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lineage. Sites with high nitrification rates were located 
in the southern open region and were dominated by the 
Nitrosomonas-like lineage, whereas the Nitrosospira line-
age was found primarily in the northern estuary mouth sites 
with low nitrification rates. Thus, nitrification potentials 
in Liaohe estuarine sediments in the southern open region 
were greater than those in the northern estuary mouth, and 
the Nitrosomonas-related lineage might play a more impor-
tant role than the Nitrosospira lineage in nitrification in this 
estuary.

Introduction

Nitrogen pollution in coastal zones is a widespread and 
severe issue, particularly in ecosystems with urban or agri-
cultural watersheds [9]. Human activities, discharge of 
wastewater treatment plant effluent, application of nitro-
gen-based fertilizers, and other activities result in increas-
ing amounts of biologically available nitrogen. Much of 
the anthropogenic nitrogen ultimately enters rivers and 
nearshore coastal areas [2], which poses a serious threat to 
the balance of estuarine and coastal ecosystems. Nitrifica-
tion, which consists of the sequential oxidation of ammo-
nium (NH4

+) to nitrite (NO2
−) and then nitrate (NO3

−), is a 
key part of nitrogen transformation in estuarine and coastal 
ecosystems. Excess nitrogen can be greatly diminished by 
tight coupling between nitrification and denitrification or 
anaerobic ammonium oxidation [42], thereby mitigating 
eutrophication of estuary and coastal environments. The 
removal of nitrogen, however, often depends directly on 
the supply of products from nitrification [21]. Thus, nitri-
fication plays a critical role in facilitating the removal of 
nitrogen, particularly in estuarine and coastal ecosystems. 
Due to the great importance of nitrification in coastal 
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ecosystems and the pronounced impact of human activities 
on nitrogen supply, key microbial communities involved 
in nitrification have been the focus of remarkably active 
research.

Ammonia oxidation, which is the first and rate-limit-
ing step of nitrification, plays a central role in the global 
nitrogen cycle [24]. Ammonia-oxidizing bacteria (AOB) 
are generally thought to perform this crucial process, and 
known AOB are categorized into two distinct monophyletic 
groups (β-proteobacteria and γ-proteobacteria) [18, 31]. All 
AOB carry the amoA gene that encodes the α subunit of the 
key ammonia monooxygenase enzyme, which is respon-
sible for catalyzing the oxidation of ammonia to hydroxy-
lamine. The ubiquity of the amoA gene among AOB has 
facilitated the development of amoA as a molecular marker 
[20], allowing the detection and quantification of AOB in 
a variety of environments, including lakes [27, 40], estuar-
ies [14, 23, 30], wastewater treatment plant sludge [39], and 
constructed wetlands [10, 34], without requiring laboratory 
culture. It also has led to accurate assessment of abundance 
and diversity features of AOB.

To date, most studies have focused on the distribution 
and diversity of AOB and on exploration of complex micro-
bial communities to determine which strains are present 
and which environmental factors drive their distribution 
[36] and abundance. However, whether these organisms 
are actively involved in nitrification is poorly understood. 
Wankel et  al. [37] reported that sites with high and low 
nitrification rates were dominated by marine/estuarine 
Nitrosospira-like bacterial amoA sequences and estuarine 
Nitrosomonas-like amoA sequences, respectively, which 
suggested that Nitrosospira-like AOB may be more active 
and play a more critical role in nitrification. However, little 
is known about the linkage between functional dynamics 
and ammonia oxidation microbial community composition 
in estuarine systems.

The Liaohe Delta, with an area of approximately 
4000 km2, is located in northeast China [22]. As an impor-
tant industrial base, the Liaohe River watershed has been 
subjected to heavy anthropogenic influences due to rapid 
development of the social economy [29]. Therefore, nitro-
gen transformations are of major concern in the Liaohe 
Estuary. Past investigations have focused mostly on varia-
tions of AOB abundance [1, 7] and nutrient concentrations 
[38] seasonally and spatially in the Liaohe Estuary. Thus, 
studies of the relationships between the nitrification rates 
and AOB are needed. The objectives of the present study 
were to (a) investigate the abundance, diversity, and activ-
ity of AOB along an estuarine environmental gradient in 
the surface oxic sediments where nitrification can occur 
and (b) explore the relationships between AOB abundance, 
community composition, and potential nitrification rates 
(PNRs).

Materials and Methods

Sample Collection and Physicochemical Parameters

During a spring research cruise (May 2014), samples were 
collected from three sites (station 5, 40°50′N 121°46′E; 
station 12, 40°44′N 121°41′E; and station 24, 40°38′N 
121°34′E) along the Liaohe Estuary to the coastal zone of 
Liaodong Bay, Bohai Sea, China (Fig. 1). The surface sedi-
ment samples from each site were sectioned into the upper 
layer (0–2 cm) and the lower layer (2–4 cm), and the sec-
tions were placed in sterile plastic bags. Sediment samples 
were labeled with the layer and location collected (e.g., U5 
and L5) and transported to the laboratory on ice. At each 
site, triplicate subcores were taken and mixed together for 
homogenization. Upon return to the laboratory, each sedi-
ment sample was further split into two parts: one part was 
stored at 4 °C for sediment physiochemical analysis and the 
other part was preserved at −80 °C for DNA extraction and 
subsequent analysis.

Environmental parameters, including salinity and dis-
solved oxygen (DO) concentration, in the water column 
were measured in situ using an YSI 6600 Sonde. The con-
centrations of nutrients, including NH4

+, NO2
−, and NO3

−, 
were determined according to the “The Specification for 
Marine Monitoring. Part  4: Seawater Analysis” [16]. The 
concentrations of total phosphate (TP) and total nitrogen 
(TN) in sediments were measured according to the “The 
Specification for Marine Monitoring. Part  5: Sediment 
Analysis” [17]. Replicate chemical tests were performed 
for each sample.

Fig. 1   Map of the Liaohe Estuary showing the locations of study 
sites
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PNRs

PNR assays were conducted in triplicate for each site using 
the method developed by Bernhard et  al. [5]. Approxi-
mately 10  g (wet weight) of sediment were added to 
100  mL of sterile artificial seawater (adjusted to site-spe-
cific salinity) amended with 300  μM NH4Cl and 60  μM 
KH2PO4. Sediment slurries from each site were kept in the 
dark at room temperature for 24 h with continuous shaking 
(120  rpm). Subsamples were obtained at several intervals 
over the incubation period. Subsequently, the samples were 
centrifuged, filtered, and stored at −20 °C until analysis. 
The resulting filtrate was analyzed for the accumulation of 
NO3

− and NO2
− using an AA3 continuous flow analyzer 

(Bran + Luebbe GmbH, Norderstedt, Germany). Although 
NO2

− concentrations over the nitrification incubation 
period were negligible because it can be quickly oxidized 
to NO3

− by nitrite-oxidizing bacteria, the PNRs were calcu-
lated based on the changes in NO3

− (plus NO2
−) concentra-

tions with time [5].

DNA Extraction and Gene Amplification

Total genomic DNA was extracted from sediment samples 
using the Rapid Soil DNA Isolation Kit (Sangon Biotech, 
Shanghai, China) according to the manufacturer’s direc-
tions. The extracted DNA was verified on a 1% agarose gel. 
DNA extracts were stored at −20 °C before using them as a 
template for PCR. The bacterial amoA gene fragments were 
amplified using the primer set composed of amoA-1F and 
amoA-2R [32]. PCR was performed in a total volume of 
25  μL containing 12.5  μL 2 × Taq Master Mix (TaKaRa, 
Dalian, China), 0.5 µM of each primer, and 1 μL template 
DNA. PCRs for AOB were carried out as follows: 3  min 
at 94 °C followed by 35 cycles of 1 min at 94 °C, 30  s at 
55 °C, and 1 min at 72 °C, with a final extension of 10 min 
at 72 °C. Appropriately sized fragments were separated by 
electrophoresis in 1.5% agarose gels.

Real‑time Quantitative PCR (qPCR)

Copy numbers of the amoA gene of AOB were determined 
in triplicate with an ABI 7500 Sequence Detection System 
(Applied Biosystems, Foster City, CA, USA) using the SYBR 
green qPCR method. Plasmids carrying bacterial amoA 
gene fragment constructed in this study were extracted from 
Escherichia coli hosts using a TaKaRa MiniBEST Plasmid 
Purification Kit (TaKaRa). Concentrations of plasmid DNA 
were measured using a NanoDrop 2000 C spectrophotome-
ter (Thermo, Winmington, DE, USA). Standard curves were 
created using a dilution series of standard ranging from 106 
to 101 gene copies μL−1 and no-template controls that sub-
stituted sterile water for DNA. The primer set amoA-1F and 

amoA-2R was used for the amplification of the AOB amoA 
gene. The qPCR assay was performed in a total volume of 
25 μL containing 12.5 μL of SYBR® Premix Ex Taq™, 2 μL 
template DNA, and 0.5 μM of each primer. The PCR proto-
cols were performed as follows: 2 min at 50 °C and 10 min 
at 95 °C followed by 40 cycles of 30 s at 95 °C, 40 s at 58 °C, 
and 40 s at 72 °C. Standard curve correlation coefficients (R2) 
were >0.99, and PCR amplification efficiencies were 83.3%. 
Specificity was determined using melt curves to exclude 
primer–dimer artifacts and nonspecific PCR amplification 
products. Occasionally, obvious outliers were excluded, and 
the midpoint of duplicate values was used.

High‑Throughput Sequencing and Data Analysis

The AOB amoA gene was amplified using primers amoA-
1F and amoA-2R [32], yielding a fragment of 491  bp, to 
construct libraries, and amoA gene PCR amplicons were 
sequenced using the Illumina MiSeq technology at BGI 
Co., Ltd. (Shenzhen, China). Paired-end reads were gener-
ated by the Illumina MiSeq platform, the raw data were pre-
processed to obtain clean data using an in-house procedure 
[13], and the paired reads were joined with FLASH (v1.2.11) 
[28]. The joined pairs were then quality filtered and chimera 
checked using scripts of the software UCHIME (v4.2.40) 
[12]. The resulting sequences were clustered into operational 
taxonomic units (OTUs) at a 97% similarity threshold using 
UPARSE [11]. The most abundant sequence of each OTU 
was selected as the representative sequence. OTU repre-
sentative sequences were taxonomically classified using the 
BLASTn tool. A neighbor-joining phylogenic tree was gen-
erated using MEGA software (v5.05) [35]. The relative con-
fidence of the tree topologies was evaluated by performing 
1000 bootstrap replicates. Alpha-diversity indices, including 
Chao1, Shannon, and Simpson values, were subsequently 
calculated by Mothur (v1.31) [33]. Principal component 
analysis (PCA) of OTUs was performed based on the relative 
abundance of each OTU in each sample with R.

Nucleotide Sequence Accession Number

The nucleotide sequences obtained in this study were 
deposited in the Sequence Read Archive of the National 
Center for Biotechnology Information under the accession 
number SRP071260.

Results and Discussion

Environmental Characterization

Table S1 shows the environmental characteristics of the 
sampling sites. In this study, obvious gradient variations 
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of environmental variables were found in Liaohe Estu-
ary coastal zones. Briefly, salinity and DO concentration 
increased along the Liaohe Estuary to the coastal zone 
of Liaodong Bay, Bohai Sea. Salinity increased from 
24.6 to 28.4 psu, and DO concentration ranged from 7.4 
to 8.3 mg L−1. However, concentrations of nutrients gen-
erally decreased as salinity increased. Concentrations 
of NH4

+, the reactant of ammonia oxidation, decreased 
from 4.11 to 2.16  μM. NO3

− concentrations decreased 
from 23.25 to 15.35  μM, and NO2

− concentrations 
decreased from 1.71 to 0.40  μM. This result was con-
sistent with the findings of prior studies of the Yangtze 
Estuary and Pearl River Delta [26, 42]. The TP concen-
trations in sediment were 213.1–364.5  μg g−1, and the 
TN concentrations were 160.0–203.7 μg g−1.

In general, all nutrient concentrations were the high-
est at station 5, which was the nearest offshore station 
located at the northern tip of the sampling area. This 
area is subjected to several sources of contamination 
from anthropogenic activity. The lowest nutrient concen-
trations were observed at station 24, which was the sta-
tion farthest offshore. This difference in nutrient concen-
trations suggests that riverine N inputs from upstream 
human activities led to high nutrient concentrations in 
the estuary mouth, and these inputs may be the most 
pronounced nitrogen source for estuaries and coasts. 
Due to the dilution of estuarine waters, nitrogen nutrient 
contents were lower in the coastal areas.

PNRs and AOB amoA Gene Abundance

In this study, PNRs were used as a proxy of activity of 
AOB. The upper layer of the sediment had higher PNRs 
than the lower at each site, with upper rates ranging from 
18.5 to 336.8  nmol N g−1 day−1 and lower rates ranging 
from 0.1 to 92.1  nmol N g−1 day−1 (Fig.  2). In addition, 
PNRs showed an increasing trend from the Liaohe Estu-
ary mouth to the open coastal zone. A previous study of 
Chongming eastern intertidal sediments [41] revealed that 
PNRs in summer increased gradually from the high tidal 
flat to the low tidal flat. In our study, rates at station 5 were 
the lowest, but the greatest nutrient concentrations were 
found here. In contrast, rates at station 24 were the highest 
and nutrient concentrations were the lowest.

The abundance of AOB in surface sediments was deter-
mined using a real-time PCR assay targeting the amoA 
gene. Similar to the observed PNR variations, bacterial 
amoA gene abundance increased from the Liaohe Estu-
ary mouth to the open coastal zone. AOB abundance in 
the upper layer was 4.87 × 105–5.85 × 106 copies g−1 wet 
sediment weight, whereas that in the lower layer ranged 
between 8.54 × 104 and 2.69 × 106 copies g−1 wet sedi-
ment weight (Fig.  2). Numbers of AOB amoA gene cop-
ies in this study were similar to those previously reported 
in other riverine or estuarine ecosystems [9, 42]. PNRs 
are considered to roughly reflect the abundance of AOB 
[19], so we expected these two parameters to correlate sig-
nificantly. The correlation between AOB abundance and 
PNRs was positively correlated and statistically significant 
(r = 0.953, P < 0.01, n = 18; Fig.  2) when the logarithmic 

Fig. 2   Potential nitrification 
rates (PNRs) and AOB amoA 
gene abundance; Log(x + 1) 
transformation was applied to 
the data
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transformation was applied to the data, which suggests 
that AOB may be of great importance in nitrification in the 
study area. Li et al. [25] also reported that AOB (possibly 
Nitrosomonas spp.) were of major significance in nitrifica-
tion in a nutrified estuary. The greatest number of copies 
of the bacterial amoA gene was detected at site 24 and the 
lowest was recorded at site 5, suggesting that AOB may 
play a more important role in mediating the oxidation of 
ammonia to nitrite in the southern open region than in the 
northern estuary mouth.

Diversity and Distribution of AOB

Bacterial amoA sequences were obtained from all six sam-
ples (U5, U12, U24, L5, L12, and L24), and more than 
24,000 amoA gene fragment tag sequences were obtained 
for each sample (Table  S2). When analyzed using a 97% 
sequence similarity cutoff, the 151,009 total AOB amoA 
sequences formed 41 OTUs. In general, the estimated cov-
erage values showed that more than 93% of bacterial amoA 
diversity was captured (Table 1). This result indicates that 
these libraries represented the majority, but not the full 
extent, of the total bacterial amoA gene sequences present 
in the samples and that many OTUs were shared among 
sites (Fig. 3).

Chao1 and Shannon indices were calculated to evaluate 
the richness and diversity of the AOB at each site. Richness 
showed a decreasing trend along the estuary to the coastal 
zone based on the Chao 1 index, which ranged from 26.0 
to 22.3 (Table 1). Overall, the bacterial amoA gene in the 
upper layer exhibited greater richness than that in the lower 
layer. Samples U5 and L5 had the highest Chao1 indices in 

the upper and lower layer, respectively, and these sediments 
were both obtained from site 5. Thus, station 5 harbored 
the greatest AOB richness. It also had the greatest number 
of unique OTUs (3, 4 in the upper and lower layer, respec-
tively). Research conducted in the Sacramento-San Joaquin 
River Delta [9] showed a similar result. The Shannon 
diversity index also tended to decrease from the estuary 
mouth to the open coastal zone, but the greatest diversity 
was observed in sample U12 (index value 1.71). Both the 
Chao1 and Shannon indices had the lowest values at site 
24. Diversity generally decreased as salinity increased, thus 
the higher salinity sites were less diverse than the lower 
salinity sites. Similar results were reported for the Plum 
Island Sound Estuary [4]. Neither the Shannon nor Chao1 
indices were significantly correlated with PNRs.

A majority of amoA OTUs were shared among the sam-
ples (Fig. 3), indicating that the amoA genes were widely 
disseminated. However, the relative abundances of the 
majority of amoA OTUs were quite low; only the propor-
tion of OTU 1 in each sample reached more than 30%. 
Figure S1 shows the percentage of AOB amoA gene OTUs 
for all samples combined. OTUs accounting for >1% of 
the total included OTU1, OTU2, OTU4, OTU3, OTU7, 
OTU32, OTU6, and OTU5, and together they accounted for 
19.51% of all OTUs; however, they accounted for 97.19% 
of the whole sequences recovered. Previous research in 
the Changjiang Estuary and its adjacent area in the East 
China Sea [8] reported similar results. The high percentage 
of these eight OTUs among all samples suggests that they 
may play critical roles in nitrification in the study region.

Table 1   Richness (Chao1 index) and diversity (Shannon index) data 
for amoA OTUs of AOB

a U-upper, L-lower layer at each sampling site
b Unique OTUs for each sample show the number of OTUs exclu-
sively containing sequences from that sample
c For the Chao 1 richness index, a higher number represents greater 
richness
d For the Shannon diversity index, a higher number represents greater 
diversity
e Percentage of coverage is the percentage of observed number of 
OTUs divided by the Chao1 estimated value

Samplea No. OTUs Unique 
OTUsb

Chao1c Shannond Coverage(%)e

U5 26 3 26.0 1.15 100.0
U12 24 2 24.0 1.71 100.0
U24 21 1 22.5 0.74 93.3
L5 24 4 24.0 1.48 100.0
L12 23 1 23.0 1.36 100.0
L24 22 1 22.3 0.86 98.7

Fig. 3   Distribution and relative abundances of AOB amoA gene 
OTUs in each sample
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Composition of the Bacterial amoA Gene

The bacterial amoA sequences were grouped into 41 
unique OTUs, but most of them were not closely related 
to sequences from any cultured AOB isolates (Fig.  4). 
Phylogenetic analysis indicated that the bacterial amoA 
gene sequences grouped with known sequences from the 
Nitrosomonas and Nitrosospira genera. The majority of 
amoA gene sequences (31 OTUs, 150357 sequences) fell 
within Nitrosomonas, and only a few sequences belonged 
to Nitrosospira (10 OTUs, 652 sequences). However, the 

opposite result was found in a study of the Changjiang 
Estuary and its adjacent area in the East China Sea [8]. This 
difference may be explained by the adaptation of micro-
organisms to the environment in different regions. The 
Nitrosomonas sequences grouped with sequences in the lin-
eages of Nitrosomonas marina (HM345612), Nitrosomonas 
aestuarii (HM345616), and the Nitrosomonas-like lineage 
(18 OTUs), with the latter being the most dominant spe-
cies. In the Nitrosospira lineage, sequences were affiliated 
with Nitrosospira briensis (AY123821). High-throughput 
sequencing analysis indicated that the majority of amoA 

Fig. 4   Neighbor-joining 
phylogenetic tree of AOB amoA 
OTUs. Sequences obtained 
in this study are shown with 
“OTU” in the names. Numbers 
in parentheses indicate the 
number of sequences per OTUs. 
The symbol next to each OTU 
indicates the composition of 
the OTU by sample. Refer-
ence sequences from named 
organisms are indicated with 
GenBank accession numbers. 
Clades referred to in the text 
are marked to the right of the 
tree. Bootstrap values are indi-
cated on branch nodes (1000 
neighbor-joining bootstrap 
replicates)
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gene sequences fell within the Nitrosomonas and Nitroso-
monas-like clade, suggesting that the Nitrosomonas-related 
lineage may be more adaptable than the Nitrosospira line-
age in this geographic region.

AOB communities in estuary sediments generally are 
dominated by Nitrosospira-like amoA sequences in marine-
influenced regions and by a mix of Nitrosospira-like and 
Nitrosomonas-like sequences in oligohaline/freshwa-
ter regions [3, 6, 15]. In this study, Nitrosomonas and the 
Nitrosomonas-like lineage had a widespread distribution, 
ranging from the estuary to the open coastal region. Simi-
lar results were reported from the Yangtze Estuary [42] 
and Plum Island Sound Estuary [4]. However, the spatial 
distribution of the Nitrosospira lineage was very restricted, 
as they were primarily found at lower salinity sites. Nitros-
ospira was mainly obtained from site 5, which had low 
PNRs. A previous study revealed that sites with high nitri-
fication rates primarily contained marine/estuarine Nitros-
ospira-like bacterial amoA sequences [37]. Our results 
illustrate that Nitrosospira may be inactive in the stud-
ied habitats. Compared with Nitrosospira, Nitrosomonas 
showed a broad geographic distribution, and sites with high 
nitrification rates were dominated by the Nitrosomonas-like 
lineage. This finding suggests that Nitrosomonas-related 
species might play a more important role in nitrification in 
this estuarine coastal zone.

To evaluate whether AOB composition in the sediments 
differed by region, we performed PCA based on OTU 
counts of AOB data from each site. The first two principal 
component axes explained 91.1% of the total variability in 
OTU compositions of AOB among stations, which suggests 
a strong clustering of station samples geographically in the 
Liaohe estuarine coastal regions (Fig. 5). The amoA geno-
type assemblages of samples U24 and L24 (from station 
24) were grouped together; this site had the lowest nutrient 
concentrations and was the farthest from the shore. How-
ever, the sediment samples collected from stations 5 and 
12 were not grouped together, likely because the site near 
the shore was subjected to larger variability (e.g., nutrient 
pulses, tidal changes [4, 42], and disturbance due to human 
activity) than the site far from the shore.

Conclusions

In conclusion, the spatial abundance, diversity, and activ-
ity of AOB in sediments of the Liaohe Estuary were 
investigated to provide insights into the microbial mecha-
nisms driving nitrification in estuary environments. Nitri-
fication potentials in Liaohe estuarine sediments were 
greater in the southern open region than in the northern 
estuary mouth. Additionally, PNRs were higher in the 
upper layer than in the lower layer. Abundances of the 

bacterial amoA gene showed an increasing trend from 
the Liaohe Estuary to the open coastal zone. Log AOB 
abundance was significantly correlated with log PNRs, 
indicating that AOB may be of great importance in nitri-
fication in the study area. High-throughput sequencing 
analysis demonstrated that Liaohe Estuary study sites 
were primarily dominated by Nitrosomonas and the 
Nitrosomonas-like lineage rather than the Nitrosospira 
lineage, which suggests that the Nitrosomonas-related 
lineage may be more adaptable to the specific condi-
tions than the Nitrosospira lineage in this geographic 
region. PCA revealed a strong geographical clustering 
of station samples in the Liaohe estuarine sediments. 
Sites with high nitrification rates were dominated by the 
Nitrosomonas-like lineage, whereas the Nitrosospira lin-
eage was principally found at sites with low nitrification 
rates. Thus, the Nitrosomonas-related lineage might play 
a more important role in nitrification than the Nitros-
ospira lineage in this estuary. These results revealed that 
AOB (especially the Nitrosomonas-related lineage) may 
play a vital role in ammonia oxidation during nitrifica-
tion in Liaohe Estuary sediments. This information may 
help elucidate the roles of AOB in the nitrogen cycling of 
estuary sediment.
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