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Abstract For the past few decades, human activities have
intensively increased the reactive nitrogen enrichment in
China’s coastal wetlands. Although denitrification is a critical
pathway of nitrogen removal, the understanding of denitrifier
community dynamics driving denitrification remains limited
in the coastal wetlands. In this study, the diversity, abundance,
and community composition of nirS-encoding denitrifiers
were analyzed to reveal their variations in China’s coastal
wetlands. Diverse nirS sequences were obtained and more
than 98 % of them shared considerable phylogenetic similarity
with sequences obtained from aquatic systems (marine/estua-
rine/coastal sediments and hypoxia sea water). Clone library
analysis revealed that the distribution and composition of
nirS-harboring denitrifiers had a significant latitudinal differ-
entiation, but without a seasonal shift. Canonical correspon-
dence analysis showed that the community structure of nirS-
encoding denitrifiers was significantly related to temperature
and ammonium concentration. The nirS gene abundance
ranged from 4.3 x 10° to 3.7 x 107 copies g ' dry sediment,
with a significant spatial heterogeneity. Among all detected
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environmental factors, temperature was a key factor affecting
not only the nirS gene abundance but also the community
structure of nirS-type denitrifiers. Overall, this study signifi-
cantly enhances our understanding of the structure and dy-
namics of denitrifying communities in the coastal wetlands
of China.

Keywords Denitrification - nirS gene - Coastal wetlands -
Temperature - Abundance - Community structure

Introduction

Over the past several decades, reactive nitrogen (Nr) input has
incredibly increased because of human activities (Galloway
and Cowling 2002; Galloway et al. 2008). By 2050, the nitro-
gen delivery in most regions is predicted to reach
50 kg N ha ' year ! to afford the still-growing human popu-
lation (Galloway et al. 2004). The acceleration of Nr is attrib-
uted mainly to industrial production of nitrogen fertilizer and
combustion of fossil fuel which contribute about
1.48 x 10" mol N year ' (Canfield et al. 2010; Vitousek
et al. 1997). Although the increasing input of Nr has enabled
humans to greatly improve crop yield, considerable Nr is
eventually transported into estuarine and coastal wetlands
through river flow, groundwater discharge and atmospheric
deposition (Boyer et al. 2006; Seitzinger 2008), which has
caused a series of environmental problems such as aquatic
eutrophication, harmful algal bloom and hypoxia (Earl et al.
2006; Gruber and Galloway 2008; Howarth 2008). Therefore,
it is of significance to study the nitrogen removal and associ-
ated microbial mechanisms for protecting and improving wa-
ter quality in estuarine and coastal environments.
Denitrification, the dissimilatory reduction of oxidized N
compounds (NO3™ and NO, ") to gaseous nitrogen (including

@ Springer


http://dx.doi.org/10.1007/s00253-016-7659-5
http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-016-7659-5&domain=pdf

Appl Microbiol Biotechnol

NO, N,0, and N,), has been considered an effective microbial
nitrogen removal process (Falkowski et al. 2008; Zumft
1997). This process contributes more than 70 % of the nitro-
gen loss in natural ecosystems, which is much higher than
anammox process (Babbin et al. 2014; Dalsgaard et al.
2012). Thus denitrification plays a crucial role in controlling
nitrogen fate (van Breemen et al. 2002). Diverse types of
metabolic enzymes, including nitrate reductases (Nar), nitrite
reductases (Nir), nitric oxide reductases (Nor), and nitrous
oxide reductases (Nos), catalyze the denitrification process
(Zumft 1997). In particular, Nir catalyzes the rate-limiting step
in denitrification, which is encoded by nirK and/or nirS genes
(Braker et al. 2001). Although these two genes are structurally
different, enzyme types are functionally and physiologically
similar (Coyne et al. 1989). Compared with nirK which is also
contained in nitrifiers (Cantera and Stein 2007), nirS is found
to be more widely distributed in natural environments (Braker
etal. 1998). Therefore, nirS has been most frequently used for
functional biomarkers of denitrifying community.

China has contributed far more Nr than other countries, due
to large population and rapid agricultural and economic devel-
opment (Cui et al. 2013). Over the past century, Nr emission had
increased from 9.2 to 56 Tg year ' in China (Cui et al. 2013),
and the majority of the Nr is delivered into the environment
(Galloway and Cowling 2002; Wang and Wang 2009). At pres-
ent, the estuaries and coastal seas of China have greatly suffered
from the severe Nr pollution (Cui et al. 2013; Zhao et al. 2012).
Although the important role of denitrification in the nitrogen
removal is identified, little is known about the dynamics of de-
nitrifiers in the nitrogen-enriched environments. The objectives
of this study are to investigate the abundance, diversity, and
distribution of nirS-harboring denitrifiers along the coastal wet-
lands of China and to explore the underlying interactions among
the dynamics of denitrifiers, environmental parameters, and
denitrifying activities in the wetland ecosystem.

Materials and methods
Study area

The coastal regions of China cover an area over three million
square kilometers, with a 32,000 km coastline (Wang 1992).
In China, the development of coastal regions has made a sig-
nificant contribution to the national economy, harboring more
than 60 % of China’s gross domestic product (He et al. 2014).
Over the past two decades, the coastal wetland areas have
decreased 3.38 x 10° ha, with a total loss rate of 9.33 %
(Wetland China 2014). The loss of the coastal wetlands is
mainly attributed to the increasing growth of population in
the coastal zone, which was coupled with rising coastal urban
areas, economic growth, rapid urbanization, and infrastructure
development (He et al. 2014; Shi et al. 2015). In addition, the
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interference of human activities has caused a series of ecolog-
ical changes in China’s coastal wetland ecosystems, such as
the losses of biological habitat, productivity, and diversity
(Lin et al. 2007; Sun et al. 2015; Xie et al. 2010).

Sample collection

In this study, sediment samples were collected from eleven sites
(P1 to P11) located in the coastal wetlands of China (including
Dandong, Tangshan, Weifang, Qingdao, Lianyungang,
Shanghai, Wenzhou, Fuzhou, Shantou, Zhuhai, and Beihai)
(Fig. 1), ranging from high latitude sites (P1 to P6) to low lati-
tude sites (P7 to P11). The numbering scheme for sampling sites
decreases with latitude. Field work was conducted in winter
(January) and summer (August) 2014, respectively. Triplicate
sediment samples (0-5 cm) were collected with PVC cores at
each site. The core sediments were transported to the lab on ice
and immediately homogenized as one composite sample under
helium condition. A fraction of the composite sample was ar-
chived at —80 °C until DNA isolation and used for microbial
molecular analysis. The remaining sample was stored at 4 °C for
analyses of sediment physicochemical parameters and
denitrification activity. The data on sediment properties and
denitrification rates in these collected samples have been given
in Hou et al. (2015) (Table S1 and Fig. S1).

PCR amplification, cloning, and phylogenetic analysis

Total genomic DNA was extracted from ~0.3 g sediment with
PowerSoil DNA isolation kits (MoBio, USA). The nirsS gene
fragment (encoding cytochrome cd1-containing nitrite reduc-
tase ~840-890 bp) was amplified from sediment DNA ex-
tracts using primers nirS-1F and nirS-6R (Braker et al.
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1998). The details of the primers and PCR conditions are
shown in Table S2. The amplification products were visual-
ized by electrophoresis on 1.0 % agarose gels. The obtained
PCR products were purified using the Gel Advance gel ex-
traction system (Viogene, China), and cloned into the pUCm-
T Vector (Sangon, China). Then insert-containing
transformants were transformed into E. coli XL1-Blue for
growth. Approximate 100 clones were randomly screened
from each sample and sequenced with an ABI 3370XL
Prism genetic analyzer (Applied Biosystems, Canada).

Sequences were assembled, edited and put in order with
DNAstar Lasergene (DNAstar, USA). The nirS sequences were
analyzed in GenBank by BLAST (http:/blast.st-va.ncbi.nlm.
nih.gov/Blast.cgi) to obtain reference sequences. All of the
obtained sequences were aligned with the ClustalX software
(Thompson et al. 1997). The Mothur program (http://www.
mothur.org/) was used to classify the sequences into one
operational taxonomic unit (OTU) with >95 % identity.
Phylogenetic tree was created by Mega 5 program with the
neighbor-joining method (Kumar et al. 2004). The reliability
of the tree topologies was estimated by performing 1000
bootstrapping replicates (Tamura et al. 2007).

The unique nucleotide sequences obtained in this study are
available, and have been deposited in GenBank database un-
der accession numbers of KU995338 to KU996352.

qPCR of nirS gene

The abundance of nir:S gene fragment (425 bp) in sediments was
quantified in triplicate with primers cd3aF and R3cd (Throback
et al. 2004). The details of the primers and PCR conditions are
shown in Table S2. Plasmids containing cloned nirS PCR
amplicons were generated with Escherichia coli hosts by using
Qiagen Miniprep Spin Kit. The plasmids were diluted into a
series of gradient as standard curves. The concentration of orig-
inal plasmid was estimated with a Nanodrop-2000
Spectrophotometer (Thermo, USA). Quantification standard
curves were formed via platting the threshold cycle (Ct) versus
the log;o values of nirS gene copy numbers carried by the stan-
dard plasmids solutions, with strong linear relationship
(R* = 0.9996) and high amplification efficiency (94.7 % in win-
ter and 100.1 % in summer). The standard curve ranged over 7
orders of magnitude of the standard plasmid’s concentrations
(1.71 x 10® to 1.71 x 10° copies per microliter). The melt curve
for standards and samples only had a single peak at 85.4 °C,
indicating that the fluorescent signals were obtained from spe-
cific DNA samples in all the process of quantitative PCR.

Statistics analysis
The biodiversity indicators (Shannon-Weiner and Simpson),

species richness Chao 1 estimator, and the rarefactions curves
were obtained with the Mothur program (Schloss et al. 2009).

The coverage for each constructed clone library was calculat-
ed using the follow method: the obtained OTUs number di-
vided by chaol indicator (Mohamed et al. 2010).
Relationships between denitrifying bacterial community com-
positions and environmental indices were analyzed by the
Canoco (version 4.5) software using canonical correspon-
dence analysis (CCA) on the basis of the results of detrended
correspondence analysis (DCA) (Danovaro and Gambi 2002;
ter Braak 1988). Community classifications of sediment nirS-
based denitrifiers were explored with principal coordinates
analysis (PCoA) by the Qiime 1.9.0 software (Caporaso
etal. 2010). Pearson correlation analyses were conducted with
SPSS (version 16.0) software to explore correlations of envi-
ronmental variables with the richness and abundance of nirS-
harboring denitrifiers. Additionally, one-way analysis of vari-
ance (ANOVA) was performed to compare spatial and season-
al differences in nirS-encoding denitrifiers.

Results
nirS-based denitrifier diversity

The nirS gene sequences were successfully recovered from
sediment DNA extracts at all sampling sites. Clone libraries
were constructed for each site, containing 73 to 96 clones per
library (Table 1). This resulted in a total database of 1942 nirS
gene clones (Table 1). To date, these represented the most
widespread nirS gene clone library in China’s coastal wet-
lands. To analyze the diversity of nirS-based denitrifiers,
5 % divergence at the nucleotide level was used for nirS se-
quences to define OTU. In this study, 13 to 33 OTUs were
obtained in each individual clone library (Table 1), and a total
of 493 OTUs were identified. The library coverage was esti-
mated at between 91.5-99.2 %. The high coverage indicates
that the majority of the nirS-based denitrifier diversity was
obtained, which is further confirmed by the rarefaction analy-
sis (Fig. 2).

Based on the Shannon-Weiner and Simpson indices
(Table 1), the maximal nirS-type denitrifier richness was
found at site P6 in summer and P1 in winter where 30 and
33 OTUs were observed, respectively. The lack of significant
curvature (Fig. 2) indicated that the richness of distinct niS-
based sequences was not yet saturated in those two libraries.
The second high richness of nirS-type denitrifiers appeared at
site P10 in summer where 28 OTUs were obtained.
Additionally, relatively low biodiversity of nirS gene was re-
corded at site P8 in summer where only 13 OTUs were found.
The other 18 clone libraries had intermediate diversity, with an
average Shannon-Weiner index of 2.58. Overall, the diversity
of nirS gene showed a significant spatial difference (one-way
ANOVA, P = 0.001) along the coastal wetlands of China.
However, no distinctive seasonal shift was found between
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Table 1 Diversity estimators of

nirS-encoding denitrifiers in the Seasons Sites  No.ofclones ~ OTUs*  Shannon®  Chao I° 1/Simpson!  Coverage (%)°
coastal wetlands of China
winter P1 85 33 3.17 36.1 21.12 91.5
P2 86 15 1.94 15.9 432 94.6
P3 93 20 2.59 213 11.50 94.1
P4 90 20 2.20 214 5.40 93.6
P5 87 25 2.88 25.8 15.52 97.0
P6 96 19 2.50 20.2 9.01 94.1
P7 85 18 2.19 19.1 5.61 94.2
P8 94 15 2.04 15.1 5.27 99.2
P9 90 26 2.84 272 12.75 95.8
P10 88 23 2.90 23.7 18.23 97.2
P11 89 30 3.00 30.5 14.50 98.5
Summer Pl 88 23 271 235 11.60 98.0
P2 94 25 2.89 25.8 16.43 96.8
P3 87 20 245 20.6 7.68 97.1
P4 90 26 2.89 264 14.56 98.6
P5 73 24 293 25.0 16.95 96.0
P6 79 30 323 314 29.34 95.5
P7 89 14 1.68 14.1 2.84 99.0
P8 93 13 1.28 13.4 1.97 972
P9 91 23 2.72 24.1 11.31 95.4
P10 85 28 3.06 28.6 19.40 97.8
P11 90 23 2.66 244 11.06 94.4

*OTUs are defined based on 5 % nucleotide acid divergence

® Shannon—Weiner index. Higher number represents more diversity

¢ Nonparametric statistical predictions of total richness of OTUs based on distribution of singletons and

doubletons

Reciprocal of Simpson’s diversity index. Higher number represents more diversity

¢ Percentage of observed number of OTUs divided by Chaol estimate

summer and winter (one-way ANOVA, P = 0.919), with av-
erage Shannon-Weiner indices of 2.59 and 2.57, respectively.

Community composition and distribution
of nirS-encoding bacteria

For the phylogenetic analysis, the nirS gene sequences
were grouped into 10 distinctly defined clusters (I to X)
on the basis of evolutionary distance (Fig. 3). In this
study, the levels of nucleotide clone identity ranged from
45 % to 100 %. The 1942 nirS gene sequences were
aligned with representative database sequences and had
high degree of identity (93.0-100.0 %) to the closest
matched sequences retrieved from the GenBank.
Phylogenetic analysis showed that a large proportion of
the unique OTUs matched with uncultured environmental
nirS assemblages. The majority of the closely matched
sequences in the GenBank were retrieved from sediment
environments, including Haihe River estuary
(KC106788), Yangtze estuary (KF363218; EU236006;
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KM892169; EU235754) (Zhang et al. 2014; Zheng et al.
2015), Bahia del Tobari estuary (KC614247), San
Francisco Bay estuary (GQ453730) (Mosier and Francis
2010), Bohai Gulf (JN257854), East Pacific sea
(GU348415), coastal sea in France (KJ640012) (Stauffert
et al. 2014), as well as coastal regions in Baltic sea
(DQO072204) (Hannig et al. 2006) and the South Pacific
(AJ811468) (Castro-Gonzalez et al. 2005). The nirS gene
sequences of cluster IX were closely related to the cultivated
denitrifiers of Proteobacteria Pseudomonadales (CP000304)
(90 % identity) (Yan et al. 2008).

All of the ten clusters corresponded to distinct groups in the
phylogenetic tree (Fig. 3). The cluster II contained the maxi-
mal amount of nirS gene sequences, occupying 26.6 % of the
total sequences (Fig. 4). However, the cluster V only
accounted for 0.6 % (Fig. 4). The clusters I, II, and IV were
discovered in all the 22 built clone libraries, including 1.1 % to
65.2 % of nirS gene sequences. Of these ten clusters, no one
was unique to a particular site, and all the clusters included
sequences from four or more samples. The nirS sequences
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Fig. 2 Rarefaction analysis of nirS-encoding denitrifier communities in

summer and winter, respectively. OTUs were defined by <5 % divergence
in nucleotide sequence

from high latitude habitats (P1 to P6) were the dominant type
in the clusters II, V, VIII, and X (Table S3), accounting for
61.0 % to 83.3 % of the nirS-based denitrifiers. However, in
the clusters VI and IX, the nirS sequences were co-dominated
by the low latitude sites (P7 to P11), accounting for 71.1 % to
84.8 %. Among all the 22 clone libraries, no one library was
dispersed throughout the phylogenetic tree, which generally
occupied 5 to 8 clusters.

Spatial and temporal distributions of nirS-harboring deni-
trifier community were statistically compared with the weight-
ed UniFrac PCoA analysis (Fig. 5). The first two principal
coordinates explained 42.91 % of the nirS-based denitrifier
community changes among all the sampling sites. The distri-
bution of nirS-based bacterial community did not show a sig-
nificant seasonal difference between summer and winter clone
libraries (Fig. S2), indicating that the nirS-encoding bacterial
community compositions were relatively stable in China’s
coastal wetland sediments. However, a significant latitudinal
shift was characterized in the distribution of denitrifier assem-
blages along the coastal wetlands (Fig. 5).

Quantification of nirS-based denitrifiers

The qPCR results indicated a geographically heterogeneous
distribution of nirS-encoding denitrifier abundance along the
coastal wetlands of China (one-way ANOVA, P < 0.001)
(Fig. 6). The copy numbers of nirS gene ranged from
3.1 x 10° to 3.7 x 10 copies g ' dry sediment in summer
and 4.3 x 10° to 1.2 x 107 copies g ' dry sediment in winter.
The highest copy number was found at the low latitude site P7
in summer, and the lowest copy number was detected at the
high latitude site P5 in winter. The average copy number of
nirS-encoding denitrifying community was slightly higher at
the low latitude sites (P7 to P11) than at the high latitude sites
(P1 to P6) (Fig. 6). Although no significant seasonal shift was
found (one-way ANOVA, P = 0.079), the nirS-encoding bac-
terial abundance tended to be higher in summer than in winter
(except for sites P6 and P11), with respective average abun-
dance 0f 9.0 x 10° and 2.9 x 10° copies g ' dry sediment.

Relationships of nirS-encoding denitrifier community
dynamics with environmental factors

The relationships between the nirS-type denitrifier communi-
ties with environmental variables were tested by the canonical
correspondence analysis (CCA) (Fig. 7). The environmental
parameters in the first two CCA dimensions (CCA1 and
CCA2) provided 49.9 % of the cumulative variance of the
nirS-type denitrifying community-environment correlation.
The results showed that the nirS-based denitrifying communi-
ty structures in the sediments of China’s coastal wetlands were
significantly correlated to ammonium (P = 0.017, F = 2.89,
1000 Monte Carlo permutations) and temperature (P = 0.048,
F =1.63, 1000 Monte Carlo permutations), which accounted
for 37.0 % of the total CCA expositive power. Although the
contribution of other investigated environmental variables (in-
cluding nitrate, nitrite, organic carbon, sulfide, salinity, organ-
ic nitrogen, median size, pH, and C:N ratios) were not signif-
icant (P> 0.05, 1000 Monte Carlo permutations), the union of
these environmental factors accounted for additional 45.0 %
of the entire CCA expositive power.

The relationships of nirS-based bacteria diversity with en-
vironmental parameters were also analyzed with SPSS soft-
ware. The results showed that the diversity of nirS-based
denitrifying bacteria was positively correlated to organic ni-
trogen (R = 0.458, P = 0.032, N = 22) and negatively corre-
lated to C:N ratios (R =—0.540, P =0.009, N =22) (Table S4).
However, no significant correlations were found between
nirS-based denitrifier diversity and other environmental vari-
ables (including temperature, salinity, pH, sediment median
size, organic carbon, sulfide, ammonium, nitrite, and nitrate)
(P> 0.05).

In addition, Pearson correlation analyses indicated that the
nirS-based denitrifier abundance was only correlated with
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Fig. 3 Neighbor-joining phylogenetic tree of nirS sequences in China’s
coastal wetland sediments. This showed affiliations between nirS gene
fragments derived from the coastal wetlands of China and related
matches, with the Proteobacteria Pseudomonadales (accession no.
D84475) used as the outgroup. Clone names include the sample name

temperature (R = 0.420, P = 0.050), as compared with other
environmental variables (Table S4).
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Fig. 4 The community composition of nirS-encoding denitrifiers. S and
W in brackets represent summer and winter, respectively
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and the number of sequences recovered from each sampling site in
summer (red) and winter (blue). Bootstrap values greater than 50 %
(n = 1000) are shown with solid circle, and those less than 50 % are
shown with open circle on the corresponding nodes

Discussion

This study examined the nirS-harboring denitrifier communi-
ty diversity, abundance, and distribution, which provides nov-
el insights into the denitrifier community dynamics and asso-
ciations with environment factors in the coastal wetlands of
China. The diversity of nirS-based denitrifiers in this study
was consistent with previous reports from other environmen-
tal ecosystems (Francis et al. 2013; Li et al. 2013). The ma-
jority of detected nirS sequences fell into numerous novel
phylogenetic lineages and OTUs, most of which might repre-
sent coastal wetland-specific nirS-encoding denitrifiers. All
nirS sequences shared considerable phylogenetic similarity
with sequences obtained from aquatic systems (marine/
estuarine/coastal sediments and hypoxia sea water; Fig. 3),
suggesting that all the microorganisms in this study derived
from coastal rather than terrestrial environments. The only
cultivated sequence is Proteobacteria Pseudomonadales
(Yan et al. 2008). However, most of the nirS-encoding
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genotypes observed in the present study were affiliated with
uncultured denitrifying strains. Within all the ten clusters,
several clusters (II, V, VI, VIII, IX, and X) showed a distinc-
tive latitudinal differentiation along China’s coastal wetlands
(Table S3), probably suggesting that the diverse denitrifiers
have different environmental adaptation strategies.
Furthermore, the community structure and distribution of
nirS-encoding denirifiers showed obvious latitudinal hetero-
geneity along the coastal wetlands of China on the basis of
statistical analyses (Fig. 5). This result indicates that temper-
ature may be an important environmental parameter shaping
the biogeographical distribution and composition of nirS-
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Fig. 6 The abundance of nirS-based denitrifiers in the coastal wetlands
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Fig. 7 Canonical correspondence analysis for the correlations of
environment factors with the community structure of nirS-encoding
denitrifiers in both summer (red up-triangle) and winter (blue down-
triangle). Temp, OC, C:N, M®, NO3-N, NO2-N, ON, and NH4-N
represent temperature, organic carbon, C:N ratios, sediment mean size,
nitrate, nitrite, organic nitrogen, and ammonium, respectively

based denitrifying communities in the coastal wetlands of
China. Furthermore, the latitudinal distribution pattern was
also supported by the CCA results (Fig. 7). Previous studies
have found that salinity is a dominant environmental variable
shaping the biogeographical distribution of denitrifiers (Abell
etal. 2010; Francis et al. 2013; Yoshie et al. 2004; Zheng et al.
2015), mainly by comparing different-salinity habitats.
However, samples in this study were collected from coastal
wetland sediments with relatively consistent salinity.
Therefore, we concluded that temperature rather than salinity
significantly contributed to the latitudinal distribution of nirS-
based denitrifiers. Interestingly, a similar distribution pattern
was found for the anaerobic ammonium oxidation (anammox)
community as well (Hou et al. 2015).

In addition to temperature, other biochemical indices can
also influence the distribution and diversity of nirS-encoding
bacterial communities. It should be noted that a diverse of
environmental factors may be significant in shaping the coast-
al wetland denitrifiers with complex interactions (Dang et al.
2009; Francis et al. 2013; Bulow et al. 2008). In the present
study, the ammonium concentriation also had significant con-
tribution to nirS-based denirifier community structure, which
may be attributed to the increased supply of oxidized nitrogen
through nitrification process and thus provides the electron
acceptor for denitrification (Avrahami et al. 2002). Similar
results have also been observed in the Yangtze estuary and
Jiaozhou Bay (Dang et al. 2009; Zheng et al. 2015).
Additionally, C:N ratios has been reported to have significant
impact on the denitrification activity, nitrite accumulation, and
microbial community composition (Her and Huang 1995;
Kim et al. 2008; Mosier and Francis 2010). The diversity of
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nirS-based denitrifiers was also observed to negatively corre-
late with C:N ratios in this study. In addition, the nirS-based
denitrifier diversity was positively affected by organic nitro-
gen. Therefore, sediment with high nitrogen content may sup-
port the coexistence of diverse denitrifying bacteria. Also, the
effect of pH on shaping nirS-harboring community composi-
tion has been documented by Hallin et al. (2009), which is
likely due to the narrow pH ranges for optimal growth of
microorganisms (Rousk et al. 2010). However, no significant
relationship between pH and nirS-encoding denirifier compo-
sition was found in the present study. Bulow et al. (2008) have
indicated that the greatest control on the diversity of
denitrifying communities is environmental stability. Along
the coastal wetlands of China, the community of nirS-based
denitrifying bacteria did not display a statistically significant
seasonal shift between summer and winter, indicating that the
denitrifiers distribution reflects an adaption to site-specific
features.

The abundance of nirS-based denitrifiers demonstrated sig-
nificant spatiotemporal fluctuations in the coastal wetland sed-
iments of China. The copy numbers of nirS gene ranged from
43 %10°t03.7 x 10" copies g ' dry sediment. The values are
within the ranges reported in the Colne estuary (~10* to 10
copies per gram of sediment), Chesapeake Bay (2 x 10’ to
7 x 107 copies g ' dry sediment), and San Francisco Bay
(5.4 x 10° to 5.4 x 107 copies g ' dry sediment) (Bulow
et al. 2008; Mosier and Francis 2010; Smith et al. 2007).
Similar to the community structure of nirS-harboring denitri-
fiers, nirS gene abundance was also observed to be positively
correlated with temperature. Braker et al. (2010) reported that
temperature exerts a significant effect on the abundance and
composition of denitrifying communities in agricultural soil.
In general, temperature could either modify the function of
existing microorganisms or rebuild microbial communities,
and thus changes the fundamental physiologies which drive
biogeochemical processes (Schimel and Gulledge 1998).
Although it has been reported that multiple environmental
factors (e.g., organic matter, pH, nitrate, ammonium, and sed-
iment water) can affect the abundance of nirS gene (Dandie et
al. 2011; Dong et al. 2009; Kandeler et al. 2006), no signifi-
cant relationships were found between the nirS-encoding de-
nitrifier abundance and other environmental variables detect-
ed in this study (including ammonium, C:N ratios, nitrate,
nitrite, organic carbon, sulfide, salinity, organic nitrogen, me-
dian size, and pH). In addition, denitrifying bacteria abun-
dance tended to be slightly higher in summer than in winter,
even though there was no significant seasonal variation in the
nirS gene abundance. These results further demonstrate the
importance of temperature in shaping the dynamics of denitri-
fiers in the coastal wetlands of China.

Hou et al. (2015) reported that the denitrification rates
showed significant latitudinal heterogeneity along the coastal
wetlands of China (one-way ANOVA, p < 0.05) (Fig. 8), with
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average rates of 98.82 pmol N kg ' day ' at the low latitude
sites (P7 to P11) and 72.39 umol N kg ' day ' at the high
latitude sites (P1 to P6). Interestingly, it was observed that the
denitrification rates were significantly correlated with the
nirS-encoding denitrifier abundance (R = 0.548, P < 0.001)
(Fig. S3). The result is consistent with the previous report in
the San Francisco Bay estuary (Mosier and Francis 2010).
However, the denitrification rates were not significantly relat-
ed to the denitrifying community composition (R = —0.126,
P =0.57) (Fig. S4). These relationships imply that the abun-
dance of denitrifiers, more than structure and diversity, pre-
dicts the activity of denitrifying community in the coastal
wetlands of China.

In conclusion, this study demonstrated the abundance,
composition, and distribution of nirS-based denitrifying com-
munities along the coastal wetlands of China. To date, the
present work represents the most systematic characterization
of nirS-type denitrifiers based on molecular effort in China’s
coastal wetland ecosystems. The composition and structure of
nirS-based denitrifier communities showed distinctive latitu-
dinal heterogeneity along the coastal wetlands of China. The
abundance of nirS gene varied between 4.3 x 10° and
3.7 x 107 copies g ' dry sediment, with significant spatial
heterogeneity. However, there was no significant seasonal
shift in the abundance, structure, and distribution of nirS-
encoding denitrifiers. In this study, temperature was character-
ized as a key parameter in regulating the latitudinal distribu-
tion of denitrifier community abundance, composition, and
distribution. This research provides new insights into the dy-
namics of nirS-encoding denitrifiers in China’s coastal wet-
land ecosystems.

Acknowledgments This work was supported by the National Natural
Science Foundations of China (Nos. 41322002, 41271114, 41130525,
41071135 and 41501524) and the Program for New Century Excellent
Talents in University (NCET), and the China Postdoctoral Science



Appl Microbiol Biotechnol

Foundation (2015 M581567). We thank Wayne S. Gardner and anony-
mous reviewers for constructive comments on the manuscript.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval This article does not contain any studies with human
participants or animals.

References

Abell GC, Revill AT, Smith C, Bissett AP, Volkman JK, Robert SS (2010)
Archaeal ammonia oxidizers and nirS-type denitrifiers dominate
sediment nitrifying and denitrifying populations in a subtropical
macrotidal estuary. ISME J 4:286-300

Avrahami S, Conrad R, Braker G (2002) Effect of soil ammonium con-
centration on N,O release and on the community structure of am-
monia oxidizers and denitrifiers. Appl Environ Microbiol 68:5685—
5692

Babbin AR, Keil RG, Devol AH, Ward BB (2014) Organic matter stoi-
chiometry, flux, and oxygen control nitrogen loss in the ocean.
Science 344:406-408

Boyer EW, Howarth RW, Galloway JN, Dentener FJ, Green PA,
Vorosmarty CJ (2006) Riverine nitrogen export from the continents
to the coasts. Glob Biogeochem Cycles 20:GB1S91

Braker G, Fesefeldt A, Witzel KP (1998) Development of PCR primer
systems for amplification of nitrite reductase genes (nirK and nirS)
to detect denitrifying bacteria in environmental samples. Appl
Environ Microbiol 64:3769-3775

Braker G, Ayala-del-Rio HL, Devol AH, Fesefeldt A, Tiedje JM (2001)
Community structure of denitrifiers, bacteria, and Archaea along
redox gradients in Pacific northwest marine sediments by terminal
restriction fragment length polymorphism analysis of amplified ni-
trite reductase (nirS) and 16S rRNA genes. Appl Environ Microbiol
67:1893-1901

Braker G, Schwarz J, Conrad R (2010) Influence of temperature on the
composition and activity of denitrifying soil communities. FEMS
Microbiol Ecol 73:134-148

Bulow SE, Francis CA, Jackson GA, Ward BB (2008) Sediment denitri-
fier community composition and nirS gene expression investigated
with functional gene microarrays. Environ Microbiol 10:3057-3069

Canfield DE, Glazer AN, Falkowski PG (2010) The evolution and future
of Earth’s nitrogen cycle. Science 330:192—-196

Cantera JJL, Stein LY (2007) Molecular diversity of nitrite reductase
genes (nirK) in nitrifying bacteria. Environ Microbiol 9:765-776

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD,
Costello EK, Fierer N, Pena AG, Goodrich JK, Gordon JI, Huttley
GA, Kelley ST, Knights D, Koenig JE, Ley RE, Lozupone CA,
McDonald D, Muegge BD, Pirrung M, Reeder J, Sevinsky JR,
Turnbaugh PJ, Walters WA, Widmann J, Yatsunenko T, Zaneveld
J, Knight R (2010) Qiime allows analysis of high-throughput com-
munity sequencing data. Nat Methods 7:335-336

Castro-Gonzalez M, Braker G, Farias L, Ulloa O (2005) Communities of
nirS-type denitrifiers in the water column of the oxygen minimum
zone in the eastern South Pacific. Environ Microbiol 7:1298-1306

Coyne MS, Arunakumari A, Averill BA, Tiedje JM (1989)
Immunological identification and distribution of dissimilatory heme
cdl and nonheme copper nitrite reductases in denitrifying bacteria.
Appl Environ Microbiol 55:2924-2931

Cui S, Shi Y, Groffman PM, Schlesinger WH, Zhu YG (2013)
Centennial-scale analysis of the creation and fate of reactive nitrogen
in China (1910-2010). Proc Natl Acad Sci 110:2052-2057

Dalsgaard T, Thamdrup B, Farias L, Revsbech NP (2012) Anammox and
denitrification in the oxygen minimum zone of the eastern South
Pacific. Limnol Oceanogr 57:1331-1346

Dandie CE, Wertz S, Leclair CL, Goyer C, Burton DL, Patten CL,
Zebarth BJ, Trevors JT (2011) Abundance, diversity and functional
gene expression of denitrifier communities in adjacent riparian and
agricultural zones. FEMS Microbiol Ecol 77:69-82

Dang H, Wang C, Li J, Li T, Tian F, Jin W, Ding Y, Zhang Z (2009)
Diversity and distribution of sediment nirS-encoding bacterial as-
semblages in response to environmental gradients in the eutrophied
Jiaozhou Bay, China. Microb Ecol 58:161-169

Danovaro R, Gambi C (2002) Biodiversity and trophic structure of nem-
atode assemblages in seagrass systems: evidence for a coupling with
changes in food availability. Mar Biol 141:667-677

Dong LF, Smith CJ, Papaspyrou S, Stott A, Osborn AM, Nedwell DB
(2009) Changes in benthic denitrification, nitrate ammonification,
and anammox process rates and nitrate and nitrite reductase gene
abundances along an estuarine nutrient gradient (the Colne estuary,
United Kingdom). Appl Environ Microbiol 75:3171-3179

Earl SR, Valett HM, Webster JR (2006) Nitrogen saturation in stream
ecosystems. Ecology 87:3140-3151

Falkowski PG, Fenchel T, Delong EF (2008) The microbial engines that
drive Earth’s biogeochemical cycles. Science 320:1034-1039

Francis CA, O’Mullan GD, Cornwell JC, Ward BB (2013) Transitions in
nirS-type denitrifier diversity, community composition, and biogeo-
chemical activity along the Chesapeake Bay estuary. Front
Microbiol 4:237

Galloway JN, Cowling EB (2002) Reactive nitrogen and the world:
200 years of change. Ambio 31:64-71

Galloway JN, Dentener FJ, Capone DG, Boyer EW, Howarth RW,
Seitzinger SP, Asner GP, Cleveland CC, Green PA, Holland EA,
Karl DM, Michaels AF, Porter JH, Townsend AR, Osmarty CJV
(2004) Nitrogen cycles: past, present, and future. Biogeochemistry
70:153-226

Galloway JN, Townsend AR, Erisman JW, Bekunda M, Cai Z, Freney
JR, Martinelli LA, Seitzinger SP, Sutton MA (2008) Transformation
of the nitrogen cycle: recent trends, questions, and potential solu-
tions. Science 320:889-892

Gruber N, Galloway JN (2008) An earth-system perspective of the global
nitrogen cycle. Nature 451:293-296

Hallin S, Jones CM, Schloter M, Philippot L (2009) Relationship between
N-cycling communities and ecosystem functioning in a 50-year-old
fertilization experiment. ISME J 3:597-605

Hannig M, Braker G, Dippner J, Jurgens K (2006) Linking denitrifier
community structure and prevalent biogeochemical parameters in
the pelagial of the Central Baltic proper (Baltic Sea). FEMS
Microbiol Ecol 57:260-271

He Q, Bertness MD, Bruno JF, Li B, Chen G, Coverdale TC, Altieri AH,
Bai J, Sun T, Pennings SC, Liu J, Ehrlich PR, Cui B (2014)
Economic development and coastal ecosystem change in China.
Sci Rep 4:5995

Her J, Huang J (1995) Influences of carbon source and C/N ratio on
nitrate/nitrite denitrification and carbon breakthrough. Bioresour
Technol 54:45-51

HouL, Zheng Y, Liu M, Li X, Lin X, Yin G, Gao J, Deng F, Chen F, Jiang
X (2015) Anaerobic ammonium oxidation and its contribution to
nitrogen removal in China’s coastal wetlands. Sci Rep 5:15621

Howarth RW (2008) Coastal nitrogen pollution: a review of sources and
trends globally and regionally. Harmful Algae 8:14-20

Kandeler E, Deiglmayr K, Tscherko D, Bru D, Philippot L (2006)
Abundance of narG, nirS, nirK, and nosZ genes of denitrifying
bacteria during primary successions of a glacier foreland. Appl
Environ Microbiol 72:5957-5962

@ Springer



Appl Microbiol Biotechnol

Kim M, Jeong SY, Yoon SJ, Cho SJ, Kim YH, Kim MJ, Ryu EY, Lee SJ
(2008) Aerobic denitrification of Pseudomonas putida AD-21 at
different C/N ratios. J Biosci Bioeng 106:498-502

Kumar S, Tamura K, Nei M (2004) MEGA3: integrated software for
molecular evolutionary genetics analysis and sequence alignment.
Brief Bioinform 5:150-163

Li M, Hong YG, Cao HL, Gu JD (2013) Community structures and
distribution of anaerobic ammonium oxidizing and nirS-encoding
nitrite-reducing bacteria in surface sediments of the South China
Sea. Microb Ecol 66:281-296

Lin T, Xue XZ, Lu CY (2007) Analysis of coastal wetland changes using
the "DPSIR" model: a case study in Xiamen, China. Coast Manag
35:289-303

Mohamed NM, Saito K, Tal Y, Hill RT (2010) Diversity of aerobic and
anaerobic ammonia-oxidizing bacteria in marine sponges. ISME J 4:
3848

Mosier AC, Francis CA (2010) Denitrifier abundance and activity across
the San Francisco Bay estuary. Environ Microbiol Rep 2:667-676

Rousk J, Baath E, Brookes PC, Lauber CL, Lozupone C, Caporaso JG,
Knight R, Fierer N (2010) Soil bacterial and fungal communities
across a pH gradient in an arable soil. ISME J 4:1340-1351

Schimel JP, Gulledge J (1998) Microbial community structure and global
trace gases. Glob Chang Biol 4:745-758

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB,
Lesniewski RA, Oakley BB, Parks DH, Robinson CJ, Sahl JW, Stres
B, Thallinger GG, Van Horn DJ, Weber CF (2009) Introducing
mothur: open-source, platform-independent, community-supported
software for describing and comparing microbial communities.
Appl Environ Microbiol 75:7537-7541

Seitzinger S (2008) Nitrogen cycle: out of reach. Nature 452:162—163

Shi L, Liu F, Zhang Z, Zhao X, Liu B, Xu J, Wen Q, Yi L, Hu S (2015)
Spatial differences of coastal urban expansion in China from 1970s
to 2013. Chin Geogr Sci 25:389-403

Smith CJ, Nedwell DB, Dong LF, Osborn AM (2007) Diversity and
abundance of nitrate reductase genes (narG and napA), nitrite re-
ductase genes (nirS and nrfA4), and their transcripts in estuarine sed-
iments. Appl Environ Microbiol 73:3612-3622

Stauffert M, Cravo-Laureau C, Duran R (2014) Structure of
hydrocarbonoclastic nitrate-reducing bacterial communities in biotur-
bated coastal marine sediments. FEMS Microbiol Ecol 89:580-593

Sun Z, Sun W, Tong C, Zeng C, Yu X, Mou X (2015) China’s coastal
wetlands: conservation history, implementation efforts, existing is-
sues and strategies for future improvement. Environ Int 79:25-41

Tamura K, Dudley J, Nei M, Kumar S (2007) MEGA4: molecular evo-
lutionary genetics analysis (MEGA) software version 4.0. Mol Biol
Evol 24:1596-1599

ter Braak CJF (1988) CANOCO: an extension of DECORANA to ana-
lyze species-environment relationships. Vegetatio 75:159-160

Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG
(1997) The CLUSTAL X windows interface: flexible strategies

@ Springer

for multiple sequence alignment aided by quality analysis tools.
Nucleic Acids Res 25:4876-4882

Throback IN, Enwall K, Jarvis A, Hallin S (2004) Reassessing PCR
primers targeting nirS, nirK and nosZ genes for community surveys
of denitrifying bacteria with DGGE. FEMS Microbiol Ecol 49:401—
417

van Breemen N, Boyer EW, Goodale CL, Jaworski NA, Paustian K,
Seitzinger SP, Lajtha K, Mayer B, van Dam D, Howarth RW,
Nadelhoffer KJ, Eve M, Billen G (2002) Where did all the nitrogen
go? Fate of nitrogen inputs to large watersheds in the northeastern
USA. Biogeochemistry 57:267-293

Vitousek PM, Aber JD, Howarth RW (1997) Human alteration of the
global nitrogen cycle: sources and consequences. Ecol Appl 7:
737-750

Wang Y (1992) Coastal management in China. In: Fabbri P (ed) Ocean
coastal management in global change. Elsevier, London, pp. 460—
469

Wang XM, Wang JL (2009) Removal of nitrate from groundwater by
heterotrophic denitrification using the solid carbon source. Sci
China, Ser B: Chem 52:236-240

Wetland China (2014) The report on the second national wetland re-
sources survey (2009-2013). http:/www.shidi.org/zt/2014xwfbh/

Xie Z, Xu X, Yan L (2010) Analyzing qualitative and quantitative chang-
es in coastal wetland associated to the effects of natural and anthro-
pogenic factors in a part of Tianjin, China. Estuar Coast Shelf Sci 86:
379-386

Yan Y, Yang J, Dou Y, Chen M, Ping S, Peng J, Lu W, Zhang W, Yao Z,
Li H, Liu W, He S, Geng L, Zhang X, Yang F, Yu H, Zhan Y, Li D,
Lin Z, Wang Y, Elmerich C, Lin M, Jin Q (2008) Nitrogen fixation
island and rhizosphere competence traits in the genome of root-
associated Pseudomonas stutzeri A1501. Proc Natl Acad Sci U S
A 105:7564-7569

Yoshie S, Noda N, Tsuneda S, Hirata A, Inamori Y (2004) Salinity de-
creases nitrite reductase gene diversity in denitrifying bacteria of
wastewater treatment systems. Appl Environ Microbiol 70:3152—
3157

Zhang Y, Xie X, Jiao N, Hsiao SY, Kao SJ (2014) Diversity and distri-
bution of amoA-type nitrifying and nirS-type denitrifying microbial
communities in the Yangtze River estuary. Biogeosciences 11:2131—
2145

Zhao X, Zhou Y, Min J, Wang S, Shi W, Xing G (2012) Nitrogen runoff
dominates water nitrogen pollution from rice-wheat rotation in the
Taihu Lake region of China. Agric Ecosyst Environ 156:1-11

Zheng Y, Hou L, Liu M, Gao J, Yin G, Li X, Deng F, Lin X, Jiang X,
Chen F, Zong H, Zhou J (2015) Diversity, abundance, and distribu-
tion of nirS-harboring denitrifiers in intertidal sediments of the
Yangtze estuary. Microb Ecol 70:30-40

Zumft WG (1997) Cell biology and molecular basis of denitrification.
Microbiol Mol Biol Rev 61:533-616


http://www.shidi.org/zt/2014xwfbh/
https://www.researchgate.net/publication/304032530

	nirS-Encoding denitrifier community composition, distribution, and abundance along the coastal wetlands of China
	Abstract
	Introduction
	Materials and methods
	Study area
	Sample collection
	PCR amplification, cloning, and phylogenetic analysis
	qPCR of nirS gene
	Statistics analysis

	Results
	nirS-based denitrifier diversity
	Community composition and distribution of nirS-encoding bacteria
	Quantification of nirS-based denitrifiers
	Relationships of nirS-encoding denitrifier community dynamics with environmental factors

	Discussion
	References


