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a b s t r a c t

Denitrification plays a key role in converting reactive nitrogen species to dinitrogen gas back into the
atmosphere to maintain the equilibrium of nitrogen cycling in ecosystems. In this study, functional genes
of nirK and nosZ were used to detect the community structure and abundance of denitrifying microor-
ganisms in acidic forest soils in southern China. Three sets of factors were considered for a comparison
among 5 forests, including forest types (natural vs. re-vegetated), depths (surface layer vs. lower layer)
and seasons (winter vs. summer). The community of nirK gene detected from these acidic forest soils was
closely related to Proteobacteria especially a-Proteobacteria and uncultured soil sequences, while that of
nosZ gene was affiliated with the a-, b- and g-Proteobacteria. Higher diversity of denitrifiers was observed
in re-vegetated forest soils than natural ones. Not only the community but also the abundance showed
significant differences between forest types as well as depths. The abundance of denitrifiers ranged from
105 to 107 gene copies g�1 dry soil in this study. For nirK gene, the abundance was much higher in the
lower layer than surface layer in both forest types, and the differences between winter and summer in
natural forest soils were higher than those in re-vegetated forest soils. The abundance of nosZ and nirK
genes showed a similar trend in natural forest, but the former was higher in matured forest than re-
vegetated forest. This study provided a direct comparison on community composition and abundance
of denitrifying bacteria in natural and re-vegetated acidic forest soils to allow further assessment of the
nitrogen cycling.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Denitrification is an important biological process transforming
reactive nitrogen species in terrestrial and aquatic ecosystems into
inert N2 gas. It involves several reductive steps: nitrate reduction to
nitrite (NO3

�/NO2
�), nitrite to nitric oxide (NO2

�/NO), nitric oxide
to nitrous oxide (NO/N2O), and nitrous oxide to dinitrogen (N2O
/N2) (Galloway et al., 2004). Obviously, the biochemical pathway
is of particularly significance in maintaining the equilibrium of
nitrogen and cycling in ecosystems. In the stepwise reduction, ni-
trite reductase is one of the key enzymes involved because it is the

first step in catalyzing the reduction of soluble nitrite to gaseous
product (Henry et al., 2004). The functional gene nirK or nirS can be
used for detection of denitrifying bacteria in various environments
(Braker et al., 1998; Oakley et al., 2007; Priem�e et al., 2002; Yan
et al., 2003). Both nirK and nirS genes are functionally equivalents
but structurally divergent enzymes catalyzing NO2

� reduction.
Generally, the homotrimeric copper-containing enzyme is encoded
by the nirK gene while the homodimeric cytochrome cd1- NO2

�

reductase is encoded by nirS gene (Zumft, 1997). In addition, N2O is
also an important intermediate product in the denitrification
pathway, contributing up to 6% of global warming with a global
warming potential approximately 300 times higher than that of
carbon dioxide (IPCC, 2007). N2O is also known to deplete strato-
spheric ozone layer through stratospheric nitric oxide (NO) pro-
duction. N2O emission is highly variable among different soils and
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is primarily driven by biological denitrification (Wrage et al., 2004).
Thus, nosZ gene encoding N2O reductase is also important in
delineating the source and dynamics of greenhouse gases.

Generally, tropical and subtropical forest soils are characterized
as highly acidic and weathered soils due to their low pH and high
water contents (Bennema et al., 1970; Kusel and Drake, 1995; R€osch
et al., 2002; Zhang et al., 2014). Though denitrification activity is
very low in subtropical and tropical forest soils (Xu and Cai, 2007;
Zhang et al., 2014), they are still the largest source of NO and N2O
because the high redox potential in forest soils suppresses deni-
trification but enhances the NO and N2O gas emissions (Zhang et al.,
2009). Furthermore, acidic pH < 5 impairs the N2O reductase for-
mation by post-transcriptional effects and increases the production
of N2O (�Cuhel et al., 2010; Liu et al., 2010; �Simek and Cooper, 2002).

An increasing number of natural forests have been under
constant threat of deforestation as a consequence of intense ur-
banization and infrastructure development (Fearnside, 2005;
Laurance, 1999; Paula et al., 2014). Numerous studies have inves-
tigated the changes of microbial community structure and diversity
in terrestrial soils (Bremer et al., 2007; Cavigelli and Robertson,
2000; Enwall et al., 2010), but still very little is known to the
community change in soils of natural forest and re-vegetated for-
ests. Biochemical processes catalyzed by the diverse microorgan-
isms and particularly the relevant functional genes can be assessed
using biomarkers for estimating community composition and gene
abundance (Hallin et al., 2009; He et al., 2007; Paula et al., 2014).
Therefore, the objectives of this study were to evaluate the popu-
lation and diversity of denitrifying microorganisms in two different
types of forest, to determine the seasonal and depth effects on the
microbial community in these forests, to quantify the abundance of
denitrifying population in these acidic forest soils, and to analyze
the relationship among community, abundance and environmental
factors.

2. Materials and methods

2.1. Field sampling and physicochemical analysis

Soil samples were taken on January 8, 2015 (winter) and August
5, 2015 (summer) from Nanling National Nature Reserve in
Guangdong province, China (24�37ʹ - 24�570N, 112�300- 113�040E).
Five representative forests were selected, including three sites for
natural forest and two for re-vegetated Cunninghamia lanceolata
(Lamb.) forest with different ages of reforestation. Detailed site
description of these samples is available elsewhere (Gan et al.,
2015; Meng et al., 2016) and a brief information is presented in
Table 1. Soil samples were taken from two depths (Surface 0e10 cm,
and Lower layer 20e40 cm) in triplicate randomly at each site. After

sampling, soils were homogenized, subdivided to eliminate excess,
and separated into two parts, one for physicochemical analysis and
the other frozen immediately for following molecular analysis.

Physicochemical analysis of pH, organic carbon, total N, NH4
þ-N,

NO3
�-N, hydrolyzed nitrogen, available phosphorus and exchange-

able Al3þ were carried out in Guangdong Institute of Eco-
environment and Soil Sciences using official methods for soil
analysis (Lu, 2000). Soil water contentwasmeasured after drying in
oven for 24 h at 105 �C. Unit of expression of results was converted
to the dry weight basis of soil for further analysis and comparison.

2.2. DNA extraction and PCR amplification

DNA extraction was conducted with 0.25 g of forest soils using
the PowerSoil® DNA isolation kit (MO BIO Laboratories, Inc. USA)
according to the instructions. DNA concentration was measured on
NanoDrop™ ND - 2000 (Thermo Scientific, USA). The extracted
DNAwas stored at �20 �C for further processing. The nirK, nirS, and
nosZ genes were used as biomarkers to evaluate the denitrifying
microbial community in this study and the PCR amplification
conditions are listed in Table S1.

2.3. Cloning, sequencing and data analysis

A total of 20 individual samples with 60 PCR reactions (tripli-
cates for each sample to pool them to decrease the PCR bias) were
conducted and the target DNA band was purified using GFX™ PCR
DNA and Gel Band Purification Kit by following the manufacturer's
protocol (Amersham Biosciences, UK). PCR products were ligated
into pMD-18 vector (Takara, Japan) and transformed into the
competent cells of E. coli DH5a (Takara, Japan) according to in-
structions. After the blue-white screening, positive clones were
selected and sequenced.

Nucleotide sequences were processed using the Ribosomal
Database Project (RDP) functional gene (Fungene) pipeline (http://
fungene.cme.msu.edu) (Fish et al., 2013). The filtered sequences
were translated into protein and frameshift-correct using the RDP
DNA-protein alignment tool FrameBot (min length ¼ 80 a.a.,
identity cutoff ¼ 80%) and the corresponding FunGene database as
a reference. Amino acid sequences were then aligned and clustered
using CD-HIT suite clustering at the respective 95% amino acid
dissimilarity threshold determined for function genes (Huang et al.,
2010). Representative sequences were selected for phylogeny
construction through MEGA 6.0 version (Tamura et al., 2013). Se-
quences yielded from this study were deposited into NCBI under
accession numbers: KX598792 - KX598844 and KX598845 -
KX598981 for nirK and nosZ, respectively.

Table 1
Site description and sampling details of the Nanling National Forest Reserve.

Forest Sample IDa Depth Dominant Vegetation Forest Type

High-altitude Forest (1858 m) HLS Surface Bamboo Natural
HLD Lower

Pine Forest (1371 m) PS Surface Pinus massoniana (Lambo) Natural
PD Lower

Evergreen broad-leaf forest (1009 m) EBLS Surface Evergreen broad-leaf forest Natural
EBLD Lower

Re-vegetated Forest (Young, 615 m) CLYS Surface Cunninghamia lanceolata (Lamb.) Re-vegetated
CLYD Lower

Re-vegetated Forest (Mature, 529 m) CLMS Surface Cunninghamia lanceolata (Lamb.) Re-vegetated
CLMD Lower

a Sample ID is abbreviated of forests with layer (S or D) in natural forest, and the IDs of re-vegetated forest are short of Cunninghamia lanceolate (CL), forest age (Y or M), and
layer (S or D).
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