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A B S T R A C T

Coupled nitrogen cycling processes can alleviate the negative effects of eutrophication caused by excessive
nitrogen load in estuarine ecosystems. The abundance and diversity of nitrifiers and denitrifiers across different
environmental gradients were examined in the sediment of Hangzhou Bay. Quantitative PCR and Pearson's
correlation analyses suggested that the bacterial ammonia-oxidizers (AOB) were the dominant phylotypes
capable of ammonia oxidation, while the nirS-encoding denitrifiers predominated in the denitrification process.
Simultaneously, nitrite and pH were found to be the two major factors influencing amoA and nir gene abun-
dances, and the distribution of bacterial communities. Moreover, the ratio of nirS/AOB amoA gene abundance
showed negative correlation with nitrite concentration. Fluorescence in situ hybridization further demonstrated
that AOB and acetate-denitrifying cells were closely connected and formed obvious aggregates in the sediment.
Together, all these results provided us a preliminary insight for coupled nitrification-denitrification processes in
the sediment of Hangzhou Bay.

1. Introduction

Over the last few decades, coastal eutrophication caused by ex-
cessive nitrogen (N) discharge has become a matter of global concern
(Howarth et al., 2002). Estuarine eutrophication has resulted in a suite
of environmental problems, such as hypoxic events (Rabalais, 2002)
and harmful algal blooms (Paerl et al., 2002), and greatly threaten both
the economy and human health. Accordingly, bioavailable N from
landscapes to coastal waters can be removed by tightly-coupled mi-
crobial processes, such as coupled nitrification-denitrification
(Seitzinger et al., 2006) or coupled nitrification-anammox (the anae-
robic oxidation of ammonium) (Lam et al., 2007). Nitrification, the
two-step conversion of ammonium (NH4

+) to nitrate (NO3
−) via nitrite

(NO2
−), is commonly thought to play a vital role in N cycle (Head et al.,

1993). As is known to all, ammonia oxidation is the first and rate-
limiting step of nitrification and is catalyzed by ammonia mono-
oxygenase (AMO), which is encoded by the amoA gene from both ar-
chaea and bacteria. It is generally assumed that ammonia-oxidizing
archaea (AOA) not ammonia-oxidizing bacteria (AOB) are the main
contributors to ammonia oxidation process in marine environments

(Francis et al., 2005; Könneke et al., 2005; Wuchter et al., 2006; Smith
et al., 2014), however, the predominant ammonia oxidizers in estuarine
ecosystems remain more uncertain. Being an intermediate zone be-
tween land and ocean, the estuarine area often experiences salinity and
nutrient gradients, which may have important impacts on the temporal
and spatial dynamics of ammonia oxidizers (Zheng et al., 2014b). As
noted earlier, numerous studies suggest that AOA usually outnumber
AOB in estuarine environments and play more important roles in ni-
trification process, such as the researches in Bahía del Tóbari, Mexico
(Beman and Francis, 2006), Monterey Bay, USA (Mincer et al., 2007),
the Yangtze Estuary, China (Dang et al., 2008; Zheng et al., 2014b), the
Fitzroy Estuary, Australia (Abell et al., 2010), the Plum Island Sound
Estuary, USA (Bernhard et al., 2010) and the Pearl River Estuary, China
(Jin et al., 2011). Besides, a few studies found that nitrification might
be driven by bacteria rather than archaea in estuarine environments,
such as the researches in San Francisco Bay, USA (Mosier and Francis,
2008) and the Colne Estuary, UK (Li et al., 2014).

Denitrification, the sequential reduction of NO3
− to dinitrogen gas

(N2) via oxidized intermediates, can remove more than half of the in-
organic nitrogen (DIN) inputs from terrestrial ecosystems when coupled
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with nitrification (Seitzinger et al., 2006). Denitrification is considered
to be the dominant loss pathway for fixed N in shallow coastal and
estuarine systems (Bulow et al., 2008; Mosier and Francis, 2010), al-
though anammox has been recently identified as an alternative micro-
bial pathway of N2 production (Ward et al., 2009). Two nitrite re-
ductases are key enzymes in the denitrification pathway: copper-
containing nitrite reductases and cytochrome cd1 nitrite reductases
(encoded by nirK gene and nirS gene respectively). Though these two
forms of nir genes are supposed to be functionally equivalent (Zehr and
Ward, 2002), nirS gene appears to be more abundant in estuaries ac-
cording to previous studies, such as the researches in the Fitzroy Es-
tuary, Australia (Abell et al., 2010), San Francisco Bay, USA (Mosier
and Francis, 2010) and Laizhou Bay, China (Wang et al., 2014). Crucial
factors known to influence the diversity and abundance of denitrifiers
include substrate availability (Kemp et al., 1990), oxygen concentration
(Smith et al., 2006), salinity, temperature and pH (Salehlakha et al.,
2009).

Hangzhou Bay is located in the northern part of Zhejiang Province,
China. It is the outer part of the Qiantang River Estuary and adjacent to
the East China Sea. Covering an area of approximately 8500 km2, it is
one of the world's largest macrotidal embayments. The tidal amplitude
at the mouth is 3–4 m, and it exceeds 4–6 m further upstream. Tidal
currents are mainly rectilinear and the maximal flood velocity exceeds
4.0 m/s (Xie et al., 2009). The major rivers discharging directly into
Hangzhou Bay are Qiantang River, Cao-e River and Yong River, with
average water discharge of 44.4 km3/a and DIN load of> 3.8 × 104 t/
a (Zhang et al., 2002). Over the past few decades, excessive anthro-
pogenic N from agricultural production, domestic and industrial was-
tewater discharge and fish farming has resulted in severe eutrophica-
tion of Hangzhou Bay (Huo et al., 2010). Here, the water quality is far
worse than Grade IV Sea Water Quality Standard of China (SOA, 2014).
Influenced by tidal currents and waves, Hangzhou Bay has a high car-
rying capacity for suspended particulate matter, in which the net pri-
mary production tends to be light-limited (Xie et al., 2009). Thus, N
biogeochemistry in such turbid environments, which is almost ex-
clusively reliant on reduction-oxidation reactions, is facilitated pri-
marily by non-phytoplankton microorganisms (Dang and Jiao, 2014).
However, to the best of our knowledge, the microbial N cycling pro-
cesses in this eutrophic macrotidal estuary as yet remain unclear.

This study aims to (I) evaluate the abundance and diversity of ni-
trifying (AOA amoA and AOB amoA) and denitrifying (nirS and nirK)
phylotypes with quantitative PCR (qPCR), and examine the major en-
vironmental factors controlling the distribution of nitrifiers and deni-
trifiers in the estuary; (II) characterize the distribution of bacterial
communities and its environmental regulation information using
Illumina MiSeq sequencing; (III) demonstrate the ecological niche of
nitrifiers and denitrifiers by fluorescence in situ hybridization (FISH).

2. Materials and methods

2.1. Sampling and environmental parameters

Sediment and overlying water samples were collected from
Hangzhou Bay along a salinity gradient in May 2014, when the quantity
of phytoplankton was quite low (Cai, 2006) (Fig. 1). Overlying water
samples were collected with a 5-L Niskin bottle (Tianjin test center,
Tianjin, China). Standard oceanographic properties, including water
temperature, salinity, dissolved oxygen (DO) and pH, were measured
on board immediately using a Horiba U-52 water quality checker
(Horiba, Kyoto, Japan). Then the overlying water from each site was
sampled triple from the Niskin bottle, and transferred to acid washed
polyethylene bottles. The concentration of chlorophyll a (Chl a) was
measured following the standard protocols described previously
(Strickland and Parsons, 1972). Sediment samples were taken with a
250-cm3 Van Veen Grab (Hydro-bios, Kiel, Germany). The upper layer
(0–5 cm) sediment of each site was sliced, mixed and homogenized, and

then put into a sterile plastic bag and quickly stored in the −20 °C ice
box for further analyses. Inorganic N (NH4

+, NO2
− and NO3

−) were
extracted from the sediment using 2 M KCl as previously described
(Shen et al., 2013). The concentration of total phosphorus (TP) in se-
diment was measured colorimetrically by the ascorbic acid-molybdate
blue method (Murphy and Riley, 1962).

2.2. DNA extraction

Total genomic DNA of each sediment sample (0.4–0.6 g) was ex-
tracted using a FastDNA spin kit for soil (Qbiogene, Carlsbad, CA, USA),
following the manufacturer's instructions. Duplicate DNA extractions
for each water sample were performed. DNA quality was detected
through 1% agarose gel electrophoresis which was stained with SYBR
Safe DNA Gel Stain (Invitrogen, Carlsbad, CA, USA). The duplicate DNA
extractions were then merged together, and stored at −80 °C for sub-
sequent molecular analysis.

2.3. Quantitative PCR (qPCR)

The abundance of functional marker genes, including AOA amoA,
AOB amoA, nirK and nirS gene, were quantified by qPCR analysis using
a CFX 96C 1000™ Thermal Cycler (Bio-Rad, Hercules, CA, USA).
Standard curves were generated using serial tenfold dilutions (10−1 to
10−5) of linearized plasmids containing cloned AOA amoA, AOB amoA,
nirK and nirS genes. The 20 μL reactions contained 0.4 μL of each
primer (10 mM), 10 μL of SYBR Premix Ex Taq (Takara, Tokyo, Japan)
and 2 μL of template DNA. Primers used in this study are listed in Table
S1. The PCR cycle started with 3 min at 95 °C, followed by 40 cycles of
10 s at 95 °C, 30 s at the specific annealing temperature and 30 s at
72 °C. The specificity of amplification was checked by the observation
of melt curves. The PCR amplification efficiencies were 83–100.7%, and
correlation coefficients (R2) for all assays were> 0.99. All samples and
standard reactions were performed in triplicate, and average values
were calculated.

2.4. Illumina MiSeq sequencing

Bacterial communities were investigated at the sediment samples of
Hangzhou Bay, using high-throughput sequencing according to the
protocols described by Caporaso et al. (2011). The V4 regions of the
bacterial 16S rRNA gene were amplified from the DNA extracts using
the primers 520F (5′-barcode-AYTGGGYDTAAAGNG-3′) and 802R (5′-
TACNVGGGTATCTAATCC-3′) (Klindworth et al., 2015). The barcode is
a seven-base sequence unique to each sample. The sequencing was then
conducted on the Illumina MiSeq platform (Personalbio, Shanghai,
China) and altogether generated 385,806 reads of 16S rRNA gene from
nine sediment samples. Raw sequencing data were de-multiplexed and
quality-filtered using the default parameters in Qiime version 1.7.0
(Caporaso et al., 2010). Criteria used for the filtering step were re-
commended by Bokulich et al. (2013). The remaining high quality 16S
rRNA gene sequences were then clustered into operational taxonomic
units (OTUs; 97% similarity) with uclust in Qiime (Edgar, 2010). A
bootstrap cutoff of 50% suggested by the Ribosomal Database Project
(RDP) was applied for taxonomic assignment (Wang et al., 2007). Based
on OTU numbers, the alpha diversity measures (Chao 1 and Shannon
index) were calculated in Mothur version 1.31.2 (Schloss et al., 2009).

All V4 sequence data are available in the NCBI Short Read Archive
database (Accession Number: SRP091594).

2.5. FISH analysis

Three 16S rRNA-targeted oligonucleotide probes were used for in
situ detection of nitrifying and denitrifying bacteria: (1) Cy3-labeled
NSO190 probes, specific for ammonia-oxidizing β-subclass
Proteobacteria; (2) Cy5-labeled DEN67 probes, specific for methanol-
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denitrifying cluster; (3) FAM-labeled DEN124 probes, specific for
acetate-denitrifying cluster. Sediment samples were fixed on ice for 3 h
in freshly prepared 4% paraformaldehyde solution, rinsed with phos-
phate-buffered saline (PBS), and subsequently stored in PBS-ethanol
(1:1) at −20 °C. For in situ hybridization, 4 μL of each fixed sample was
spotted onto adhesion microscope slides. Hybridization of each sedi-
ment sample was carried out as described previously (Amann, 1995).
The sequences, specificities and hybridization temperatures of all
probes are shown in Table S2. Then, fluorescent and phase-contrast
images were recorded using a multiphoton confocal LSM 780 NLO
microscope system (Carl Zeiss, AG, Germany).

2.6. Data analysis

Pearson's correlation analyses were used to test the correlations
between environmental parameters (temperature, salinity, DO, pH, Chl
a, TP, NH4

+, NO2
− and NO3

−); between gene abundances (or gene
copy ratios) and environmental parameters (temperature, salinity, DO,
pH, Chl a, TP, NH4

+, NO2
− and NO3

−). All calculations were per-
formed using IBM SPSS statistics 20.0 software. To compare the phy-
logenetic similarities of bacterial community composition in different
samples, hierarchical clustering was performed in the program PAST
(Hammer et al., 2001) based on Bray-Curtis similarity index and un-
weighted pair group method average (UPGMA) algorithm. To test the
effects of environmental parameters (temperature, salinity, DO, pH, Chl
a, TP, NH4

+, NO2
− and NO3

−) on the distribution of bacterial com-
munities, redundancy analysis (RDA) was performed using the software
Canoco version 5.0 (Lepš and Šmilauer, 2003).

3. Results and discussion

3.1. Environmental parameters of the sampling sites

Physical and chemical characteristics of the sampling sites are
shown in Table 1. From the west side of Hangzhou Bay to the east, the
overlying water temperature decreased from 21.20 to 18.80 °C, which
was negatively correlated with salinity (17.17–27.46 psu) and DO
(6.35–7.05 mg/L) (Table 1 and Table S3; r =−0.840, P < 0.01 and
r = −0.702, P < 0.05). The concentration of Chl a also decreased
from 1.03 to 0.03 μg/L (Table 1), showing a positive correlation with
temperature (Table S3; r= 0.902, P < 0.01) and negative correlations

with salinity and DO (Table S3; r= −0.757, P < 0.05 and
r = −0.736, P < 0.05). Notably, the Chl a concentration in the
overlying water was much lower than that measured in other estuaries,
which is indicative of poor phytoplankton growth in the water column
of Hangzhou Bay. For example, the Chl a concentration was peak
(~25 μg/L) at the midsalinity sites (15–20 psu) of Delaware Bay, USA
(Campbell and Kirchman, 2013), and the Chl a concentration was
~35 μg/L in summer of Tokyo Bay, Japan (Suzumura et al., 2004). As
for the nutrient concentration, the results showed that the concentra-
tion of NH4

+ ranged from 3.84 to 86.52 mg/kg, with a peak in sample
H8. Ranging from 0.05 to 6.06 mg/kg, the concentration of NO3

− was
quite variable. As a whole, NH4

+ was the main source of nitrogen in the
sediment of Hangzhou Bay, which is accounted for 48.33–99.88% of
DIN. It corresponds to the earlier study that NH4

+-N is the primary
anthropogenic nutrient entering Hangzhou Bay from the Qiantang
River (Hu et al., 2012). Additionally, the concentration of TP, ranging
from 0.50 to 0.64 mg/g, showed a gentle change.

3.2. Factors regulating nitrifying and denitrifying gene abundances

QPCR analysis was used to estimate the abundances of key nitrifying
(AOA amoA and AOB amoA) and denitrifying (nirK and nirS) genes in
the sediment samples. Among the nitrifying genes, the abundance of
AOA amoA gene ranged from 5.91 × 105 to 2.62 × 107 copies/g dry
sediment, with the abundance of AOB amoA gene ranging from
2.06 × 105 to 2.30 × 107 copies/g dry sediment (Fig. 2a). Specifically,
the results indicated that AOB were more abundant in the west of the
Bay (H1, H2, H3) with lower salinity (17.17–19.72 psu), while AOA
were more abundant in the east of the Bay (H4, H5, H6, H7, H8, H9)
with higher salinity (20.38–27.46 psu) (Fig. 2a). It's different from the
previous studies that AOA phylotypes were more abundant than AOB in
estuarine ecosystems (Beman and Francis, 2006; Mincer et al., 2007;
Dang et al., 2008; Abell et al., 2010; Bernhard et al., 2010; Jin et al.,
2011; Zheng et al., 2014b). Among the denitrifying genes, nirS gene
appeared to be more numerous, with the abundance ranging from
1.90 × 106 to 4.69 × 107 copies/g dry sediment. Meanwhile, the
abundance of nirK gene ranged from 1.21 × 104 to 3.27 × 106 copies/
g dry sediment (Fig. 2b). The ratios of nirS/nirK gene copy number
ranged from 6.15 to 863.23 in all samples, showing the clear pre-
dominance of nirS gene in the sediment of Hangzhou Bay. This finding
is consistent with some earlier studies demonstrating that nirS gene was

Fig. 1. Map of Hangzhou Bay showing sample
sites on the west coast of the East China Sea.
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more abundant than nirK gene in estuarine ecosystems (Abell et al.,
2010; Mosier and Francis, 2010; Wang et al., 2014).

The results of Pearson correlation analyses showed that the abun-
dance of AOB amoA gene was significantly correlated with NO2

− con-
centration (Table 2; r = 0.869, P < 0.01), while the abundance of
AOA amoA gene did not. It does seem likely that the ammonia oxidation
process may be driven by bacteria rather than archaea in the sediment
of Hangzhou Bay (Mosier and Francis, 2008; Li et al., 2014). Further-
more, Pearson's correlation analysis showed that the abundance of nirS
gene was strongly correlated with NO2

− concentration (Table 2;
r = 0.798, P < 0.01), with the abundance of nirK gene weakly corre-
lating with NO2

− concentration (Table 2; r= 0.783, P < 0.05). This is
likely then, that nirS-type denitrifiers may play a major role in the
denitrification process in the sediment of Hangzhou Bay. Furthermore,
pH may also play an important role in the N cycling processes, with the
abundances of AOA amoA, AOB amoA and nirS genes negatively

correlating with pH (Table 2; all P < 0.05). As previous research has
pointed out, pH exerts a strong selection pressure on microbes and thus,
has a pervasive effect on bacterial abundance and diversity (An and
Joye, 2001; Hartman et al., 2008). Nevertheless, unlike some earlier
studies that salinity is an important factor affecting the abundance and
distribution of both AOA and AOB (Mosier and Francis, 2008; Sahan
and Muyzer, 2008; Abell et al., 2010; Bernhard and Bollmann, 2010),
there was no correlation between salinity and AOA amoA or AOB amoA
gene abundance in this study (Table 2). We think the reason could
probably be attributed to the small variation of salinity gradient across
the sampling sites. The relationships between environmental para-
meters and gene copy number ratios were also detected by Pearson's
correlation analysis. The ratio of nirS/AOB amoA gene copy number
was negatively correlated with NO2

− concentration (Table 2;
r = −0.749, P < 0.05), potentially linking coupled nitrification-de-
nitrification processes to N metabolism in the sediment of Hangzhou
Bay. Otherwise, no significant correlation was found between NO2

− or
NO3

− and AOA amoA/nirK, AOA amoA/nirS, or nirK/AOB amoA values
(Table 2).

3.3. Factors regulating the bacterial community compositions

To investigate the distribution of bacterial communities in the se-
diment of Hangzhou Bay, Illumina MiSeq sequencing was conducted.
The Illumina MiSeq platform produced> 385,000 raw reads of the V4
amplicons. After removing short- and low-quality reads, 34,786–49,886
bacterial reads of each sample were available for further analyses. OTU
Numbers, Chao 1 and Shannon's indices at cutoff levels of 3% are
summarized in Table S4. On the basis of OTU numbers, sample H1
(4164 OTUs) had the richest abundance, gradually reducing from the
west of the Bay to the east, and only 2236 OTUs were found at sample
H7. Very similar trend in the Chao 1 index was observed in comparison
with OTU richness (Table S4). As to the Shannon diversity index, it also
indicated a higher bacterial diversity in the west of the Bay (H1, H2,
H3, H4, H5) relative to the west of the Bay (H6, H7, H8, H9) (Table S4).
Overall, these results suggest that the abundance and diversity of bac-
terial communities in the nearshore area are much higher than those in
the offshore area.

Cluster analysis at the phylum level revealed similarities of bacterial
community structure in each sample of Hangzhou Bay (Fig. 3). The nine
sediment samples could be clustered into two groups: (1) Group I
contains five sediment samples from the western Bay (H1, H2, H3, H4,
H5); (2) Group II contains four sediment samples from the eastern Bay
(H6, H7, H8, H9) (Fig. 3). Specifically, Proteobacteria was the most
abundant phylum across all sediment samples, accounting for
27.25–31.10% of the total effective bacterial sequences. Within the

Table 1
Physical and chemical properties of overlying water and sediment in Hangzhou Bay.

Environmental parament Sampling site

H1 H2 H3 H4 H5 H6 H7 H8 H9

Latitude (oN) 30.45 30.52 30.38 30.31 30.41 30.54 30.29 30.40 30.54
Longitude (°E) 121.29 121.49 121.49 121.58 121.59 121.61 121.69 121.70 121.72
Depth (m) 8.00 8.50 10.00 10.00 11.00 9.00 12.00 9.00 11.00
Overlying water
Temperature (°C) 21.20 20.30 19.80 18.80 19.60 20.10 20.10 18.90 19.20
Salinity (psu) 17.17 18.70 19.72 27.46 22.74 20.38 21.89 21.89 22.93
DO (mg/L) 6.35 6.50 6.54 6.99 6.82 6.69 6.76 7.05 6.43
pH 7.97 7.98 7.97 7.96 7.96 8.01 8.01 8.01 8.02
Chlorophyll a (μg/L) 1.03 0.78 0.80 0.45 0.66 0.78 0.56 0.30 0.48
Sediment
Water content (%) 44.93 53.67 41.16 48.21 47.80 39.63 37.52 33.88 42.89
NH4

+ (mg/kg) 7.31 4.74 5.88 9.94 11.21 8.06 5.76 86.52 3.84
NO2

− (mg/kg) 0.16 0.24 0.18 0.15 0.22 0.11 0.10 0.06 0.16
NO3

− (mg/kg) 2.20 3.82 2.42 3.29 2.73 0.62 6.06 0.05 0.09
TP (mg/g) 0.52 0.60 0.50 0.52 0.63 0.56 0.54 0.52 0.64

Fig. 2. Copy numbers (± 1SE) of (a) amoA and (b) nir genes detected in the sediment
samples (per g dry sediment) of Hangzhou Bay.
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Proteobacteria group, Deltaproteobacteria (12.10%) was the most domi-
nant class (average abundance), followed by Gammaproteobacteria
(10.38%), Alphaproteobacteria (4.74%) and Betaproteobacteria (1.59%).
Being the most dominant community in estuarine environments, the
abundance of Proteobacteria described in this study was much lower
than that measured in other estuaries, such as Liaodong Bay, China
(Zheng et al., 2014a) and Laizhou Bay, China (Wang et al., 2014). The
other dominant phyla of sediment samples were Planctomycetes
(13.29%), Bacteroidetes (7.31%), Acidobacteria (4.86%), Firmicutes
(4.67%) and Chloroflexi (4.55%), accounted for 32.57–35.72% of total
effective bacterial sequences. Followed by a few other major phyla
(abundance> 1% in each sample), including: Chlamydiae, Verrucomi-
crobia and Actinobacteria; a few phyla (e.g. Spirochaetes, Gemmatimona-
detes, Lentisphaerae, Cyanobacteria, Nitrospirae, Armatimonadetes and
Fibrobacteres) were only major contributors (abundance> 1%) to
community compositions in at least one sample.

To investigate the potential effects of environmental parameters on

the distribution of bacterial communities, redundancy analysis (RDA)
was performed (Fig. 4). The results showed that the first two RDA di-
mensions explained 77.8% (62.0% and 15.8% by RDA1 and RDA2,
respectively) of the cumulative variance of the relationship between
environmental parameter and bacterial community (999 times Monte-
Carlo permutation tests). RDA1 clearly distinguished the bacteria
communities in Group I samples (H1, H2, H3, H4, H5) from that in
Group II samples (H6, H7, H8, H9). In particular, the phyla Plancto-
mycetes, Bacteroidetes, Acidobacteria, Chlamydiae, and the class Beta- and
Gammaproteobacteria were found to predominate in the Group I samples
(characterized by high NO2

−). The phyla Firmicutes, Chloroflexi, Acti-
nobacteria, Gemmatimonadetes, Lentisphaerae, the classes Alpha- and
Deltaproteobacteria predominated in the Group II samples (characterized
by high pH) (Fig. 4). Among the environmental parameters measured,
pH and NO2

− were the two major factors influencing the distributions
of bacterial communities (Fig. 4; F= 7.876, P = 0.002 and F= 3.064,
P = 0.044, respectively). A previous investigation of Laizhou Bay also

Table 2
Pearson's correlation coefficients (r) between environmental parameters and gene abundances and the ratios of target genes across the sampling sites.

Temperature Salinity DO pH Chl a TP NH4
+ NO2

− NO3
−

(°C) (psu) (mg/L) (μg/L) (mg/g) (mg/kg) (mg/kg) (mg/kg)

AOA amoA −0.178 0.377 0.285 −0.677⁎ −0.001 0.394 −0.170 0.538 0.179
AOB amoA 0.285 −0.204 −0.212 −0.721⁎ 0.413 0.287 −0.308 0.869⁎⁎ 0.353
nirK −0.313 0.386 0.125 −0.616 −0.067 0.517 −0.299 0.783⁎ 0.189
nirS −0.093 0.188 0.048 −0.736⁎ 0.124 0.246 −0.292 0.798⁎⁎ 0.323
AOA amoA/nirK 0.704⁎ −0.531 −0.495 −0.278 0.636 −0.280 −0.123 0.041 −0.017
AOA amoA/nirS 0.104 0.230 0.167 −0.372 0.067 0.302 −0.234 0.208 0.381
nirK/AOB amoA −0.366 0.249 −0.163 0.754⁎ −0.404 0.506 −0.042 −0.268 −0.518
nirS/AOB amoA −0.344 0.166 0.287 0.876⁎⁎ −0.482 0.060 0.394 −0.749⁎ −0.503

Data in bold indicate significant correlations, ⁎P < 0.05, ⁎⁎P < 0.01.

Fig. 3. Dendrogram of hierarchical clustering of bacterial
communities based on Bray-Curtis similarity. Bacterial
taxonomic information is shown at the phylum level (and
subdivision level for Proteobacteria). Taxa represented oc-
curred at> 1% abundance in at least one sample.
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suggests that pH and NO2
− are important factors shaping the bacterial

community patterns (Wang et al., 2014). Other parameters (e.g. tem-
perature, DO, salinity, Chl a, TP, NH4

+ and NO3
−) detected in this

study showed weaker effects on bacterial assemblages (Fig. 4). Except
for pH and NO2

−, the crucial environmental parameters known to in-
fluence the bacterial communities in estuarine environments also in-
clude salinity, NO3

−, DO, TOC and sediment texture (Campbell and
Kirchman, 2013; Wang et al., 2014; Zheng et al., 2014a).

3.4. Abundances of nitrifying and potential denitrifying genera

Taxonomically, AOB are phylogenetically restricted to two lineages
within the Proteobacteria: the Betaproteobacteria, including the genera
Nitrosomonas, Nitrosospira, Nitrosovibrio and Nitrosolobus (Purkhold
et al., 2000); and the Gammaproteobacteria, including the genus Ni-
trosococcus (Ward and O'Mullan, 2002). Three AOB lineages were ob-
served in this study: the Betaproteobacterial Nitrosomonas and Ni-
trosospira, and the Gammaproteobacterial Nitrosococcus. The
Nitrosomonas and Nitrosococcus groups were the two dominant genera
of AOB, accounting for 0.02–0.16% and 0.09–0.19% of the total sample
sequences respectively, while the genus Nitrosospira was nearly absent
in this study (Fig. 5a). The abundance of Nitrosococcus was higher than
that of Nitrosomonas in most sediment samples, which is different from
earlier studies in coastal and marine environments (Ward et al., 2007;
Bernhard et al., 2010).

Previous studies provide a list of ~100 denitrifying bacterial genera
(Heylen et al., 2006; Shapleigh, 2006; Yu et al., 2014; Zhong et al.,
2015), among which only 43 genera were detected in the sediment of
Hangzhou Bay (Fig. 5b). In the present study, majority of the potential
denitrifying genera belonged to Proteobacteria (31 genera; 0.66–1.58%
of the total 16S rRNA sequences). In particular, the potential

denitrifying sequences were mainly (i.e. average abundance> 0.05%)
assigned to the genus Bradyrhizobium of Alphaproteobacteria, the genus
Thauera of Betaproteobacteria, the genera Pseudomonas, Pseudoalter-
omonas, Stenotrophomonas, Halomonas and Psychrobacter of Gammapro-
teobacteria, the genus Anaeromyxobacter of Deltaproteobacteria, and the
genus Arcobacter of Epsilonproteobacteria. The second largest group of
denitrifiers was categorized as Bacteroidetes (4 genera; 0.33–0.76%),
followed by the group of Firmicutes (5 genera; 0.02–0.25%) and Acti-
nobacteria (3 genera; 0–0.14%) (Fig. 5b). However, more research is
required to clarify the mechanisms driving the denitrification process in
the sediment of Hangzhou Bay and resolve the roles played by deni-
trifying bacteria in this process.

3.5. In situ characterization of nitrifying and denitrifying bacteria

To investigate the spatial distribution of nitrifying and denitrifying
bacteria in the sediment of Hangzhou Bay, simultaneous in situ hy-
bridization with specific probes was performed. In situ hybridization
clearly indicated that AOB were in greater abundance than acetate-
denitrifying cells (Fig. 6a–b and Fig. S1a, b), while nearly no methanol-
denitrifying cell was detected. Specifically, NSO190 probe-stained AOB
(red signals) and DEN124 probe-stained acetate-denitrifying cells
(green signals) formed irregularly shaped (~20 μm), dense aggregates
(yellow signals) (Fig. 6c-d and Fig. S1c–d). It is common knowledge
that nitrification is an aerobic process and denitrification an anaerobic
process, therefore, the two processes are usually carried out in separate
ecological niches. The reasons for spatial niche overlap between ni-
trifiers and denitrifiers in the sediment could be attributed as follows:
(1) nitrification and denitrification are closely coupled in time because
of the small scale spatial separation of nitrification and denitrification
(Seitzinger et al., 2006); (2) nitrification produces nitrite or nitrate,

Fig. 4. Redundancy analysis of the relationship between environ-
mental parameters (red arrows) and bacterial communities of sedi-
ment samples (green triangles) in Hangzhou Bay. Taxonomic in-
formation is shown at the phylum level (and subdivision level for
Proteobacteria). Only P value of environmental parameter< 0.05
(999 times Monte-Carlo permutation test) and average abundance of
taxa> 1% are shown. (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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which is a reactant in denitrification; (3) nitrification reduces the pH
and oxygen around, and denitrification generates the alkalinity that is
required in nitrification (Menoud et al., 1999). Aggregates consisting of
nitrifiers and denitrifiers detected by FISH analysis provide us an evi-
dence for the co-existence of nitrifiers and denitrifiers in the sediment
of Hangzhou Bay.

4. Conclusion

We have examined the abundance and diversity of nitrifying and
denitrifying genes in the sediment of Hangzhou Bay. Though AOA
amoA gene predominated AOB amoA gene in most of the samples,
correlation analysis suggesting that AOB was probably the major

Fig. 5. Heatmap of (a) nitrifying and (b) potential deni-
trifying genera in each sediment sample of Hangzhou Bay.
Nitrifying (3 genera) and potential denitrifying genera (43
genera) were compared with their relative abundances
among different samples. The color intensity in each panel
shows the percentage of a genus in a sample, referring to
color key at the right bottom.

Fig. 6. Simultaneous in situ hybridization of nitrifying and deni-
trifying bacteria in the sediment of Hangzhou Bay. Fluorescence
micrograph of (a) ammonia-oxidizing bacteria hybridization with
Cy3-labeled probe NSO190 (red); (b) acetate-denitrifying cluster
hybridization with FAM-labeled probe DEN124 (green); (c) com-
bined image of the two fluorescence micrographs, where the yellow
cell aggregates are double labeled with NSO190 and DEN124; A
phase contrast-micrograph of the floc section, where the red
bar = 20 μm, is depicted in (d). (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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phylotype responsible for ammonia oxidation in the sediment of the
Hangzhou Bay. Likewise, nirS-encoding denitrifiers were supposed to
play an important role in the denitrification process in the estuary.
Then, nitrite and pH were found to be the two important factors in-
fluencing the abundance and diversity of the nitrifiers and denitrifiers,
as well as the distribution of bacterial communities. Furthermore, ne-
gative correlation between the ratio of nirS/AOB amoA gene abundance
and nitrite, with aggregates consisting of nitrifiers and denitrifiers, to-
gether provided us a preliminary insight for coupled nitrification-de-
nitrification processes in the sediment of Hangzhou Bay. To our
knowledge, this study is the first investigation on N cycling functional
microorganisms in the sediment of Hangzhou Bay. Further research
with 15N isotopic tracer technology, will provide us deeper insights into
the exact extents of N flux mediated by coupled N cycling processes.
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