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Abstract Investigating the environmental influence on the
community composition and abundance of denitrifiers in ma-
rine sediment ecosystem is essential for understanding of the
ecosystem-level controls on the biogeochemical process of
denitrification. In the present study, nirK-harboring
denitrifying communities in different mud deposit zones of
eastern China marginal seas (ECMS) were investigated via
clone library analysis. The abundance of three functional
genes affiliated with denitrification (narG, nirK, nosZ) was
assessed by fluorescent quantitative PCR. The nirK-harboring
microbiota were dominated by a few operational taxonomic
units (OTUs), which were widely distributed in different sites
with each site harboring their unique phylotypes. The mean
abundance of nirK was significantly higher than that of narG
and nosZ genes, and the abundance of narG was higher than
that of nosZ. The inconsistent abundance profile of different
functional genes along the process of denitrification might
indicate that nitrite reduction occurred independently of deni-
trification in the mud deposit zones of ECMS, and

sedimentary denitrification was accomplished by cooperation
of different denitrifying species rather than a single species.
Such important information would be missed when targeting
only a single denitrifying functional gene. Analysis of corre-
lation between abundance ratios and environmental factors
revealed that the response of denitrifiers to environmental fac-
tors was not invariable in different mud deposit zones. Our
results suggested that a comprehensive analysis of different
denitrifying functional genes may gain more information
about the dynamics of denitrifying microbiota in marine
sediments.
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Introduction

Nitrogen (N), a limiting element for biological productivity,
occupies a central role in ocean biogeochemistry and exerts a
significant influence on cycling of many other elements, in
particular carbon and phosphorus [1, 2]. Thus, the cycling of
N is of great importance in maintaining ecosystem function in
both terrestrial and aquatic systems [3]. Denitrification is one
of the processes within the nitrogen cycle responsible for the
removal of excess fixed nitrogen from natural ecosystems and
agricultural fields, as well as during wastewater treatment [4].
The process is a series of reactions of dissimilatory nitrate
reduction mediated by microorganisms under anoxic/suboxic
conditions [5, 6]. In the process of denitrification, nitrate
serves as an electron acceptor alternative to O2 and is reduced
to N2 via nitrite, NO, and N2O with different enzymes cata-
lyzing different steps [6], i.e., NO3

−→NO2
−, nitrate reductase

(narG) [7]; NO2
−→NO, either cytochrome cd1 (nirS) or Cu-

containing (nirK) nitrite reductase, depending on the organism
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[8]; NO→N2O, cytochrome bc-containing nitric oxide re-
ductase (norB); and N2O→N2, Cu-containing nitrous oxide
reductase (nosZ) [9]. The genes encoding these reductases are
generally used as biological makers for different reactions of
the denitrification process [10].

Distinct from anammox, another nitrogen removal process,
the process of denitrification can involve the release of N2O as
a consequence of incomplete denitrification. N2O is a green-
house gas and accounts for 7.9% (CO2 equivalent emission) of
anthropogenic greenhouse gas emission [8]. Therefore, deni-
trification has attracted much attention in the agricultural and
industrial fields [4]. Due to its importance, the biogeochemical
dynamics of denitrification has been evaluated in a variety of
environments, such as river and coastal sediments, agricultural
zones, wetlands, and forest soil [3, 10–13]. In marine ecosys-
tems, denitrifying microbes are classically involved in the de-
composition and mineralization of dissolved and particulate
organic nitrogen, which directly impacts nitrogen availability
for primary producers. Marine sediments are important niches
for nitrogen removal through denitrification [14], and the
abundance and community composition of denitrifiers by
measuring the denitrifying genes mentioned above in sedi-
ments are affected by many factors, including concentration
of dissolved inorganic nitrogen (DIN) (NO3

−, NO2
−, NH4

+),
organic matter, dissolved oxygen, and redox potential [10].
Investigating the environmental influence on the community
composition and determining the key factors that limit and
control the abundance of denitrifiers are essential for under-
standing the ecosystem-level controls on the biogeochemical
process of denitrification.

The Bohai Sea, Yellow Sea, and East China Sea (ECS) are
three coastal seas that constitute the eastern China marginal
seas (ECMS) [15]. As an example of the river-dominated
ocean margins, they receive a large input of sediments per
year from the Yellow River and the Changjiang River [16],
which together with sediments delivered by other rivers and
the open ocean lead to the formation of several isolated mud
zones [17, 18]. Different mud zones are unique in environ-
mental conditions from one another due to varied sedimentary
sources and ocean current disturbances. For example, the
Changjiang Estuary mud zone and the Zhe-Min mud zone
have higher sedimentation rates than the Cheju Island mud
zone and South Yellow Sea mud zone, which are farther from
land. Therefore, different mud zones could have enriched dif-
ferent microbial communities [19].

Since only 0.5 to 1% of total marine bacteria may be cul-
tivated, the utilization of universal primers in polymerase
chain reactions (PCR) to screen functional genes relevant to
biogeochemical processes in natural environments increases
extensively. The PCR-based approaches have revealed the
presence of diverse denitrifier communities in marine ecosys-
tems [20–25]. However, most previous studies have targeted a
single functional gene, such as the genes of nitrate reductase

(narG), nitrite reductase (nirS and nirK), nitric oxide reductase
(norB), or nitrous oxide reductase (nosZ) [15, 16, 26]. In this
study, we presented a detailed analysis of functional distribu-
tion of denitrifiers in the mud deposit zones of ECMS. The
diversity, community composition, and spatial distribution of
denitrifiers was explored with the nirK gene. The abundance
of denitrifiers in different sediment layers was investigated by
fluorescent quantitative PCR (qPCR) by using three function-
al genes that are narG, nirK, and nosZ. We believe that a
survey with a combination of functional genes targeting dif-
ferent reactions would provide a more comprehensive insight
into the denitrification process in coastal marine sediments.

Materials and Methods

Site Description

Five sampling sites which represent most of the typical sedi-
mentary environments of ECMS were selected in this study
(Fig. 1). The Changjiang Estuary mud zone (CEMZ), Zhe-
Min mud zone (ZMMZ), Cheju Island mud zone (CIMZ),
and South Yellow Sea mud zone (SYSMZ) are four primary
mud deposit zones in ECMS which are formed by estuarine
processes, tidal currents, and shelf circulation [17, 18]. ECS01
is located in CEMZ, where sediments are mainly imported
from the Changjiang River and deposited under the effect of
its diluted water, tidal actions, and coastal currents [17, 27];
sedimentation rates in this mud zone range from ∼2.0 to
6.0 cm/year [28]. ECS02 is located in ZMMZ, which is a
mud wedge along the ECS inner shelf; sedimentation rates
in this mud zone range from 0.4 to 1.2 cm/year [29].
Sediments of this zone stem from suspended sediments of
the Changjiang River and resuspended sediments of CEMZ,
which are transported by the southward Zhe-Min coastal cur-
rent in winter when the strength of the northward Taiwan
Warm Current declines [17]. ECS03 is located in the distal
of CIMZ, and its sediments are derived from the mixed water
from the Yellow Sea Warm Current, Taiwan Warm Current,
and Changjiang River diluted water [30], with sedimentation
rates ranging from 0.1 to 0.5 cm/year [31, 32]. SYS01 and
SYS02 are located in SYSMZ, with sedimentation rates less
than 0.1 cm/year [18, 31]. The muddy sediments in this area
are mainly supplied by the Yellow Sea Warm Current.

Sample Collection and Environmental Factors

Mud deposit samples were collected from five stations of
ECMS using a stainless steel box sampler during an open
cruise of R/VDong Fang Hong 2 in July, 2013. Two subcores
were collected for molecular and physiochemical analysis,
respectively. Pore waters at centimeter-scale resolution were
obtained from the core for physiochemical analysis by using
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Rhizon samplers attached to vacuum test tubes; Rhizon sam-
plers were inserted into sediments through pre-drilled holes in
the core tube. The pore water samples were poisoned by
HgCl2 and stored at 4 °C for laboratory analysis. Total organic
carbon (TOC), total nitrogen (TN), stable carbon and nitrogen
isotopes (δ13C and δ15N) in sediments, and dissolved inorgan-
ic nutrients (NO3

−, NO2
−, NH4

+, PO4
3−, and SiO3

2−) in pore
waters were measured using a nutrient auto-analyzer (AA3;
Seal Analytical Ltd., UK) as previously reported [19]. Salinity
of the bottom water was recorded by a Conductivity-
Temperature-Depth equipment (SBE 25 SEALOGGER;
Sea-Bird Electronic Inc., USA) (Table S1).

DNA Extraction and nirK Gene Clone Library Analysis

Sediment (0–2 cm) DNAwas extracted from replicate subcore
samples of each station using a FastPrep DNA extraction kit
for soil (MP Biomedicals, Santa Ana, CA, USA) and a
FastPrep-24 cell disrupter (MP Biomedicals, Solon, OH,
USA) according to the manufacturer’s instructions. The sedi-
ments were pretreated as previously described in order to re-
move humic acids and other interfering substances [33].
Sediments were then centrifuged at 4 °C for 10 min at
3000 rpm, and the supernatant was discarded. The dried sed-
iments were used for downstreamDNA extraction. Three sep-
arate extractions were conducted for each sample and the

produced DNA was mixed. A NanoDrop 2000 (Thermo
Scientific, Wilmington, DE, USA) spectrophotometer was
used to measure the quantity and quality of the extracted
DNA.

nirK sequences were amplified from the extracted DNA
and the PCR reactions were incubated under the conditions
shown in Table 1. However, for some samples, the concentra-
tion of MgCl2, template DNA, and primers were modified to
optimize yields of the target product. Amplification products
with predicted length were electrophoresed on a 1.0% TAE
gel and then cloned into a pUCm-T vector (Promega) using
the TOPO TA cloning kit (Invitrogen) according to the man-
ufacturer’s instructions. Five libraries were constructed corre-
sponding to surface sediments of each studied site.
Approximately 50 positive clones were randomly taken from
each library, and the correct insertions were checked by PCR
amplification with primers FlaCu and R3Cu (Table 1) before
finally sequencing.

Quantification of Denitrifying Microbial Groups

The abundance of denitrifying microbes was assessed by
qPCR with different primers and thermal cycle parameters,
as shown in Table 1. DNA from sediments at eight depths
(0–1, 1–2, 2–3, 3–5, 7–8, 12–13, 22–23, and 32–33 cm, re-
ferred to as −0, −1, −2, −3, −7, −12, −22, and −32, respective-
ly) was used as template for qPCR analysis. Standard curves
were generated with serial dilutions of plasmids containing
target gene, which was cloned from an environmental sedi-
ment sample. The standard curves displayed linearity
(R2 ≥ 0.980) between threshold cycle (CT) and log-
transformed gene copy numbers. Concentrations of linearized
plasmid DNA enzymatically digested were measured using a
NanoDrop 2000 spectrophotometer (Thermo Scientific). All
qPCR assays were carried out in triplicate with an ABI Prism
7500 sequence detection system (Applied Biosystems). In all
qPCR experiments, fluorescence signals were collected at
72 °C, and negative controls lacking template DNAwere sub-
ject to the same qPCR procedures to detect any possible con-
tamination. Agarose gel electrophoresis and melting-curve
analyses were routinely used to confirm the specificity of the
qPCR. Melting curves were obtained at 60 to 95 °C, with a
read every 1 °C and holding for 1 s between reads. The resul-
tant qPCR data were analyzed with the second derivative
maximum method using the ABI Prism 7500 SDS software
(version 1.4; Applied Biosystems). The amplification efficien-
cies were 93.5, 90.6, and 95.1% for narG, nirK, and nosZ,
respectively.

Phylogenetic and Statistical Analysis

The nirK sequences were edited initially to exclude primer
and vector sequences using Editseq embedded in DNAStar

Fig. 1 Map showing locations of the five sampling sites in ECMS

604 M. Gao et al.



(version 5.0). The data set was filtered to include only se-
quences with correct primer sequences. Sequences were then
clipped at 474 bp and translated into amino acids (158 aa) and
aligned using ClustalX [38] in MEGA5 [39]. Sequences hav-
ing in-frame stop codon (s) were removed [40]. ClustalX was
employed to generate sequence identity matrices for each pair
of the aligned deduced amino acid sequences [41]. A phylip-
formatted distance matrix of the translated amino acid se-
quences was constructed using Prodist in Phylip 3.69, which
served as an input to DOTUR [42] for operational taxonomic
units (OTU) clustering at a 3% dissimilarity threshold. The
coverage indices of gene diversity (Shannon-Wiener [H] and
Simpson [D]) and richness (bias-corrected Chao1, SChao1),
and rarefaction curves of each nirK clone library were also
calculated using DOTUR.

The nirK-harboring community comparison was deter-
mined with weighted UniFrac environmental clustering and
principal coordinate analysis (PCoA). The online UniFrac
program (http://bmf2.colorado.edu/unifrac/index.psp) takes
molecular evolutionary distances of sequences and their
environmental occurrences for community similarity
analysis. Correlations between nirK-harboring communities
and environmental factors were analyzed by canonical
correspondence analysis (CCA) using the software Canoco
4.5 [43]. Pearson correlation analysis (significance level 0.05
) of the diversity and abundance of target functional genes
(nirK, nosZ, and narG) with environmental factors were per-
formed with the statistics software MINITAB 16 [44, 45].

A NirK sequence database for phylogenetic analysis was
constructed by combining the sequences obtained in this
study, their top-hit sequences of strain recovered [46] from
the GenBank as determined through BLASTp searches. The
phylogenetic trees were constructed by a neighbor-joining
method using MEGA5 with the bootstrap support of 1000

replicates and two models, i.e., Poisson model and p-distance,
to verify the precision of the tree. There was no significant
difference between the trees constructed by these two models.

Nucleic Acid Sequence Accession Numbers

GenBank submission numbers for the sequences from this
study are KP750695–KP750809.

Results

Environmental Conditions

The TOC (%) content of each site ranged from 0.55 ± 0.06
(ECS03) to 0.90 ± 0.07 (SYS01), and gradually reduced with
depth (Table S1). The TN (%) content was almost the same at
each site, ranged from 0.07 to 0.15, and had no significant
change with depth. The C/N ratios were slightly higher at
SYS sites than ECS sites. Compared to other sites, the δ13C
(‰) showed more depleted value at ECS01. For δ15N (‰),
the highest value was 5.50 ± 0.25 at ECS03, while the lowest
value was 2.84 ± 0.59 at ECS01. The concentration of NO3

−

was slightly higher at SYS sites than ECS sites. The concen-
tration of NO2

− was higher at surface sediment of SYS sites
and lowest at ECS01 site. The concentration of NH4

+ in-
creased with depth, highest at ECS01 ranging from 132.65
to 651.02 μmol L−1, and lowest at ECS02 ranging from 7.44
to 55.06 μmol L−1. The concentration of SiO3

2− ranged from
232.3 ± 29.2 (SYS01) to 399.0 ± 36.8 μmol L−1 (ECS02) and
had a larger varied range with depth at ECS01 than other sites.
In contrast to NH4

+ and SiO3
2−, the concentrations of PO4

3−

was lowest at ECS01. The salinity of bottom water at ECS01,

Table 1 Primers and conditions used for the PCR and qPCR

Gene Primer (5′–3′) Length of amplicon (bp) Thermal profile Reference

PCR nirK FlaCu ATCATGGTSCTGCCGCG ∼472 5 min at 94 °C, followed by
35 cycles of 30 s at 94 °C,
40 s at 58 °C, 40 s at
72 °C, then 10 min at
72 °C

Hallin et al. [34]
R3Cu GCCTCGATCAGRTTGTGGTT

qPCR nirK nirK876 ATYGGCGGVCAYGGCGA ∼164 3 min at 94 °C, followed by
40 cycles of 20 s at 94 °C,
30 s at 57 °C, 30 s at
72 °C

Hallin et al. [35]
Henry et al. 2006 [15]nirK1040 GCCTCGATCAGRTTRTGGTT

nosZ nosZ1126F GGGCTBGGGCCRTTGCA ∼255 2 min at 95 °C, followed by
40 cycles of 20 s at 95 °C,
30 s at 59 °C, 32 s at
72 °C

Chen et al. [36]
Liu et al. [37]nosZ1381R GAAGCGRTCCTTSGARAACTTG

narG narG571F CCGATYCCGGCVATGTCSAT ∼202 2 min at 95 °C, followed by
40 cycles of 20 s at 95 °C,
30 s at 59 °C, 32 s at
72 °C

Chen et al. [36]
Liu et al. [37]narG773R GGNACGTTNGADCCCCA
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ECS02, ECS03, SYS01, and SYS02 was 33.4, 34.4, 32.3,
30.3, and 31.1‰, respectively.

Diversity and Distribution of the NirK Dominant OTUs

Five nirK clone libraries were constructed for the surface sed-
iment samples of ECMS, and 115 clones were identified to
contain a valid nirK gene fragment, resulting in 49 unique
protein sequences and 22 OTUs (Table 2). The values of li-
brary coverage (C) ranged from 57 to 70%, and the microbial
diversity index was variable among sites. The diversity of
nirK-harboring microbiota was highest at SYS01 and
ECS02, and lowest at SYS02.

Among all the OTUs, six OTUs (OTU 4, 7, 11, 12, 8, 14)
occurred predominantly in the mud deposit zones of ECMS,
accounting for 27.0, 20.0, 8.7, 7.8, 7.0, and 6.1% of total
sequences, respectively. These dominant OTUs had obvious
regional distribution characteristics (Fig. 2). SYS01 was only
dominated with OTU 7. SYS02 and ECS02 had a similar
structure that occupied mostly by OTU 11 and OTU 12.
ECS01 was dominated with OTU 7 and OTU 8. ECS03 was
dominated with OTU 7 and OTU 14. OTU8 was mainly ob-
served at ECS01. Although SYS sites were spatially adjacent
and influenced by the same currents, there was a huge differ-
ence in their nirK-harboring microbial community
composition.

Phylogeny of the NirK Sequences

The 22 obtained distinct NirK OTUs shared 40–96.3% iden-
tity with each other, whereas the amino acid sequences had 66
to 99% identity to the closest-match NirK sequences except
for the primer regions by BLAST analysis in GenBank. The
NirK sequences in ECMS sediments weremore variable when
compared with other environments, such as marine water col-
umn [23, 24], pelagic sediments [25], meadow and forest soils
[47, 48], grassland soil [49], and cultivated soils [11, 50]. A
part of dominant OTU amino acid sequences had low identi-
ties (<95%) with NirK sequences available in GenBank, such
as OTU 4, 12, and 14, which were 87, 90, and 88% identical to
the closest-match NirK sequences.

A neighbor-joining (NJ) phylogenetic tree based on NirK
sequences was constructed with 22 NirK OTUs from all sam-
pling sites (Fig. 3). Four clusters were detected from the phy-
logenetic tree. Most of the clones were located in Cluster I and
IV that accounted for 37 and 49% of total sequences, respec-
tively. Cluster I showed identity of >97% with their closest-
match sequences from GenBank and were most closely relat-
ed to Silicibacter sp. Cluster IV was related to Pseudomonas
sp. with identity of <58% (Fig. S1). The closest-match se-
quences (identity ≥97%) recovered from GenBank were dis-
covered in the San Francisco Bay estuary and Yellow River
estuary [51, 52]. Most of the OTUs were <80% identical to

Fig. 2 The proportion of each
dominant OTU in each station

Table 2 Biodiversity and
predicted richness of the sediment
nirK gene sequences obtained
from the five sampling stations of
the eastern China marginal seas

Sample Number of clones Number of OTUs C (%) Schao1 H 1/D

SYS01 21 7 57% 12 1.84 3.92

SYS02 22 3 67% 3 0.79 2.06

ECS01 22 6 67% 7 1.53 4.44

ECS02 25 10 70% 11.5 2 6.67

ECS03 25 6 67% 7.5 1.31 3.06

Total 115 22 68% 33.3 2.39 7.52

OTU of the denitrifying microbial NirK sequences were determined at a 0.03 distance cutoff using the DOTUR
program. The coverage (C), Shannon-Weiner (H), Simpson (D), and Schao1 richness estimators were calculated
using the OTU data
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proteins of cultivated strains, leading to difficulty for deter-
mining the lineage of OTUs.

Spatial Distribution of the nirK-Harboring Microbial
Assemblages and Relationship with Environmental
Factors

The heterogeneous distribution of nirK-harboring microbial
communities was confirmed via Fast UniFrac PCoA. The re-
sults demonstrated that there were substantial differences
among the nirK-harboring microbial assemblages in ECMS
sediments, and the first two principal coordinates (P1 and P2)
explained 89.9% of the total community variability. The nirK
sequences of sampling sites from different mud zones were
clearly separated from each other except that SYS01 and
ECS01 were similar, although statistical testing is not feasible
due to the lack of enough samples. Environmental character-
istics might have a strong influence on the composition and

distribution of the nirK-harboring microbial community
(Fig. 4).

All OTUs were used in the CCA analysis to determine the
influence of environmental factors on the nirK-harboring mi-
crobiota community composition. The first two CCA dimen-
sions (CCA1 and CCA2) explained 71.4% of the total vari-
ance in the nirK-harboring microbial community composition
(Fig. 5a). CCA analysis revealed that the community compo-
sition of nirK-harboring microbiota was related to multiple
environmental factors. SYS02 and ECS02 sites were separat-
ed from other sites mainly by the concentration of TN, and
NH4

+ appeared to influence the nirK assemblages of site
ECS01 (Fig. 5a). The six dominant OTUs were used for an-
other CCA analysis to evaluate the relationship between envi-
ronmental factors and dominant OTUs. The first and second
dimensions explained 61.3 and 31.3% of the total variance,
respectively. The results obtained according to CCA1 indicat-
ed that OTU 11, 12 positively correlated with TN, TOC, PO4

3

−, NO2
−, and SiO3

2−. Opposite results were obtained for OTU

Fig. 3 Phylogenetic tree
constructed by NirK sequences
obtained from ECMS sediments.
The tree was constructed by a
neighbor-joining method with the
p-distance substitution model in
MEGA5 based on deduced amino
acid sequences. The tree branch
distances represent the amino acid
substitution rate, and the scale bar
represents the expected number of
changes per homologous
position. Bootstrap values (no less
than 40%) of 1000 resamplings
are shown at each node. The Ani
A/Msp78 Moraxella catarrhalis
RH4 sequence was used as an
outgroup
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7, 14. The results explained by CCA2 indicated that OTU 8
positively correlated with NH4

+, C/N and negatively with
δ15N, δ13C. Opposite results were obtained for OTU 14
(Fig. 5b).

Abundance of DenitrifyingMicroorganisms andVariation
Tendency of Abundance Ratios

Heterogeneous distributions of denitrifier abundance in differ-
ent sediment layers of ECMS were exhibited by qPCR results
(Fig. 6). Generally, the relative abundance of nirK in all sites

was the highest (P < 0.01), followed by that of narG and nosZ.
The abundance of denitrifiers was normally highest at the
surface sediment and decreased with depth. According to the
difference in environmental features of each site, different
variation trends along with depth in each site were observed.
Different from the other four sites, ECS03 had a gentle varia-
tion trend along with depth. ECS01 had the highest abundance
of denitrifiers (P < 0.05), generally two to five times higher
than other sites. Oppositely, SYS02 had the lowest denitrifier
abundance (P < 0.05). The abundance of denitrifiers in SYS02
decreased more rapidly from 0 to 2 cm than the other sites;
especially, the nirK gene decreased more than one order of
magnitude. Compared to all the denitrifier quantities in the
deep layer, SYS01 had a more obvious downtrend from 12
to 32 cm.

The abundance ratios of different functional genes in-
volved in each step of denitrifying process are shown in
Fig. 7. The abundance ratios of qnarG/qnosZ (ARGZ) fluctu-
ated in a range of 1 to 5 at different sites and depths, which
might imply a high potential of N2O/NO production instead of
N2. The abundance of nitrite reductase qnirKwas significantly
higher than that of nitrate reductase (qnarG) (P < 0.01, Fig. 7),
indicating that nitrite had a higher transformation efficiency
than nitrate in the examined marine sediments.

The Influence of Environmental Factors on Denitrifier
Abundance and Diversity

The relationship between environmental factors and denitrifier
abundance demonstrated that the response of denitrifiers to
factors was not invariable in different mud deposit zones as
proxies for various environmental conditions. The abundance
of all the functional genes, including qnarG, qnirK, and
qnosZ, was significantly positively correlated with TOC%
and negatively with NH4

+ and δ13C at site SYS01, while the
quantities of nitrite reducer (qnirK) were positively correlated

Fig. 5 CCA ordination plots for
the first two principal dimensions
showing environmentally related
distributions. a Relationship
between environmental
parameters and nirK-harboring
assemblages of the five mud
deposit sites in ECMS; b
relationship between
environmental parameters and the
six dominant OTUs across all
sites

Fig. 4 Ordination diagram of the Fast UniFrac weighted and normalized
PCoA analysis of five mud deposits sites in ECMS. The analysis was
conducted with deduced NirK amino acid sequence data. Shown is the
plot of the first two principal coordinate axes (P1 and P2) for PCoA and
the distributions of nirK-harboring microbial assemblages (designated
with the sampling station names) in response to these axes
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with NO2
− and SiO3

2− (P < 0.05) (Table 3). At SYS02, the
abundance of all the targeted genes had significantly positive
correlations with NO2

− (except for qnarG) and TN%, and
negative correlations with NH4

+ and SiO3
2−. Moreover, the

functional gene abundance at ECS01 was significantly posi-
tively correlated with TOC% and negatively with NH4

+,
SiO3

2−, and PO4
3−. However, we found no significant corre-

lations between almost all of the environment factors with the
quantities of denitrifier at ECS02. The data of environmental
factors were not intact at ECS03, but an interesting phenom-
enon could be found that qnosZ was negatively correlated
with TOC% and TN%. Additionally, environmental factors
had no significant impacts on diversity of nirK-harboring mi-
croorganisms (P > 0.05), and only NH4

+ had a significant im-
pact (P < 0.05) on abundance of nirK-harboring microorgan-
isms (Table S2).

ARGZ was significantly correlated with NH4
+, SiO3

2−,
PO4

3−, and TOC% at ECS01, with TN% and C/N at SYS02,
and with TN% at ECS03 (Table 4). Unexpectedly, we found

no regular relationships between the abundance ratios of each
functional gene and environmental factors. The results dem-
onstrated that in different situations, the response of microbi-
ota composition and diversity on environmental factors was
different.

Discussion

Diversity and Distribution of the nirK Gene Sequences

The nirK-harboring microbiota were dominated by a few
OTUs, and they were found to be widely distributed in differ-
ent sites with each site harboring their unique phylotypes. This
was confirmed by the results of PCoA analysis in which sites
from different mud areas were clearly separated. This could
have resulted from the low dissimilarity threshold (3%) used
for clustering the NirK amino acid sequences which would
inflate the calculation of diversity indices. However, a fine-

Fig. 6 Quantitative analysis of
functional genes (nirK, narG,
nosZ) in mud deposits of ECMS
by qPCR method. Different
colors and nodes for lines
represent different stations
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scale clustering threshold would enable to gain more accurate
taxonomical and functional distributions. Similar to our

results, a previous study reported the site-specific differences
in denitrifier community compositions from soils [53]. Every

Fig. 7 The ratios of denitrifiers in the different sediment layers of ECMS. a SYS01; b SYS02; c ECS01; d ECS02; e ECS03
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single site from the same sea area could represent a potential
ecological niche for microbes, where the microenvironmental
conditions that constrained and enriched different denitrifier
communities under primary succession would be a possible
explanation for this result. Furthermore, the OTUs from the
same sampling site also had different responses to environ-
mental factors even if they were phylogenetically closer to
each other. For example, OTU 11 had a positive correlation
with SiO3

2−, TN, PO4
3−, TOC, and NO2

−, while OTU 14 had
an opposite result (Fig. 5). The results suggested that marine
microbes from the same lineage could have different ecolog-
ical functions.

A phylogenetic tree was constructed by combination of
the 22 NirK OTUs retrieved in our study and closest-match
cultivated strain sequences from the NCBI. All the 22 OTUs
were distinct from their known closest reference strain se-
quences in GenBank with identities far less than 97%, indi-
cating that many denitrifiers ubiquitous in marine sediments
are still unknown, which need further exploration. From the
tree, the sequences could be classified into four clusters (I to
IV), and the dominant OTUs were primarily grouped into
Cluster I and IV (Fig. 3). Cluster IV was of interest because
sequences of this clade were clustered with a high bootstrap
value (Fig. 3). Although sequences of Cluster IV showed an
identity value greater than 97% with their closest-match se-
quences from GenBank, they had very low identity value
with cultivated reference strains (most related to
Pseudomonas sp. PI1 (WP_052267715) with identities less
than 58%), suggesting that an abundant clade of denitrifiers is
prevalent in the surface sediment of the mud areas of ECMS,
but their physiological features are yet to be characterized.

The results of diversity index analysis demonstrated that
the richness and diversity of denitrifiers in mud deposit zones
of ECMS were lower than the ones in the Jiaozhou Bay [54]
and Yangtze Estuary [55], and higher than the ones in the
surface sediment of the South China Sea [25, 56], although
the sequencing depth was not enough to cover the local
denitrifying community. Sedimentary organic matter might
explain this discrepancy since sites closer to land usually
receive more inputs from land and therefore have more or-
ganic matter deposition, although comparison of denitrifier
communities in these studies is not feasible due to the lack of
common environmental factors.

Denitrifier Abundance in Different Layers
and Relationship with Environmental Factors

The abundance of nirK (2.47 × 106 to 6.49 × 108 copies g−1,
dry weight) was significantly higher than that in deep-sea
subsurface sediments of the South China Sea (1.30 × 103 to
1.74 × 105 copies g−1, dry weight) [25] or sediments of
hypernutrified estuarine tidal flats (2.7 × 103 to 1.6 × 107 cop-
ies g−1, wet weight) [57]. The abundance of denitrifiers wasT
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significantly higher than that of anammox bacteria (unpub-
lished data) and one to two orders of magnitude higher than
that of ammonium oxidation organisms measured with amoA
in our previous study targeting the same sites [19], demon-
strating that denitrification is a more prevalent process com-
pared with anammox and ammonium oxidation in the mud
deposit zones in which the high concentration of organic mat-
ter might have facilitated the enrichment of denitrifiers [36].
Furthermore, the changing trends of abundance of the three
functional genes were different from that of amoA in each site
and different layers [19], suggesting a decoupling of ammonia
oxidation and denitrification in the sediments. However, there
were not any consistent correlations between the abundance of
denitrifiers and the environmental factors including nitrate and
nitrite across all sites, indicating that each mud zone could
have significantly distinct environmental characteristics.

To the best of our knowledge, this was the first study to
examine the denitrifier abundance in different sediment layers
of ECMS. The abundance of denitrifiers was the highest at the
surface sediment and decreased with depth in all studied sites.
The abundance of denitrifiers in SYS02 sediments except for
the surface (0 cm) was much lower than other sites (Fig. 6).
The high concentration of methane existed at SYS02 site (un-
published data) might benefit the growth ofMethanotroph that
competed with denitrifiers and inhibited the multiplication of
denitrifiers. ECS01 site located just outside of the Yangtze
Estuary was largely affected by the river runoff and had the
highest abundance of denitrifiers. The denitrifiers’ abundance
in ECS01 had a significant correlation with δ15N, illustrating
that the source of organic nitrogen may have significant im-
pacts on the denitrifying process.

In addition, three functional genes were quantified in the
present study to gain a better understanding of the abundance
profiles of denitrifiers [15, 58]. Generally, the marine mud de-
posit zones (SYS01, SYS02, ECS01, ECS02, ECS03) had a
higher abundance of nitrite reductase gene than that of nitrate
and nitrous oxide reductase genes, which might suggest that
nitrite reduction occurs more frequently than nitrate and nitrous
oxide reduction. This result indicated that nitrite might be re-
duced independently of denitrification inmarine sediments. The
variation of ARGZ (ranging from 1 to 5) was observed across
all samples. ARGZwas the highest at site ECS01, andARGZ at
the sites near continent (ECS01, ECS02) was apparently higher
than that in the open sea sites (SYS01, SYS02, ECS03). Hence,
consistent with the results mentioned above, the distance of sites
to the land, as a proxy of anthropogenic activities and flow out
of freshwater, was an important factor to drive the composition
and distribution of the denitrifier community in mud deposit
zones of ECMS systems. The high ARGZ value demonstrated
that nitrate might have a higher potential to be transformed into
greenhouse gases [59]. However, N2O could be reduced to N2

by a non-canonical denitrification pathway via distinct
Batypical^ NosZ protein [60].

It was interesting to find that the abundance of each
denitrifying functional gene varied greatly in a single deposit
zone, indicating that manymicrobes did not harbor a complete
set of genes relevant to denitrification. In addition, a great
diversity of denitrifiers was found in estuarine and coastal
sediments [61]. The higher diversity of microbes participating
in the denitrification process together with the unbalance of
different denitrification reactions gave a hint that the
denitrifying processes were accomplished through the coop-
eration of different denitrifying microorganisms in the marine
sediment.

In conclusion, the present study provided an outline of
denitrifying microbiota in mud deposit zones of ECMS.
Each mud area had its own denitrifier assemblages, and these
site-specific differences in denitrifier communities might be
attributed to anthropogenic activities and freshwater runoff,
which have great effects on the mud deposit zones of ECMS
systems. In addition, a few phylogenetic closely related OTUs
were found to have different responses to environmental fac-
tors, implicating different roles they played in the coastal sed-
imentary ecosystems. A significantly higher abundance of
nirK gene was observed than that of narG and nosZ genes,
as evidenced by their abundance ratios. The inconsistent var-
iations of different functional genes in the sites examined sug-
gested that multiple genes should be considered to gain a more
comprehensive insight into the distribution of denitrifiers in
future studies. Finally, the three denitrifying functional genes
displayed different changing trends from the amoA gene in
each site and different layers, suggesting a decoupling of am-
monia oxidation and denitrification in the sediments.
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