TRS), alluvial soil (AS), and black soil (BS). QRC and TRS
soils were classified as Ferralsols, AS soil as Fluvisols, BS soil as
Histosol, respectively, based on FAO classified system (FAO, 2001).
QRC soils were collected from Taoyuan and Qiyang counties of Hunan
province, whereas TRS soils were from Yingtan city of Jiangxi province.
Both QRC and TRS soils were located in Southern China. AS soils were
collected from the North China plain that spans Fengqiu county of
Henan province and Luancheng county of Hebei province. BS soils were
sampled along the black soil zone spanning approximately 900 km in
northeast China, including Jilin and Heilongjiang provinces. The region
characteristics including latitude, longtitude, mean annual temperature
(MAT) and precipitation (MAP) were shown in Table 1. In total, 131
sampling sites were randomly selected, including 38, 31, 30, and 32 for
QRC, TRS, AS and BS, respectively. The distance between any two ad-
jacent sites was at least 10 km. When soil samples were collected from
each site, a survey was conducted simultaneously. At each site, three
soil samples were taken from three independent fields, and each soil
sample with about 1 kg was a mixture of five soil cores (0–15 cm) that
were taken from the inter-row of crops, then mixed after removal of
root residues. One portion was packed into a sterile plastic bag and
transported to the laboratory on ice and conserved at −80 °C prior to
molecular analyses. The other portion was air-dried for soil physico-
chemical properties analysis.

Table 1
Region characteristics of sampling areas.

Characteristicsa Soil typesb

QRC TRS AS BS

Latitude (°N) 26.39–29.34 28.16–28.44 34.41–37.92 44.09–46.33
Longitude (°E) 111.24–112.17 116.72–117.06 113.89–114.77 125.92–126.92
MAT (°C) 23.0 18.4 13.3 4.9
MAP (mm) 1343 1785 544 574

a Characteristics: MAT, mean annual temperature, MAP, mean annual precipitation.
b Soil types: QRC, quaternary red clay soil, TRS, tertiary red stone soil, AS, alluvial soil, BS, black soil.
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According to the survey, all sampling sites have been utilized for
agricultural cultivation for centuries, mainly for winter wheat, maize,
and soybean. Over recent decades, N, P, and K fertilizers were generally
applied annually at rates of 105–225 kg N ha−1, 45–78 kg P ha−1 and
78–137 kg K ha−1 per year, respectively.

2.1. Soil physico-chemical properties

Soil pH, soil organic carbon (SOC), total phosphorus (TP), total
potassium (TK), available potassium (AK) and available phosphorus
(AP) were measured using methods described by Bao (2008). Soil
available iron (AFe), manganese (AMn), copper (ACu), zinc (AZn), and
boron (AB) were extracted with HF-HNO3-HClO4, and measured by
inductively coupled plasma-atomic emission spectrometry (ICP-AES)
(Lu, 1999). Soil texture was measured using a fixed pipette method
(Dane and Topp, 2002).

2.2. Potential denitrifying enzyme activity

Potential denitrifying enzyme activity (DEA) was determined ac-
cording to the C2H2 inhibition method (Smith and Tiedje, 1979).
Briefly, 25 g of fresh soil was placed in 250-mL flasks containing 25mL
of substrate with 1mM glucose and 1mM KNO3. Denitrifying condi-
tions were achieved by evacuating and filling flasks with nitrogen gas
three times. C2H2 was injected to a partial pressure of 10 kPa to inhibit
the activity of N2O reductase. The soils were incubated at 25 °C on a
rotary shaker at 210 rpm for 6 h. Headspace samples were collected
every hour. N2O was analyzed with a gas chromatograph equipped with
an electron capture detector (Aglient 7890A, USA).

2.3. DNA extraction

Total soil DNA was extracted from 0.3 g of freeze-dried soil ac-
cording to Chen et al. (2010) with minor modifications. At the first step,
soil samples (0.3 g, dry weight) were placed in a 2-mL centrifuge tube
with sterile glass beads, and then 0.8 mL of lysing solution (0.25M
NaC1, 0.1 M EDTA, and 4% SDS) was added. Then the mixture was
vortex-blended by a MP Fast Prep1–24 (MP Biomedicals, USA) for 40 s
at a speed of 5.5m s−1 instead of 1 h waterbath treatment. The ex-
tracted DNA was quantified using a Nanodrop ND-1000 (Nanodrop,
Delaware, USA). The template DNA for each soil sample was a mixture
of an equal amount of DNA from three extraction replicates.

2.4. Quantification of nosZI gene

Real-time PCR was used to quantify the abundance of nosZI-con-
taining denitrifiers with the primer set nosZI-1126F (5′-GGGCTBGGG-
CCRTTGCA-3′) and nosZI-1381R (5′-GAAGCGRTCCTTSGARAAC-
TTG-3′) (Chen et al., 2012). The PCR reactions were performed in a
total volume of 10 μL containing 5 ng template DNA, 5 μL SYBR green
mixII, 0.2 μL Rox (Takara, China), 0.3 μL (10 μM) of both forward and
reverse primers, and deionized water. Thermal program was run with
an ABI prism 7900 system (Applied Biosystem, USA) using the fol-
lowing thermal condition: 95 °C, 30 s; 40 cycles of 95 °C for 5 s, 60 °C for
30 s, 72 °C for 10 s. A standard curve was generated by running serial
dilutions with concentrations ranging from 108 to 102 gene copy
numbers of a plasmid bearing a copy of nosZI. Real-time PCR was
performed in biological triplicates with three technical replicates.
Amplification efficiencies of 97%–108% were obtained with R2 values
of 0.997–0.999. The specificity of the amplification was examined using
melt curve and agarose gel analysis.

2.5. Pyrosequencing

Primers of nosZI-1F (5′-CGYTGTTCMTCGACAGCCAG-3′) and nosZI-
1622R (5′-CGCRASGGCAASAAGGTSCG-3′) (Throback et al., 2004)

were prepared by adding the sequencing adaptor A to the 5′ end of the
forward primer, adaptor B to the reverse primer, and multiplex iden-
tifiers (MID) between adaptor A and the forward primers, in prepara-
tion for producing the barcoded amplicon library. The PCR reactions
were performed in a 50 μL volume including 80 ng template DNA, 2 μL
(10 μM) of both forward and reverse primers, 25 μL PCR mix (CWBIO,
China), and made up to volume with deionized water. Thermocycling
was conducted in a Mastercycler pro gradient PCR Cycler (Eppen-
dorfAG, German) as follows: 95 °C for 4min followed by 5 cycles of
95 °C for 45 s, 62 °C for 45 s, 72 °C for 1min, then 30 cycles of 95 °C for
45 s, 57 °C for 45 s, 72 °C for 1min, and a final elongation step at 72 °C
for 15min. PCR products were evaluated by analyzing 2 μL of the
product on a 2% agarose gel. Then they were purified using PCR Pur-
ification AxyPrep DNA kit (Axygen, California, USA) and quantified
using QuantiFluor-ST (Promega, USA). A mixture of the amplified
products was used for pyrosequencing on the Illumina Miseq platform
according to the standard protocol at Shanghai MajorbioBioPharm
Technology Co., Ltd., Shanghai, China.

Sequence analysis was performed with QIIME. The sequences were
denoised and checked for chimeras using usearch 61. Sequences sharing
80% similarity were grouped into one operational taxonomic unit
(OTU) (Palmer et al., 2009). Considering the occurrence of atypical
samples in field sampling, OTUs that appeared in< 10% of soil samples
of every specific soil type were removed. A representative sequence
from each OTU was analyzed by BLAST based on nucleotide database
on the NCBI website, and the abundant OTUs (> 1%) and reference
sequences from nucleotide database of NCBI websites were used to
construct the phylogenetic tree with MEGA 5.0. Bootstrap analysis was
used to estimate the reliability of the phylogenetic reconstruction (1000
replicates). The overall representative sequence was annotated ac-
cording to the closest related sequence with specific species information
(Identity> 80%).

2.6. Statistical analysis

Soil physico-chemical properties were subjected to analysis of var-
iance (ANOVA) with Duncan's test performed at a significance level of
P < 0.05 using SPSS software (version18.0, Chicago, Illinois, USA).
Principal coordinate analysis (PCA) was used to manifest the nosZI-
containing denitrifier profile. Redundancy analysis (RDA) was used to
identify the physico-chemical factors likely to affect the nosZI-con-
taining microbial composition using Canoco 4.5. Similarity percentage
(SIMPER) analysis was used to assess the similarity and dissimilarity in
community composition of nosZI-containing denitrifiers between soil
types. Pearson correlation analysis was performed to assess the re-
lationship between the nosZI gene copy number and soil physico-che-
mical properties with SPSS software.

2.7. Accession number of the nucleotide sequences

All nosZI gene sequences have been deposited in the GenBank
Sequence Read Archive (SRA) under the accession number SRP133927.

3. Results

3.1. Soil physico-chemical properties

The soil physico-chemical properties differed among the soil types
(Table 2). AS soils presented the highest pH of 8.26, followed by BS and
QRC soils, TRS soils displayed the lowest pH of 4.94. QRC soils pos-
sessed the highest clay content of about 37%, while TRS soils contained
the highest sand content of about 37%. AS and BS soils showed similar
soil texture with significantly higher silt content when compared to
QRC and TRS soils. TRS soils generally had the poorest macronutrients
such as SOC, TN, TK, NO3

− and AK among the four soil types, but
contained significantly higher contents of AFe, AMn, and ACu when
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compared to AS and BS soils. QRC soils contained similar levels of AFe
and AMn to TRS, and relatively high levels of SOC and ACu contents,
but showed the lowest AP content. AS soils had the highest TP whereas
BS soils possessed the highest SOC. In addition, significantly higher
NO3

−, AK and AB contents were observed in AS and BS soils than that
in QRC and TRS soils. DEA showed significant variation among four soil
types, which was highest in AS soils, followed by BS and QRC soils,
while the lowest DEA was detected in TRS soils.

3.2. Community structure of nosZI-containing denitrifiers

In total, 4,549,857 reads were generated through MiSeq Illumina
sequencing with an average length of 428 bp. After removal of OTUs
that appeared in< 10% soil samples in one specific soil type (con-
sidering the occurrence of atypical samples), 994 OTUs were obtained
across all soil samples. The total OTU numbers in QRC, TRS, AS, and BS
soils were 780, 717, 738, and 854, respectively, with average OTU
number for each soil sample within the above soils being 373 ± 73,
370 ± 71, 437 ± 41 and 474 ± 85, respectively.

The PCA plot of the Bray-Curtis distance ordination (Fig. 1) clearly
indicated significant variability in nosZI-containing denitrifying com-
munity structure among the four soil types. SIMPER analysis also re-
vealed the similarity within-group was greater than that between-
groups (Table S1). AS soils showed the lowest similarity with TRS soils
(average dissimilarity= 71.55%), followed by QRC and AS soils
(average dissimilarity= 70.27%). The highest similarity was observed
between QRC and TRS soils (average dissimilarity= 49.71%). When
comparing the dataset between sample sites within one specific soil
type, the average similarity of soil samples in QRC, TRS, AS, and BS was
53.37%, 63.70%, 65.31% and 57.72%, respectively.

To identify nosZI-containing communities that are omnipresent or
locally resident, we split the overall community into three general ca-
tegories: “common”, OTUs detected in all soil types; “unique,” OTUs
found only in one specific soil type; and “partially shared,” OTUs shared
by soil samples of two or three soil types. Surprisingly, 515 out of 994
OTUs were shared by the four soil types and were defined as common
OTUs, which constituted about 51% of total OTU numbers across all
soil types (Fig. 2). When calculated their proportion in each soil type, it
was detected that common OTUs accounted for 66.0%, 71.8%, 69.8%,

and 60.3% of the total OTU numbers in QRC, TRS, AS, and BS soils,
respectively. In contrast, the unique OTUs only formed a minimal
proportion of 3.3%, 2.5%, 8.3%, and 4.3% in the above soils, respec-
tively. The remaining 337 OTUs were shared by three or two types of
soils.

The relative abundance of OTUs was calculated based on the se-
quencing data. The relative abundance of common OTUs constituted
most of the nosZI abundance in the soils, which was 97.42%, 99.06%,
96.26%, and 96.95% in QRC, TRS, AS, and BS soils, respectively. In
contrast, the relative abundance of the unique groups was only 0.35%,
0.06%, 0.28%, and 0.19%, respectively, in the above soils. The con-
tributions of partially shared groups to total abundance were<4%,
and they also comprised a minority of the nosZI-containing denitrifying
communities in these agricultural upland soils (Table S2).

Although the common OTUs appeared in all soil types, their pro-
portions were largely relied on the soil types. According to the statis-
tical analysis, the relative abundance of 402 out of 515 common OTUs
was significantly different among the four soil types, especially for
those dominant OTUs. Especially, all the OTUs with relative abundance
above 1% showed significant variations across the different soil types
(Table 3). For instance, the OTU1 affiliated to Azospirillum (Fig. S1) was
the most abundant group in TRS soil with the relative abundance of
35.76%, which were about 2.01–7.21 times higher than that in other
types of soils. The OTU5 classified as Azospirillum took account 13.93%
of the total abundance in AS soils, but showed significantly lower
abundance in BS soils (average 1.83%), and rarely appeared in acidic
red soils (QRC and TRS, with average proportion< 0.40%). The re-
lative abundance of OTU2, OTU6 and OTU7 were significantly higher
in AS and BS soils than that in QRC and TRS soils.

3.3. Taxonomy of nosZI-containing denitrifiers

NosZI sequences were annotated by comparison of obtained se-
quences to the nucleotide database in Genbank using blastn analysis
(Fig. 3), which was supported by the phylogenetic tree (Fig. S1). The
nosZI-containing denitrifiers across all the soil samples were mainly
affiliated with 29 genera of Proteobacteria. In the common group,
members of Bradyrhizobium and Azospirillium were dominant commu-
nities across all soil samples, with an abundance of 32.98% to 40.01%

Table 2
Soil physico-chemical properties.

Soil properties† Soil types‡

QRC TRS AS BS

pH 5.35 ± 0.70 c§ 4.94 ± 0.31 d 8.26 ± 0.33 a 6.16 ± 0.94 b
Sand (%) 9.34 ± 6.11 c 37.06 ± 19.76 a 17.75 ± 14.70 b 15.14 ± 5.22 bc
Silt (%) 53.45 ± 5.43 b 29.09 ± 10.68 c 59.55 ± 10.72 a 60.38 ± 6.17 a
Clay (%) 37.21 ± 6.16 a 33.85 ± 12.61 a 22.70 ± 7.99 b 24.48 ± 3.34 b
SOC (g kg−1) 13.08 ± 2.86 b 8.33 ± 2.80 d 11.52 ± 2.85 c 18.08 ± 3.09 a
TN (g kg−1) 1.46 ± 0.24 a 0.96 ± 0.25 c 1.20 ± 0.25 b 1.39 ± 0.25 a
TP (g kg−1) 0.52 ± 0.21 b 0.60 ± 0.20 b 0.71 ± 0.21 a 0.50 ± 0.19 b
TK (g kg−1) 18.36 ± 7.57 a 7.26 ± 3.16 c 15.72 ± 2.13 b 19.27 ± 1.23 a
NO3

−-N (mg kg−1) 10.24 ± 4.72 b 7.06 ± 4.12 b 25.90 ± 23.07 a 34.95 ± 36.09 a
NH4

+-N (mg kg−1) 6.12 ± 4.72 a 2.84 ± 2.24 b 2.90 ± 2.37 b 1.53 ± 1.37 b
AP (mg kg−1) 14.96 ± 12.63 b 33.47 ± 33.03 a 32.67 ± 21.02 a 44.56 ± 17.39 a
AK (mg kg−1) 105.06 ± 48.03 bc 94.71 ± 73.12 c 133.09 ± 61.16 ab 160.42 ± 64.43 a
AFe (mg kg−1) 111.82 ± 88.89 a 99.68 ± 68.05 a 5.21 ± 3.84 b 5.82 ± 6.37 b
AMn (mg kg−1) 24.11 ± 19.00 a 19.67 ± 17.52 a 4.76 ± 1.38 b 10.19 ± 3.92 b
ACu (mg kg−1) 2.09 ± 1.41 b 3.14 ± 1.18 a 0.85 ± 0.86 c 0.24 ± 0.13 d
AZn (mg kg−1) 3.25 ± 3.14 ab 4.00 ± 2.86 a 2.29 ± 2.31 b 0.54 ± 0.30 c
AB (mg kg−1) 0.34 ± 0.21 c 0.17 ± 0.08 c 1.69 ± 0.47 a 0.83 ± 0.51 b
DEA (μg N2O kg−1 h−1) 131.58 ± 100.27 b 42.17 ± 34.45 c 217.03 ± 133.98 a 138.28 ± 112.64 b

† Soil properties: SOC, Soil organic matter, TN, Total nitrogen, TP, Total phosphorus, TK, Total potassium, AP, Available phosphorus, AK, Available potassium,
AFe, Available iron, AMn, Available manganese, ACu, Available copper, AZn, Available zinc, AB, Available boron, DEA, denitrifying enzyme activity.

‡ Soil types: QRC, quaternary red clay soil, TRS, tertiary red stone soil, AS, alluvial soil, BS, black soil.
§ Value are mean ± SE (standard error), n=38, 31, 30, 32 for QRC, TRS, AS and BS soil, respectively. Different letters (a, b, c, d) represent significant differences

at P < 0.05 between soil types.
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Fig. 1. Principal coordinate analysis (PCA) showing
the separation of nosZI-containing denitrifying com-
munity structure in different type of soils. Different
colored symbols represented different type of soil
samples. QRC: quaternary red clay soil, TRS, tertiary
red stone soil, AS, alluvial soil, BS, black soil. (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)

Fig. 2. Venn diagram showing the overlap of OTUs
between different soil types. The number in the circle
represents the OTU numbers shared by four, three or
two types of soils or OTU numbers that only detected
in one specific soil type. QRC: quaternary red clay
soil, TRS, tertiary red stone soil, AS, alluvial soil, BS,
black soil. (For interpretation of the references to
color in this figure legend, the reader is referred to
the web version of this article.)
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Table 3
Relative abundance of the dominant OTUs (average relative abundance> 1% across four soil types) in different type of soils.

OTU† Soil types‡

QRC TRS AS BS

OTU1 15.60 ± 13.70 b§ 35.76 ± 12.49 a 4.96 ± 2.82 c 17.78 ± 11.91 b
OTU2 5.72 ± 4.72 b 2.06 ± 2.26 c 8.95 ± 4.80 a 10.27 ± 6.08 a
OTU3 6.30 ± 6.01 b 16.73 ± 8.55 a 0.77 ± 0.07 c 2.58 ± 2.30 c
OTU4 5.01 ± 4.69 ab 6.64 ± 3.30 a 0.44 ± 0.72 c 4.19 ± 2.75 b
OTU5 0.40 ± 0.38 b 0.07 ± 0.08 b 13.92 ± 9.51 a 1.83 ± 1.36 b
OTU6 0.12 ± 0.11 c 0.03 ± 0.03 c 7.45 ± 3.93 a 4.28 ± 3.39 b
OTU7 0.99 ± 1.04 c 0.32 ± 0.28 c 5.08 ± 1.99 a 2.86 ± 2.44 b
OTU8 8.35 ± 5.16 a 0.12 ± 0.09 b 0.27 ± 0.32 b 0.38 ± 0.34 b
OTU9 0.16 ± 0.25 b 0.23 ± 0.39 b 6.33 ± 6.50 a 2.11 ± 1.41 b
OTU10 3.95 ± 3.31 a 1.19 ± 0.78 c 2.60 ± 1.59 b 0.92 ± 0.82 c
OTU11 1.90 ± 3.80 b 4.63 ± 3.13 a 0.16 ± 0.25 c 0.11 ± 0.13 c
OTU12 2.85 ± 2.74 a 1.59 ± 0.76 b 0.22 ± 0.80 c 1.74 ± 1.44 b
OTU13 0.70 ± 0.68 b 0.39 ± 0.35 b 0.16 ± 0.32 b 4.22 ± 4.18 a
OTU14 0.71 ± 0.81 b 3.09 ± 3.05 a 0.94 ± 0.81 b 0.26 ± 0.33 b
OTU15 0.04 ± 0.06 b 0.02 ± 0.02 b 4.14 ± 2.93 a 0.40 ± 0.73 b
OTU16 1.90 ± 1.79 a 1.12 ± 1.05 ab 0.15 ± 0.14 c 0.91 ± 1.05 b

† OTU, operational taxonomic unit. Sequences were assigned to OTUs using sequences similarity threshold of 80%.
‡ Soil types: QRC, quaternary red clay soil, TRS, tertiary red stone soil, AS, alluvial soil, BS, black soil.
§ Value are mean ± SE (standard error), n=38, 31, 30, 32 for QRC, TRS, AS and BS soil, respectively. Different letters (a, b, c) represent significant differences at

P < 0.05 between soil types.

Fig. 3. Taxonomy analysis of common (A) and unique (B) nosZI-containing denitrifying communities at the genus level. The average relative abundance of genera in
soil samples from each type of soils were shown in this figure, n=38, 31, 30, 32 for QRC, TRS, AS and BS soil, respectively. QRC: quaternary red clay soil, TRS,
tertiary red stone soil, AS, alluvial soil, BS, black soil. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 4. Redundancy analysis (RDA) indicating the
relationship between soil properties and nosZI-con-
taining denitrifying community structure in common
(A) and unique groups (B) at OTU level. Different
colored symbols in (B) represented unique OTUs
only detected in one specific soil type. QRC: qua-
ternary red clay soil, TRS, tertiary red stone soil, AS,
alluvial soil, BS, black soil. Soil properties are re-
presented by black arrows. The soil properties were
the following: sand content (Sand), silt content (Silt),
clay content (Clay), soil organic matter (SOC), total
nitrogen (TN), total phosphorus (TP), total po-
tassium(TK), available phosphorus (AP), available
potassium (AK), available iron (AFe), available
manganese (AMn), available copper (ACu), available
zinc (AZn), available boron (AB), denitrifying en-
zyme activity (DEA), mean annual precipitation
(MAP), mean annual temperature (MAT). (For in-
terpretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)
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and 28.72% to 44.53%, respectively. Mesorhizobium was also an
abundant group, with an average relative abundance of 5.18%. The
other common groups only showed higher abundance in specific soil
types, for example, member of Achromabacter was abundant only in
QRC soils, with an abundance of 4.26%, and Rhizobium was dominant
in AS soils with an abundance of 7.11%, whereas Herbaspirillum showed
high abundance of 2.66% in BS soils.

The taxonomic distribution of OTUs in the unique group was highly
dependent on the soil types (Fig. 3B). For example, unique communities
in QRC and TRS soils was predominated by Thiobacillus, but Azospir-
illum was dominant groups in AS soils, whereas the unique communities
in BS soils was mainly affiliated with Oligotropha carboxidovorans.

3.4. Relationships between nosZI-containing communities and soil physico-
chemical properties

Redundancy analysis (RDA) was performed to explore the re-
lationship between nosZI-containing denitrifying community structure
and soil physico-chemical properties. Soil pH was the predominant
factor in shaping the overall community structure of nosZI-containing
denitrifers, besides, other factors, such as MAP, AB and soil texture,
were also significantly related to the community structure (P < 0.05)
(Fig. S2). For the common OTUs, 39.4% of the variation in community
structure of nosZI-containing denitrifiers could be explained by the
measured factors (Fig. 4A). Among them, soil pH, soil texture, AB
content, and MAP were predominant factors. These results suggested
that despite the wide distribution of common nosZI-containing deni-
trifying communities in various types of soils, their distribution patterns
were largely determined by the differences in soil conditions among
different soil types and climate conditions. With respect to the unique
OTUs, their distribution pattern in each specific soil type was closely
related to the distinctive features of the soil (Fig. 4B). For example, the
community distribution of unique groups in TRS soils generally re-
vealed a positive correlation with NH4

+-N and sand contents. However,
the distribution of unique communities in AS soils showed positive
correlations with soil pH and AB content, whereas the unique com-
munities in BS soils were positively correlated with SOC.

3.5. nosZI gene copy number among four different types of soils

The nosZI gene copy number in different types of soils varied sig-
nificantly (Fig. 5). AS soils presented the highest abundance, with an
average copy number of 1.68 ± 0.92× 108 copies g−1 soil, followed
by QRC soils with 1.10 ± 0.89× 108 copies g−1 soil and then BS soils
with 5.28 ± 2.98×107 copies g−1 soil. The lowest copy number was
detected in TRS soils, with only 1.44 ± 0.96× 107 copies g−1 soil. We
also found that nosZI gene copy number was significantly and positively
correlated with soil properties including pH, SOC, TN, NH4

+-N contents
and DEA.

4. Discussion

Although agricultural practices could induce some shifts of soil
bacterial and fungal community compositions and diversity at a given
field sites (Beauregard et al., 2010; Yao et al., 2017), their communities
were suggested to be mainly structured depending on soil properties,
rather than soil management practices (Ge et al., 2008; Suzuki et al.,
2009). Nevertheless, functional microorganisms, especially those clo-
sely related to agricultural practices, such as nitrogen cycling, may
behave differently because their community sizes are much smaller and
more labile compared to the overall community of bacteria and fungi in
soils (Henry et al., 2006). This study is revealing the characteristics of
nosZI-containing denitrifying communities in different types of agri-
cultural upland soils with variations in their physico-chemical proper-
ties.

It is surprising to detected that although the agricultural upland
soils developed from different parent materials possessed striking dif-
ferent soil physico-chemical properties, they shared over 60% of nosZI-
containing denitrifying communities in different types of soils, which
represented over 96% of the relative abundance of nosZI population.
This result might suggest that the agricultural upland fields contained
similar core nosZI-containing denitrifying constituents, and they might
play crucial roles in N2O reduction in all the soils. The four types of soils
were developed from different parent materials and formed in distinct
climate environment, eventually presented striking different physico-
chemical properties, while the only common feature was that all the soil
have been utilized for agricultural cultivation for centuries. Previous
studies have found that nosZI-containing denitrifiers were very sensitive

Fig. 5. Box chart indicating nosZI gene copy num-
bers in different type of soils. QRC: quaternary red
clay soil, TRS, tertiary red stone soil, AS, alluvial
soil, BS, black soil. Different letters represent sig-
nificant differences at P < 0.05 between soil types.
(For interpretation of the references to color in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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to anthropogenic field management, such as nitrogen fertilization
(Chen et al., 2012) and tillage (Tatti et al., 2015). Some studies have
reported that anthropogenic activities could homogenize the species
composition belowground and reduce beta-diversity (Rodrigues et al.,
2013; Tosi et al., 2016). In recent decades, agricultural productivity has
been greatly improved by crop breeding, chemical fertilizer application,
and intensive management, which have resulted in high crop yields to
feed the increasing human population as well as significantly high input
of chemical fertilizers including nitrogen fertilizers. These agricultural
practices occur generally and similarly in agricultural ecosystems. Thus,
the convergence and enrichment of nosZI-containing denitrifying
communities could occur in all of the tested soils. It was also reported
that paddy soils collected from regions with a distinct latitudinal gra-
dient harbored constant functional microorganisms in their methano-
genic community (Zu et al., 2016). Furthermore, although some studies
proposed that horizontal gene transfer might occur among nosZI-con-
taining denitrifiers based on visual comparison of phylogenies from
partial sequences (Philippot et al., 2002; Zumft, 1997), it was generally
believed that the possibility of horizontal gene transfer of nosZI was
very low (Dandie et al., 2006; Jones et al., 2008; Palmer et al., 2009),
hence the horizontal gene transfer of nosZI was not the reason for the
homogenization of nosZI-containing denitrifying communities. From
the above points, we speculated that long-term crop cultivation across
different soils might be the major driving force for the development and
expansion of the major common nosZI-containing denitrifiers. Un-
fortunately, the strong direct evidence was not obtained for this spec-
ulation because management-free soils were not be found in the sam-
pling regions, so further studies should be conducted in the future.

Furthermore, taxonomic analysis also provided some clues on the
effect of crop cultivation. Our results showed that most of the common
nosZI-containing denitrifying communities belonged to Proteobacteria,
which are known to be copiotrophic bacteria that respond positively to
the increase in soil fertility caused by plant growth and fertilization
(Huang et al., 2018; Sun et al., 2015). Moreover, we found that species
belonging to Bradyrhizobiaceae and Phyllobacteriaceae were the domi-
nant denitrifiers across all soil samples, and the members of these two
lineages were shown to be capable of denitrification, as well as de-
gradation of atrazine herbicide and pyrene (Guo et al., 2011; Vercellino
and Gómez, 2013), suggesting that these communities have developed
high metabolic plasticity and physiological adaptations to survive in
agricultural soils.

Although convergence of the nosZI-containing denitrifying com-
munity composition existed among agricultural soils, the differences
were still detected, including differences in nosZI gene copy numbers,
the relative abundance of common communities, and the unique com-
munities (Fig. 5, Table 3, Fig. 3), and ultimately, the nosZI-containing
denitrifying community structure was significantly different among
four soil types (Fig. 1), which could support our hypotheses. The major
causes for the variations in nosZI-containing denitrifiers between soil
types might be linked to soil properties. Previous studies have shown
that denitrifying community abundance was positively correlated with
soil pH (Shaaban et al., 2018), SOC (Bent et al., 2016), and nutrient
availability (Liu et al., 2015). Similarly, we also found that AS soils,
which were characterized by relatively higher soil pH, displayed a
higher nosZI copy number than highly acidic and infertile TRS soils. In
addition, different microbial communities might selectively prefer to
specific ecological environments. For example, previous studies sug-
gested that members of Bradyrhizobiaceae tend to thrive in neutral
conditions but have high tolerance to acidity (Michel et al., 2017). We
also found that Bradyrhizobium in Bradyrhizobiaceae overwhelmingly
dominated in the acidic QRC and neutral BS soils (Fig. 3), which might
mean that this group would not grow very well in high-pH conditions. It
was also found that Azospirillum was more abundant in low fertility soils
(TRS soils), similarly, Azospirillum (Rhodospirllales) was recognized as
oligotrophic taxa (Castellano et al., 2017; Ishii et al., 2011). In addition,
nosZI-containing denitrifiers of the lineage Rhizobiaceae (Rhizobium)

were reported to be exclusively present in sediments with a higher ni-
trate content (Correagaleote et al., 2017) and were sensitive to low pH
(Bueno et al., 2015), which may explain the significantly higher
abundance of this group in AS soils. Furthermore, we revealed that each
type of soil harbored specific nosZI-containing communities even
though their population size was very small, and the distribution of
these denitrifiers was strongly linked to the unique soil characteristics.
Therefore, the differentiation of nosZI-containing bacterial community
structure among different types of soils could mainly be determined by
the soil properties.

5. Conclusion

The present study showed that different types of agricultural upland
soils contained similar major nosZI-containing denitrifying constituents,
despite being developed from different parent materials and presenting
striking differences in physico-chemical properties. This result sug-
gested that there was a profound homogenization of the nosZI-con-
taining denitrifying community in agricultural soils. Long-term crop
cultivation might be the major driving force for the convergence and
enrichment of these communities. The distinctive characteristics of in-
dividual soil types resulted in changes in the total population size and
the relative abundance of major common nosZI-containing denitrifiers,
and also induced some unique communities that can only reside in
specific soil environments.
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