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Anaerobic  ammonium  oxidation  (anammox)  is  an important  process  in marine  nitrogen  cycle.  In  this
study,  diverse  anammox  bacteria  were  identified  in  the  sediments  of  the  Changjiang  (Yangtze)  Estuary
and its  adjacent  area.  Specifically,  the  community  characters  of  anammox  bacteria  in  the  studied  area
were  studied  by quantitative  polymerase  chain  reaction  (qPCR),  as  well  as  16S  rRNA  gene-  and  functional
gene  (hzo)-based  Roche  454  sequencing.  The abundance  of denitrifying  bacteria  detected  by the  nirS gene
was greater  than  that  of  anammox  bacteria.  16S  rRNA  and  hzo  gene  fragments  affiliating  with  known
anammox  bacterial  lineages  were  recovered,  and  the two major  phylotypes  belonged  to  the  Candidatus
Scalindua  (Ca. Scalindua)  genus,  with  >90%  sequence  similarity.  A  phylogenetic  analysis  detected  the
Scalindua  and  Brocadia  genera  together  with  some  anammox-like  bacterial  clusters,  which  suggested  a
irS gene
arine sediment

higher  diversity  in the studied  ecosystem  than  in  open  ocean  environment,  where  only  Scalindua  genus
was  detected.  A redundancy  analysis  (RDA)  showed  that total  organic  carbon  (TOC)  and  total  nitrogen  (TN)
content in  sediments  significantly  influenced  anammox  bacterial  abundance  of.  Spearman  correlation
analyses  confirmed  that  the spatial  variation  in  anammox  bacterial  abundance  was highly  correlated
with  TOC  (P  < 0.01)  and TN (P <  0.01)  contents  in  sediments.

© 2019  Elsevier  GmbH.  All  rights  reserved.
ntroduction

Most anthropogenic N is delivered to estuarine and coastal
reas through river flow, groundwater discharge, and atmospheric
eposition, which consequently represents a serious threat to
hese aquatic ecosystems. Understanding N removal and related

icrobial processes is important for developing N management
trategies in order to protect such ecosystems [5]. In the global
itrogen cycle, bacterial denitrification was recognized for decades
s the only quantitatively important process that converted fixed

itrogen to atmospheric nitrogen gas, N2, thereby influencing many
spects of ecosystem functions and global biogeochemistry. How-
ver, a process novel to the marine nitrogen cycle, the anaerobic

∗ Corresponding author at: College of Environmental Science and Engineer-
ng,  Ocean University of China, 238 Songling Road, Qingdao, 266100 China.
el.: +86 532 6678 1940; fax: +86 532 6678 1940.

E-mail address: zhenyu@ouc.edu.cn (Y. Zhen).
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oxidation of ammonium and its coupling to nitrate reduction, has
been shown to contribute substantially to N2 production in marine
sediments. Anaerobic ammonium oxidization (anammox) is a
microbe-mediated process that was predicted in 1977 [3] but was
first described in 1995 in the bioreactors of wastewater treatment
plants in the Netherlands [37]. This process represents effective
microbial nitrogen transformation under anoxic conditions [20].
The processes for removing nitrogen from oceans have since been
recognized as anammox, the autotrophic oxidation of ammonium
to N2 by nitrite, and denitrification, a stepwise heterotrophic reduc-
tion of nitrate to N2. Anammox removes bioavailable nitrogen and
accounts for up to 28% of the total N2 production in the world’s
marine environments [2]. Therefore, understanding the balance
between anammox and denitrification is very important for under-
standing N cycling in suboxic zones.
Six anammox genera have been described, with 16S rRNA gene
sequence identities between any two  species ranging between 87
and 99% [22,24,50]. However, the high divergence between any two
anammox bacterial genera (<87.1% similarity) makes the detection
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f anammox bacteria difficult when they are present at low con-
entrations [22]. One main limitation of using the 16S rRNA gene
s a molecular marker is that it is not always related to the physiol-
gy of the bacteria [23]. The genes of anammox bacteria involved in
nammox biochemical metabolism therefore provide a better alter-
ative for the study of anammox bacterial communities [9,22,51].
ydrazine oxidoreductase (hzo), which encodes a key anammox
nzyme, has been suggested as an efficient tool for investigating
nammox bacteria [25,29,43,45]. Li et al. [29] and Hirsch et al. [15]
esigned several PCR primers to detect the hzo gene in various
arine sediment samples. They demonstrated that the anammox

acterial hzo gene was widely distributed in marine ecosystems
nd could be used to identify the diversity of anammox bacteria at
igh resolution. Amx-16S rRNA and hzo genes have thus been con-
rmed as functional biomarkers for investigating the community
haracteristics of anammox bacteria in natural ecosystems.

The Changjiang (Yangtze) Estuary is a large-river delta-front
stuary (LDE) that receives large inputs of terrestrial materials from
he Changjiang River. This river strongly influences the geochem-
stry, environment and ecosystem of the Changjiang Estuary and
ts adjacent area. Once discharged to the East China Sea (ECS),
hese terrestrial materials are subject to long-term hydrodynamic
orting and reworking, which results in changing formations of
he surface sediment [49,58]. The frequent physical reworking of

obile muds has led their microbial communities to always be
ore active, diverse, and abundant than those of other sediment

eposits [1]. Hou et al. [16] showed that high anammox bacterial
iversity existed in the Changjiang Estuary and that community
omposition and diversity varied among different regions of the
stuary. In addition, by performing 15N tracing experiments, they
ound that denitrifying bacteria may  be a primary source of nitrite
or anammox bacteria in the estuarine marshes. Although deni-
rification makes the largest contribution to the total N loss [32],
nammox plays a significant role in benthic nitrogen cycling in
SC sediments [48]. Investigations have revealed the coexistence
f anammox, denitrification and dissimilatory nitrate reduction
o ammonium (DNRA) through slurry incubations using the 15N
sotope pairing technique. There have been several reports of anam-

ox  and denitrification, as well as DNRA, in the Changjiang Estuary
nd its adjacent area [16,32,48]; however, the contributions of
ifferent functional microbial groups to these processes remain
nclear. In the present study, the community structure of anammox
acteria was determined in sediment samples from the Changjiang
stuary and its adjacent area by Roche 454 sequencing. 16S rRNA
nd hzo genes were both used as targets to measure the features
f anammox bacterial communities, and the responses of native
nammox bacteria to different local environmental properties were
valuated. In addition, the relationship between anammox and
enitrification was inferred from the abundance data from the per-
pective of molecular biology. This work may  provide novel insights
nto the microbial nitrogen cycle in the aforementioned area.

aterials and methods

amples and collection

Twenty samples of surface sediment and bottom water were
ollected from the Changjiang Estuary and its adjacent area in the
ast China Sea during July and August 2011 by the R/V Run-Jiang
Fig. 1). Surface sediments were obtained from all sampling stations

sing a box corer, which scraped surface sediment samples with a
hickness of 3 cm.  The sediment samples were placed into sterile
lastic bags and stored at −20 ◦C for molecular analysis. One portion
f the bottom water was stored at −20 ◦C for dissolved inorganic
Fig. 1. Sampling sites in the Changjiang Estuary and its adjacent area in the ECS
during July and August 2011.

nitrogen analysis, and the rest was  kept at room temperature for
silicate analysis after the addition of chloroform.

Determination of environmental parameters

The depth at each site was  determined. Several environmental
parameters (temperature, salinity, and dissolved oxygen concen-
tration) of the bottom water samples were recorded in situ with an
RBR XR-620 Multi-Channel CTD (Elcee, Malaysia). Other parame-
ters were measured on return to the laboratory. A QuAAtro nutrient
auto analyzer (Seal Analytical Ltd., UK) was  used as previously
reported in order to measure the ammonium, nitrite, and nitrate
concentrations in the bottom water from all sampling sites [34,35].
The total organic carbon (TOC) and total nitrogen (TN) contents
in the surface sediments were measured using a FLASH 2000 ele-
mental analyzer (Thermo Fisher Scientific Inc., USA), according to
a previously published method [19,33]. Briefly, freeze-dried sedi-
ment samples (∼30 mg) were placed in silver capsules and acidified
in an HCl vapor bath for 8 h to remove inorganic carbon (IC) (mainly
in the form of carbonate). Prior to the instrumental analysis of
TOC and TN, the IC-free samples were dried and then carefully and
tightly crimped in the tin capsules.

DNA extraction and polymerase chain reaction (PCR)

The sediments were thawed and mixed thoroughly, and approx-
imately 0.25 g of sediment was  then placed in a Lysing Matrix E
Tube. Total genomic DNA of the sediment samples was extracted
using the Power Soil DNA Isolation Kit (MO  Bio, USA), accord-
ing to the manufacturer’s instructions. The integrity of the DNA
was confirmed with 1% agarose gel electrophoresis, and the DNA
concentration was  determined with a Picodrop microliter spec-
trophotometer (Picodrop, Saffron Walden, Essex, UK). The 16S rRNA
gene fragments (477 bp) of anammox bacteria were amplified by

′
using specific PCR primers Amx368F (5 -TTC GCA ATG CCC GAA
AGG) and Amx820R (5′-AAA ACC CCT CTA CTT AGT GCC C) [16].
The hzo gene fragments (463 bp) were amplified by primers hzo5F
(5′-AGT ATG GGT ATG TCH AAT G) and hzo5R (5′-CAT CWG  TCC
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Fig. 2. Abundances of amx-16S rRNA (a), hzo (b) and nirS (c) genes, and the ratio of denitrification to anammox (d) at different sampling locations in the Changjiang Estuary
and  its adjacent area.

Table 1
Diversity characteristics of anammox bacterial 16S rRNA and hzo genes.

Anammox bacterial gene Site Available sequences Optimized sequences OTUsa Chao1b Shannonc Simpsond Coveragee (%)

16S rRNA 13 30,847 30,464 54 76.2 0.72 0.17 99.95
20  18,323 18,101 63 83.0 2.50 0.70 99.89
31  13,275 13,036 54 135.0 2.57 0.75 99.81
33  30,962 30,406 73 104.9 1.29 0.30 99.93

hzo  13 19,323 18,633 491 601.1 7.09 0.99 99.44
20  19,607 19,102 531 628.7 7.49 0.99 99.53
31  19,150 18,488 472 572.1 6.76 0.98 99.47
33  15,895 15,120 559 715.2 6.59 0.98 99.05

a OTUs were classified to the genus level and defined at 3% nucleotide divergence.
b Non-parametric statistical prediction of OTU total richness based on the distribution of singletons and doubletons.
c Shannon diversity index. A higher number indicates higher diversity.
d Simpson diversity index. A higher number indicates higher diversity.
e Percentage coverage: percentage of observed number of OTUs divided by the Chao1 estimate.



386 L. Fu et al. / Systematic and Applied Microbiology 42 (2019) 383–396

Fig. 3. Neighbor-joining phylogenetic tree of anammox bacterial 16S rRNA gene sequences (with relative abundance ≥1% in at least one sediment sample) and the reference
sequences from GenBank. Bootstrap values greater than 50% for 1,000 resamplings are shown close to the nodes. OTUs were defined based on a nucleotide acid divergence
of  3%. Bar: the scale bar represents 2% of sequence divergence.
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TA CCA AA) [31]. The nirS gene fragments (410 bp) were ampli-
ed by primers cd3aF (5′-GTS AAC GTS AAG GAR ACS GG) and R3cd
5′-GAS TTC GGR TGS GTC TTG A) [54]. The PCR conditions using
mx368F/Amx820R were as follows: 94 ◦C for 4 min; 32 cycles of
4 ◦C for 30 s, 51 ◦C for 30 s, and 72 ◦C for 1 min; and 72 ◦C for 5 min.
he products were then stored at 4 ◦C. The PCR conditions with
he hzo5F/hzo5R primers consisted of 94 ◦C for 4 min; 32 cycles of
4 ◦C for 30 s, 50 ◦C for 30 s, and 72 ◦C for 1 min; and 72 ◦C for 5 min;
nd the products were then stored at 4 ◦C. The PCR conditions with
he nirS gene primers were 94 ◦C for 5 min; 32 cycles of 94 ◦C for
0 s, 53 ◦C for 30 s, and 72 ◦C for 1 min; and 72 ◦C for 10 min. The
roducts were then stored at 4 ◦C. The presence and size of the
mplification products were determined by running 1.0% agarose
els in TAE buffer at 110 V and 200 mA  for 25 min.

uantification of three target genes in surface sediments

Appropriately sized fragments were separated on 1.0% agarose
els, purified using the TaKaRa MiniBEST Agarose Gel DNA
xtraction Kit Ver.4.0 (TaKaRa, Dalian, China), following the manu-
acturer’s instructions, and ligated into pMD18-T vectors (TaKaRa,
alian, China) in order to construct plasmids that were then trans-

ormed into competent Escherichia coli Trans 5� cells. The plasmids
arrying the target gene fragments constructed in this study were
xtracted from E. coli hosts with a FastPlasmid Mini Kit (CWBIO,
eijing China), and plasmid DNA concentrations were measured by
icodrop microliter spectrophotometry (Picodrop, Saffron Walden,
ssex, UK). The standard curves were obtained by using serial 10-
old dilutions of the plasmids described above.

DNA quantification was based on the fluorescent dye SYBR
reen, which binds double-stranded DNA during amplification.
ll samples were processed with an ABI PRISM

®
7500 Sequence

etection System (Applied Biosystems, Foster City, CA, USA), and
eactions were performed in triplicate. Target genes were quanti-
ed by the specific primers mentioned above. The 20 �L reactions
onsisted of 10 �L FastStart Universal SYBR Green Master (ROX)
Roche Diagnostics, Mannheim, Germany), 0.6 �L of each primer,
.2 �L bovine serum album (BSA), 2.0 �L of template DNA, and
.6 �L ddH2O. The specificity of PCR amplification was  verified by

 melting curve analysis and agarose gel electrophoresis. qPCR for
he hzo gene was performed with the following conditions: 50 ◦C
or 2 min; 95 ◦C for 10 min; and 40 cycles of 45 s at 95 ◦C, 1 min  at
1 ◦C, and 1.5 min  at 72 ◦C. The PCR conditions for amplification of
he nirS gene were 50 ◦C for 2 min, 95 ◦C for 10 min, and 40 cycles of
0 s at 95 ◦C, 30 s at 53 ◦C, and 45 s at 72 ◦C. For the amx-16S rRNA
ene, qPCR was performed according to a previous study [11]. In all
xperiments, negative controls, which contained no template DNA,
ere subjected to the same qPCR procedure in order to detect and

xclude any possible contamination or carry-over.

equencing by Roche 454

The reaction mixtures were pooled in equimolar ratios, and
he paired-end reads of the primer pairs Amx368F/Amx820R and
zo5F/hzo5R were generated on a Roche 454 instrument (Personal
iotechnology Co., Ltd., Shanghai, China). Paired-end reads were
ssigned to samples based on their unique barcode, and the barcode
nd primer sequence were truncated. The paired-end reads were
hen merged by using some of the read overlap from the read gener-
ted from the opposite end of the same DNA fragment. Sequencing
ata were collected from raw sequences, and the spliced sequences
ere interpreted and deposited in a database by QIIME (quan-
itative insights into microbial ecology), which provided a wide
ange of microbial community analyses and visualizations, such
s identification of operational taxonomic units (OTUs), sequence
lignment, inference of phylogenetic trees and phylogenetic- and
icrobiology 42 (2019) 383–396 387

taxon-based analysis of diversity within and between samples [4].
Quality filtering of the raw tags was performed under specific
filtering conditions with QIIME (Version 1.9.0, http://qiime.org/
index.html) in order to obtain high-quality clean tags. The tags
were compared with the reference database (Gold database; http://
drive5.com/uchime/uchime download.html) using the UCHIME
algorithm (UCHIME Algorithm; http://www.drive5.com/usearch/
manual/uchime algo.html) to detect chimeric sequences, which
were then removed. Effective tags were then finally obtained. OTUs
were clustered using a 97% similarity cutoff using UPARSE [8], and
the most common sequences in each OTU were selected as rep-
resentatives. An “OTU table” showing the number of reads from
each sample assigned to each OTU was  created by using the use-
arch global command. � and � diversity were calculated by QIIME
based on processed pyrosequencing data, and the phylogenetic
analyses were then conducted by MEGA (Version 5.1) software [53].

Statistical analysis

The data obtained from quantification were analyzed with ABI
PRISM

®
7500 SDS software (Version 1.3.1; Applied Biosystems).

Gene abundances were calculated based on standard curves and
then converted to gene copy numbers assuming 100% DNA extrac-
tion efficiency. Correlations between environmental parameters
and community abundances were identified with RDA analyses
using CANOCO for Windows (Version 4.5) and Spearman’s moment
correlation using SPSS Version 17.0, with differences at the P < 0.05
level considered statistically significant.

Nucleotide sequence accession numbers

Roche 454 sequence data from this study were submitted to
the NCBI Sequence Read Archive (SRA) under accession number
SRP112655:PRJNA394772.

Results

Physiochemical parameters at the sampling sites

The temperature, salinity, DO, TOC and concentrations of dis-
solved inorganic nitrogen compounds (NO2

−, NO3
− and NH4

+) in
the bottom water samples during the R/V Run-Jiang cruise are
shown in Table S1. The water depth of the sampling sites varied
between 10 and 72 m.  Temperature, salinity, and DO  values ranged
from 17.9 to 27.2 ◦C, 15.65 to 34.49‰, and 1.11 to 4.04 mg  L−1,
respectively. The DO concentration in the bottom water of the
Changjiang Estuary and its adjacent area varied from 1.11 to
4.04 mg  L−1, which was  the inverse trend to that of the abun-
dance of anammox bacteria quantified according to the amx-16S
rRNA gene [11]. The TOC content in sediments varied from 0.21 to
0.85%. The concentrations of nitrate (0.00–187.00 mol L−1) in the
bottom water were higher than those of nitrite (0.00–1.48 mol  L−1)
(one-way ANOVA, P < 0.05). In addition, the concentrations of
ammonium in the bottom water ranged from 0.92 to 1.20 mol L−1.

Abundance and diversity distribution pattern of anammox
bacteria at different sites

Anammox bacterial community abundance
In this study, melting curve analyses confirmed that fluorescent

signals were derived from the specific PCR products during qPCR

quantification. A significant linear relationship of amx-16S rRNA
gene amplification (Ramx-16S

2 = 0.9973), with 100.5% amplification
efficiency, was  obtained between the log10 values of the standard
plasmid DNA concentration (5.13 × 10–5.13 × 106 copies L−1) and

http://qiime.org/index.html
http://qiime.org/index.html
http://qiime.org/index.html
http://qiime.org/index.html
http://qiime.org/index.html
http://drive5.com/uchime/uchime_download.html
http://drive5.com/uchime/uchime_download.html
http://drive5.com/uchime/uchime_download.html
http://drive5.com/uchime/uchime_download.html
http://drive5.com/uchime/uchime_download.html
http://drive5.com/uchime/uchime_download.html
http://drive5.com/uchime/uchime_download.html
http://www.drive5.com/usearch/manual/uchime_algo.html
http://www.drive5.com/usearch/manual/uchime_algo.html
http://www.drive5.com/usearch/manual/uchime_algo.html
http://www.drive5.com/usearch/manual/uchime_algo.html
http://www.drive5.com/usearch/manual/uchime_algo.html
http://www.drive5.com/usearch/manual/uchime_algo.html
http://www.drive5.com/usearch/manual/uchime_algo.html
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Fig. 4. Anammox bacterial community structure quantified based on the amx-16S
88 L. Fu et al. / Systematic and App

he associated threshold cycles (Ct). The standard curves of func-
ional gene hzo were also obtained (Rhzo

2 = 0.9973) with a 97.2%
mplification efficiency by recording the log10 values of plasmid
NA concentration (4.71 × 10–4.71 × 106 copies L−1) and the Ct
alues (Fig. S1a, b).

The abundance of the amx-16S rRNA gene varied between
.73 × 105 and 3.81 × 107 copies g−1 (fresh weight) [11], with the
ighest number of copies being recorded at site 33, and the low-
st at site 22. The abundance of the anammox bacterial functional
ene hzo was between 9.86 × 106 and 1.02 × 108 copies g−1 (fresh
eight). Site 33 had the highest copy number, whereas site 1 had

he lowest copy number. The abundance of nirS, the denitrify-
ng bacterial functional gene, varied from 3.35 × 107 to 2.89 × 109

opies g−1 (fresh weight) among the sites, with the highest num-
er occurring at site 32, and lowest number occurring at site 4. The
ediments at site 33 had significantly greater anammox bacterial
bundance than those at the other sites (Fig. 2a, b). In addition, the
ediments at site 32 had a higher abundance of denitrifying bacteria
han those at the other sites. These results indicated pronounced
patial variation in the abundances of anammox and denitrifying
acteria among the sediments of the Changjiang Estuary and its
djacent area. The abundance of anammox bacteria was  lower in
he estuary than in the offshore area of southern Zhejiang Province
Fig. 2a, b). The abundance of denitrifying bacteria was  higher in
he offshore area of Changjiang Estuary and southern Zhejiang
rovince than in the lower immediately offshore area (Fig. 2c). The
bundance of denitrifying bacteria was much higher than that of
nammox bacteria (Student’s t test, P < 0.01). The ratio of denitrifi-
ation to anammox was higher in the northern estuarine area than
n the southern offshore area (Fig. 2d). Moreover, the abundances
f anammox and denitrifying bacteria were positively correlated
P < 0.05, r = 0.447).

nammox bacterial diversity and richness in marine sediments
Anammox bacterial communities in the sediments of the

hangjiang Estuary and coastal zone were successfully detected
ith a PCR method. Samples from selected sites 13, 20, 31, and 33
ere sequenced by high-throughput sequencing on a Roche 454
latform. The retrieved sequences of amx-16S rRNA and hzo genes
ere screened, discarded and analyzed by QIIME, confirming that

ll the qualified sequences represented anammox-like sequences.
n the rarefaction curves of the amx-16S rRNA and hzo genes (Fig.
2), the lines of sites 13, 20, and 33 eventually became approxi-
ately smooth, indicating that the amplified amx-16S rRNA and

zo genes had been sequenced deeply enough. However, the curve
or studying site 31 by the amx-16S rRNA gene continued to rise,
howing that the sequencing depth was not satisfactory for this
ite’s sediment sample.

In the present study, the number of high-quality anammox bac-
erial sequences from each sediment sample quantified by the
mx-16S rRNA gene copy number ranged between 13,275 and
0,962, and was optimized to between 13,036 and 30,464; whereas
he hzo gene yielded between 13,275 and 30,962 sequences, which
ere optimized to 13,036 and 30,464 sequences for analyzing the

nammox bacterial community richness, diversity, and evenness
Table 1).

Good’s coverage estimator revealed that 99–100% of the anam-
ox  bacterial OTUs were obtained for all marginal sea sediment

amples, which indicated that the OTUs of each anammox bacte-
ial library had been well captured. Afterwards, sequences acquired
y amplifying 16S rRNA and hzo genes were grouped into 54–73
nd 427–559 operational taxonomic units (OTUs) at 3% nucleotide

ivergence (Table 1), respectively. The efficiently subsampled
nammox bacterial sequences covered by the amx-16S rRNA and
zo genes were grouped into 54–73 and 472–559 OTUs, respec-
ively. The Chao1 richness estimators of the anammox bacterial
rRNA gene at the class (a) and genus (b) levels.

communities defined by the amx-16S rRNA and hzo genes were
76.2–135.0 and 572.1–715.2, respectively. Sediment anammox
bacterial communities in the Changjiang Estuary and its adjacent
area defined by the amx-16S rRNA and hzo genes exhibited Shannon
diversity indices of 0.72–2.57 and 6.59–7.49, respectively. Regard-
less of whether the community members were identified by the
amx-16S rRNA or hzo gene, the same clear spatial variations in
sediment anammox bacterial OTU number, Chao1 richness, and
Shannon diversity were observed in the study area. In addition,
the Simpson evenness indices of anammox bacterial communities
quantified by amx-16S rRNA and hzo genes were 0.17–0.75 and
0.98–0.99, respectively, which also illustrated the spatial variation
in the communities throughout the study area.

Sediment anammox bacterial community evenness quantified
by the 16S rRNA gene increased at site 31, but decreased when
quantified by the hzo gene. On the basis of Shannon-Wiener and
Chao1 diversity indices of the amx-16S rRNA gene at the 3% dis-
tance level, site 31 showed the most OTU diversity, whereas the
minimum OTU diversity appeared at site 13. The 3% hzo gene dis-
tance level indicated that sites 20 and 31 showed the most and least
OTU diversity, respectively (Table 1).

The phylogenetic analysis indicated that three known genera of
anammox bacteria, namely, Ca. Scalindua, Ca. Brocadia, and Ca. Aes-
tuarianus [10], and certain unknown anammox-like groups were
represented in the sediments from the Changjiang Estuary and the
adjacent coastal area (Fig. 3).

At the class level, Planctomycetacia was  dominant (>90%) among
the sediment bacteria at the representative sites (S13, S20, S31,
and S33) (Fig. 4a). The remaining sequences were affiliated with
MD2896-B258, Pla3 lineage, Pla4 lineage, and Alphaproteobacte-
ria. At the genus level, Ca. Scalindua and Ca. Brocadia, members of
Planctomycetales, were observed to coexist in these areas by amx-
16S rRNA gene quantification. Ca. Scalindua, representing almost
90% of the total site sequences, was  the dominant anammox bac-
terial genus in the studied area. The other anammox bacterial
genera were affiliated to four types of uncultured Planctomycetales

bacteria, an Oceanicella uncultured bacterium, a W4  uncultured
bacterium and Ca. Brocadia, which were present in very low quan-
tities (Fig. 4b).
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Fig. 5. Scalindua anammox bacterial structure quantified b

Fig. 6. NMDS analysis of the anammox bacterial assemblages as revealed by the 16S
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anammox bacteria exhibited a geographically heterogeneous dis-
RNA gene sequences. The first two principal coordinate axes (MDS1 and MDS2) are
hown.

As the Ca. Scalindua genus was clearly dominant in the con-
truction of the anammox bacterial community, analyses of the
opulation structure at the species level in the Ca. Scalindua genus
ere of great interest. Uncultured anammox bacteria already con-

ained a high proportion of the Ca. Scalindua genus. Known species,
uch as the anaerobic ammonium-oxidizing planctomycete JMK-2,
a. Scalindua brodae, Ca. Scalindua sp. enrichment culture clone
5L, and Ca. Scalindua wagneri, were detected at the studied sites.
he anaerobic ammonium-oxidizing planctomycete JMK-2 was
resent in a higher proportion at site 20 than at the other sites,
hereas Ca. Scalindua sp. enrichment culture clone 15L was  more

bundant at site 31 than at the other sites (Fig. 5).
A non-metric multidimensional scaling (NMDS) analysis

evealed geographically specific distributions of anammox bacte-
ial communities along the Changjiang Estuary and coastal zone
Fig. 6). The plot of the first two axes showed that anammox
acterial assemblages fell into three groups. Anammox bacterial
ommunities at sites 20 and 33 were grouped together and pos-
essed similar community structures, while other sites were in
ifferent clusters and the three groups differed greatly.

Even though an attempt was made to cluster anammox bacte-

ia using the functional gene hzo, the high-throughput sequencing
esults showed that all sequences belonged to uncultured genera
nd were difficult to classify, while traditional phylogenetic analy-
ased on the amx-16S rRNA gene at the species level.

ses were required to cluster the hzo genes. The results also showed
that the most prevalent and dominant anammox bacterial genus
at the studied sites identified by the hzo gene was Ca. Scalindua
(Fig. 7).

Distribution of denitrifying bacterial abundance across different
sites

The standard curves of the functional gene nirS were
obtained (RnirS

2 = 0.9999) with 83.3% amplification efficiency
by recording the log10 values of plasmid DNA concentration
(5.68 × 102–5.68 × 107 copies L−1) and the Ct values (Fig. S1c). The
copy number of nirS, the denitrifying bacterial functional gene, var-
ied from 3.35 × 107 to 2.89 × 109 copies g−1 (fresh weight) among
all sites, with the highest number recorded at site 32, and the
lowest recorded at site 4. The sediments at site 33 had signifi-
cantly greater anammox bacterial abundance than those at the
other sites (Fig. 2a, b). In addition, the sediments at site 32 had
significantly higher denitrifying bacterial abundance than those at
the other sites. These results indicated pronounced spatial vari-
ation in the abundances of anammox and denitrifying bacterial
abundance among the sediments of the Changjiang Estuary and its
adjacent area. The abundance of denitrifying bacteria was higher
in the offshore area of Changjiang Estuary and southern Zhejiang
Province than in the lower immediately offshore area (Fig. 2c). The
abundance of denitrifying bacteria was much higher than that of
anammox bacteria (Student’s t test, P < 0.01). The ratio of denitrifi-
cation to anammox was higher in the northern estuarine area than
in the southern offshore area (Fig. 2d). Moreover, the abundances
of anammox and denitrifying bacteria were positively correlated
(P < 0.05, r = 0.447).

Relationships of anammox bacterial abundance and community
structure to environmental variables

Spearman’s correlation analysis indicated that the abundance
of anammox bacteria in sediments based on the 16S rRNA gene
was positively correlated with TOC (P < 0.01, r = 0.718) and TN
(P < 0.01, r = 0.811) in sediments, and negatively correlated with the
NO3

− (P < 0.05, r = −0.464), NOx
− (P < 0.05, r = −0.472), and PO4

3−

(P < 0.05, r = −0.506) concentrations in bottom water (Table 2). The
amx-16S rRNA gene qPCR results showed that the abundance of
tribution pattern along the TOC and TN gradients in sediments from
the Changjiang Estuary and its adjacent coastal zone (P < 0.01). The
anammox bacteria were generally more abundant at the high-TOC
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Fig. 7. Neighbor-joining phylogenetic tree of anammox bacterial hzo protein sequences from the respective sequences of OTUs (with relative abundance ≥1% in at least
one  sediment sample) and the reference sequences from GenBank. OTUs were defined based on a nucleotide divergence of 3%. Bootstrap values greater than 50% for 1000
resamplings are shown close to the nodes. Bar: the scale bar represents 10% of sequence divergence. Neighbor-joining phylogenetic tree of anammox bacterial hzo gene
sequences were provided as Fig. S4 in the attachments.

Table 2
Spearman correlation analysis of environmental factors with the abundance of anammox bacteria.a

Anammox bacterial genes Salinity DO NH4
− NO2

− NO3
− NOx

−b PO4
3− TOC (%) TN (%) C/N

amx-16S rRNA 0.355 −0.176 0.112 −0.317 −0.464* −0.472* −0.506* 0.718** 0.811** −0.288
hzo  0.603** −0.067 −0.001 −0.451* −0.660** −0.659** −0.669** 0.699** 0.747** −0.254

* Correlation significant at the 0.05 level (one-tailed).
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** Correlation significant at the 0.01 level (one-tailed).
a Salinity, DO, NH4

− , NO2
− , NO3

− , NOx
− , and PO4

3− are properties of bottom wat
b NOX

− = NO2
− + NO3

− .

ites than at the low-TOC sites [11]. Moreover, the proportions of
nammox bacteria quantified based on the hzo gene abundance
ere also positively correlated with TOC (P < 0.01, r = 0.699) and

N (P < 0.01, r = 0.747) in sediments, and negatively correlated with
he NO2

− (P < 0.05, r = −0.451), NO3
− (P < 0.01, r = −0.660), NOx

−

P < 0.01, r = −0.659), and PO4
3− (P < 0.01, r = −0.669) concentrations

n bottom water (Table 2).
RDA analyses were conducted to reveal the potential rela-

ionships of anammox bacterial abundance and community
omposition with environmental factors (Figs. 8 and 9). Sediment

nvironmental factors, including depth, salinity, dissolved inor-
anic nitrogen (DIN), TOC, and NO2

−, NO3
−, NH4

+, and PO4
3−

oncentrations, illustrated various contributions to the anammox
C, TN and C/N are properties of sediments.

bacterial abundance and community–environment relationships.
The sediment environmental factors covered by the first two RDA
axes explained 70.5 and 2.9% of the total variance in the sediment
anammox bacterial abundance, 72.8 and 23.1% of the variance in
community composition determined based on the 16S rRNA gene,
and 60.7 and 30.3% of the variance in community composition
determined based on the hzo gene. These results confirmed that
TOC (F = 15.21, P < 0.01, 499 permutations) had a significant rela-
tionship with the abundance of the anammox communities, and
these terms together provided 46% of the total RDA explanatory

power; similarly, the relationship of the NO2

− concentration to
the anammox bacterial composition provided 57% of the total RDA
explanatory power. Additionally, the abundance and composition
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Fig. 8. RDA ordination plot for the first two principal dimensions of the relation-
ships between sediment anammox bacterial abundance and sediment parameters.
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Fig. 9. RDA ordination plot for the first two  principal dimensions of the relationships
between sediment anammox bacterial OTU composition and sediment parameters
(green filled circles indicate the four detected sediment samples in the Changjiang
Green filled circles indicate the 20 detected sediment samples in the Changjiang
iver Estuary, and purple filled triangles indicate the anammox bacterial abundance
overed by the 16S rRNA and hzo genes, respectively).

f anammox bacterial communities were correlated with depth,
alinity, and NH4

+, DIN and PO4
3− concentrations.

iscussion

nammox bacterial abundance in the sediments of the Changjiang
stuary and adjacent area

Several previous studies have revealed the spatial distribution
f anammox bacterial abundance in various sediment ecosystems,
uch as lake sediment [62], river sediment [17], estuary sedi-
ent and marine sediment [5,16]. However, only a few recent

tudies have documented the community structure of anammox
acteria in sediments by applying high-throughput sequencing
echnology [62]. In this study, geographical distributions and vari-
tions in anammox bacterial communities and abundances were
xamined along the Changjiang Estuary and adjacent coastal zone.
mx-16S rRNA gene abundance in the sediments was  between
.73 × 105 and 3.81 × 107 copies g−1 (fresh weight) throughout the
rea, which was higher than the abundances observed in the Cape
ear River estuary (1.3 × 105–8.4 × 106 copies 16S rRNA gene g−1)
5], Jiaozhou Bay (3.5 × 105–5.9 × 106 copies hzo gene g−1) [6], and
he Pearl Estuary (4.22 × 105–2.55 × 106 copies 16S rRNA gene g−1)
10]. These estimated numbers meant that anammox bacterial cell
umbers varied greatly by region. Anammox activity was  possi-
ly higher in the Changjiang Estuary and coastal zones than in the
ther investigated areas. Anammox bacterial hzo gene abundance
n the sediments was between 9.86 × 106 and 1.02 × 108 copies g−1

fresh weight) throughout both areas in this study. The average
bundance of anammox bacteria as quantified by the hzo copy
umber was much higher (9.86 × 106–1.02 × 108 copies g−1 fresh
ediment) than that quantified by the amx-16S rRNA gene copy

umber (6.73 × 105–3.81 × 107 copies g−1 fresh sediment) (Stu-
ent’s t test, P < 0.01). In addition, the abundance of the hzo gene,
hich codes the main protein involved in the process of anaerobic

mmonia oxidation, in the anammox bacteria was  approximately
River Estuary, and purple and blue filled triangles indicate the anammox bacteria
covered by the 16S rRNA and hzo genes, respectively).

twice that of the 16S rRNA gene at all sites (P < 0.05) (Fig. S3). These
results agreed with those of Shimamura et al. [47], who studied the
anammox bacterial functional gene hzo and identified two  genes
coding for hzo, hzoA and hzoB within the metagenomic DNA from
the enrichment culture of a reactor in which only one anammox
bacterium was  dominant.

The abundance of denitrifying microorganisms quantified by
the nirS gene was  3.35 × 107–2.89 × 109 copies g−1 (fresh weight),
which was  higher than the abundance of anammox bacteria at each
site (Student’s t test, P < 0.01). Considering the disturbed hydrolog-
ical environment in the Changjiang Estuary and its adjacent area
[60,64], it was hypothesized that anammox bacteria might be more
weakly adapted to this fluctuating environment due to their slow
growth rates [27,57] and that denitrifying bacteria should thus have
a competitive advantage. It is possible that the nitrogen removal
pathway in the area mainly depends on denitrification; however,
the ratio of anammox was  significantly enhanced in the southern
offshore area (Fig. 2d). Similar to the case in the Arabian Sea OMZs
[59], as previously reported by Ward et al., the denitrifying abun-
dance measured by qPCR exceeded the anammox abundance by

3- to 19.2-fold, and the denitrification rate averaged 93.7% of the
total N2 production rate. In general, the high abundance of den-
itrifying microorganisms resulted in superior N2 production than
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hat achieved with anammox bacteria. Ward et al. [59] investigated
he denitrification and anammox rates and found that denitrifica-
ion accounted for a large proportion of the total N2 production
ate (93.7%). Denitrification was the dominant process of nitrogen
oss in the Arabian Sea [59], whereas anammox acted as a major
actor in the loss of N in the Black Sea, the world’s largest anoxic
asin [26]. In the studied area, the abundance of nirS-encoding
itrite-reducing bacteria exceeded that of anammox bacteria by
.9- to 411.1-fold at the 20 stations, indicating that nirS-encoding
itrite-reducing bacteria might play a more important role in nitrite
eduction than anammox bacteria. However, the physiological state
s more directly related to the process that has an advantage, den-
trification or anammox. This deficiency was also present in our
tudy, and RNA analyses are needed to provide a better perspective
f the contribution of anammox and denitrifying bacteria to N loss.

Nitrification and denitrification both proceed through NO2
− as

n important free intermediate, which could serve as a substrate
or anammox bacteria. However, an undescribed phenomenon that
oes not appear to be stoichiometrically linked appears to con-
ect anammox and denitrification. According to the C/N ratio of
.6 in the ocean, anammox is responsible for 28% of the nitrogen

oss in oceans [2]. Babbin et al. [2] suggested that the generally
onserved average composition of organic matter (OM) is impor-
ant but that one process or the other dominates the total N loss
hen measured discretely in space and time. It was  previously
emonstrated that the OM-driven stoichiometric constraints on
he anammox/denitrification ratio were observed in ocean mini-

um  zones but not sediments in estuaries [38]. In addition, the
nammox/denitrification ratio is significantly lower in estuaries,
ith an average ratio of 3:7, compared with that in OMZs [38].

he C/N ratio (mean of 7.14, range from 6.41 to 7.61, as shown in
able S1) in the studied area was higher than that in the OMZs
mean of 6.6). In addition, the abundance of nirS-encoding nitrite-
educing bacteria exceeded that of anammox bacteria by 6.9- to
11.1-fold at the 20 stations studied, which indicated that nirS-
ncoding nitrite-reducing bacteria might play a more important
ole in nitrite reduction than anammox bacteria. In this study, it
as found that diverse species of uncultured anammox bacteria

ontributed to the nitrogen cycle in estuarine and marginal sea
cosystems from a molecular perspective, but their contribution
s a N2-forming pathway might be less significant than that of
enitrifying bacteria.

Researchers have argued for years over which of the two
itrogen-removal mechanisms, denitrification or anammox, is
ore important in the oceans. Babbin et al. [2] linked the rates

f nitrogen loss to the supply of organic material and found a bal-
nce between the two processes; furthermore, they found that the
atio of anammox to denitrification depended on the stoichiometry
f OM.  Denitrification removed approximately 70% of the nitrogen,
nd anammox removed the rest due to the average OM C/N in the
cean being 6.6 [2]. On the other hand, the variation in anammox
acterial abundance between several different areas is probably
elated to study differences in the efficiency of extracting DNA from
ediments and the differences of amplification efficiency between
rimers. Considering the controversy over whether the main N

oss term in the fixed nitrogen inventory is the heterotrophic den-
trification or autotrophic anammox process, further studies using
ncubation experiments and RNA analyses of the processes may  be
equired in order to gain a better understanding of the abundance
nd activity of anammox and denitrifying bacteria.

In the present study, a significantly lower anammox bacterial
bundance in the Changjiang River Estuary compared to the other

ites, where the TOC was lower (0.21–0.44) than the other sites,
as quantified by the amx-16S rRNA and hzo genes (Fig. 2) (sites 9

nd 11; 2.46 × 106–3.76 × 106 copies g−1 and 3.35 × 107–3.81 × 107

opies g−1) (sites 33 and 34; 1.01 × 107–1.50 × 107 copies g−1 and
icrobiology 42 (2019) 383–396

7.57 × 107–1.02 × 108 copies g−1) (one-way ANOVA, P < 0.05). The
significant increase in anammox bacterial abundance with increas-
ing TOC (P < 0.01, ramx-16S = 0.718; rhzo = 0.699) in the present study
might be attributed to the fact that more OM in sediments can
generate more NH4

+ through ammonification and more NO2
− via

denitrification, leading to a positive correlation between anammox
abundance and TOC. A correlation of anammox with the organic
content of the sediment may also be caused by NO2

− availability,
with greater reductive NO2

− production in sediments richer in TOC
[27]. Higher N2 contributions from anammox have been found to
be positively correlated with both the organic carbon content of the
sediments and the concentration of NO3

− in the overlying water at
the river estuary [39]. The organic carbon content of the sediment
decreased towards the coast, but its reactivity remained largely
constant, which suggested that the amount of organic carbon was
more important to anammox bacteria than NO3

− [39].
Since NH4

+ and NO2
− are the substrates for anammox bacte-

ria, the release of NH4
+ and NO2

− might favor these bacteria and
thus lead to higher anammox bacterial abundance [57]. However,
the correlation between the concentrations of NH4

+ or NO2
− and

anammox abundance was insignificant (P > 0.05). This result indi-
cated that part of the correlation between the concentrations of
NH4

+ or NO2
− and anammox abundance was  attributable to its

correlation with TOC. NH4
+ is not a limiting factor for the growth

of anammox bacteria as it is always present in natural environ-
ments due to the degradation of OM.  Low concentrations of NO2

−

cannot be accurately measured because it is unstable in natural
environments. The concentration of NO2

− in the bottom water of
the Changjiang Estuary and its adjacent area was  very low (less
than 1.5 mM)  (Table S1). It has been well established that anam-
mox  is reliant on a supply of NO2

− to fuel the oxidation of NH4
+

and that this NO2
− is produced within the suboxic sediment by

the reduction of NO3
− [36]. Since NO2

− is a substrate participat-
ing in the anammox process, the very low NO2

− concentration is
probably the limiting factor for anammox bacteria in the estuar-
ine subtidal sediments. Although an in situ supply of NO2

− was
found to be modulated by total organic carbon (TOC) and/or the
concentration of NO3

− in the overlying water column of estuar-
ies [39], anammox has been shown to proceed at equal rates via
either the direct reduction of NO2

− or indirect reduction follow-
ing the initial reduction of NO3

− [55]. However, in the present
study, the correlation analysis revealed that anammox abundance
and the NO3

− (P < 0.05, ramx-16S = −0.464; P < 0.01, rhzo = −0.660)
and/or NOx

− (P < 0.05, ramx-16S = −0.472; P < 0.01, rhzo = −0.659) con-
centration were significantly negatively correlated, which is not in
accordance with past findings [39,41]. A possible reason for this
difference was that anammox bacterial abundances were deter-
mined by the abundances of amx-16S rRNA and hzo genes rather
than mRNA levels, which might represent the fraction of active
anammox bacteria. Anammox might be coupled with other pro-
cesses that are components in the marine nitrogen cycle. On the
other hand, the measured physiochemical factors all came from
bottom water rather than sediment; hence, it was  understandable
that anammox abundance showed no correlation with the con-
centrations of NO2

− or NH4
+. Further studies of the connection

between anammox bacterial abundance when anammox is active
and environmental factors would therefore be needed.

In previous studies, significant correlation was also detected
between anammox bacterial numbers and salinity. Dale et al. [5]
found that variation in anammox bacteria abundance was highly
related to the changes in salinity in the Cape Fear River estuary,
where the salinity ranged between 0 and 9.9. In 2016, Zhang et al.

found that anammox bacterial abundance was  significantly asso-
ciated with salinity (P < 0.05) in the Changjiang Estuary [65]. The
salinity thus appeared to be a strong influence on anammox abun-
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ance in both the Cape Fear River estuary and the Changjiang
stuary. The correlation between salinity and anammox bacte-
ial 16S rRNA gene abundance was insignificant (Pamx-16S > 0.05),
ut a significant correlation was found in the present study
etween salinity and anammox bacterial 16S rRNA gene abundance
Phzo < 0.01, r = 0.603). The hzo gene sequences only covered the
ominant oceanic genus, Ca. Scalindua, whose distribution trend
as consistent with the salinity gradient; thus, it is possible that

alinity was the most significant environmental factor affecting the
bundances of Ca. Scalindua lineages. The highest abundance of
nammox bacteria (3.81 × 107 copies 16S rRNA gene g−1, 1.02 × 108

opies hzo gene g−1) occurred at site 33, where the salinity was
4.47, and lower anammox bacterial abundance was  observed in
reas with lower or higher salinity (15.65–34.46 or 34.47–34.48).
he very small irregular range of salinity and other synergistic phys-
cal and chemical factors in the measured area might have caused
his behavior.

nammox bacterial community characteristics in the sediments of
he Changjiang Estuary and adjacent area

The Changjiang River exhibits a high discharge rate in China and
ransports huge amounts of freshwater into the adjacent sea, where
he sedimentological status is influenced by many environmental
spects. These aspects include dynamic hydrology factors, such as
urrents, tides, waves, and upwelling, as well as the durations of
hese activities, sediment source-material supplies from rivers, and
he compositions and abundances of nutrients and environmental
ontaminants [64]. Large quantities of terrestrial materials have
lso been carried into the estuarine and coastal regions. During
hese interactions, anammox species originating from marine and
errestrial environments may  be mixed together by tidal currents
nd river runoff in the estuarine ecosystem, thereby enhancing
nammox bacterial biodiversity [16]. The seasonal hypoxic zone
ff the Changjiang River Estuary represents one of the most impor-
ant scientific phenomena and ecological issues on the continental
ea shelf of China. In addition, a very serious phenomenon, seasonal
ypoxia, occurred in August [60]. The studied area exhibited low
O concentrations, and OMZs are appropriate suitable locations

or the growth of highly diverse anammox bacteria [11,22]. Most
mx-16S rRNA gene-based studies have found that the diversity of
nammox bacteria in marine environments is low, with Ca. Scalin-
ua occupying a dominant position [12,26,46]. Most 16S rRNA gene
CR primers do not cover all known anammox bacterial lineages at
he genus level, and using the hzo gene might improve the cover-
ge [29]. High-throughput sequencing was selected for use in this
tudy for detection of the amx-16S rRNA and hzo genes because it
an acquire large numbers of effective sequences and yield com-
rehensive information about the diversity and construction of
nammox bacterial communities in sediments of low-abundance
reas. The diversities were detected in the present study using both
ene markers, and the results were similar to previous findings
btained for sediments from the Bohai Sea and Jiaozhou Bay [6,7].
he Ca. Scalindua genus was highly prevalent and was  shown to
e predominant in all sites by both primers. This genus accounted
or more than 90% of the obtained sequences, with high diversity,
n surface sediments of the Changjiang Estuary and its adjacent
rea, where non-Scalindua anammox bacteria were also detected
Fig. 4). The amx-16S rRNA gene sequences retrieved from the area
ere affiliated closely to sequences obtained from other estuar-

ne and marine environments, including Cape Fear River estuarine
ediments [5], the Peruvian OMZs [61], and the sediments of the

arginal seas of China, such as those of Jiaozhou Bay [6], the

hangjiang Estuary [16], the Zhoushan island marine environment
63], and the Pearl Estuary [10]. These sequences shared 95–100%
equence identity, indicating that Ca. Scalindua pacifica bacteria
icrobiology 42 (2019) 383–396 393

were widely distributed in the Pacific Ocean and may prefer estu-
arial and offshore sediment environments. The hzo-based approach
detected diverse anammox bacterial lineages from the Changjiang
Estuary and its adjacent area, whereas the amx-16S rRNA gene
primers confirmed the previously found high microdiversity of
the Ca. Scalindua lineage in estuarine and marine environments
[6,30,44].

Diverse anammox bacterial phylotypes were found in the
sediments of the Changjiang Estuary and its adjacent coastal sed-
iments based on sequences of both the 16S rRNA and hzo genes
(Figs. 3 and 7). At the genus level, the 16S rRNA gene PCR primers
detected the anammox bacteria Ca. Scalindua, Ca. Brocadia and
other unknown anammox-like lineages (Fig. 3), whereas almost all
the OTUs detected by the hzo primers corresponded to Ca. Scalin-
dua (Fig. 7). The topologies of the phylogenetic analyses for these
two sets of biomarkers were consistent. Comparative studies of 16S
rRNA and hzo genes of anammox bacteria are helpful in comprehen-
sively understanding the distributions and diversities of anammox
bacteria in sediments. The prevalence of the Ca. Scalindua lineage
found by both gene biomarkers validated members of Ca. Scalin-
dua as belonging to a major anammox bacterial genus in marine
environments and suggested that relative to other anammox lin-
eages, they play a significant role in nitrogen production in the
studied area. The higher anammox bacterial diversity in the estuar-
ine ecosystem was likely because of the land-sea interaction, which
is in agreement with previous studies [5,10,16]. In general, analyses
based on the hzo gene resulted in a higher estimate of the diver-
sity of anammox bacteria according to the number of OTUs rather
than the genus level compared with the estimate obtained based
on the 16S rRNA gene, which was  consistent with previous conclu-
sions obtained in studies of sediments from Jiaozhou Bay [6] and
the north South China Sea [31].

Phylogenetic analyses based on these two biomarkers of anam-
mox  bacteria demonstrated that Ca. Scalindua was the dominant
genus in the sediments of the Changjiang Estuary and its adjacent
area. Although the different coverage of the anammox bacterial lin-
eages by these distinct primers made direct parallel comparison of
the 16S rRNA gene- and hzo gene-based results impossible, both
helped decode at different levels and thus provided complemen-
tary views of the anammox bacterial ecological characteristics in
the estuarine sediments. However, the 16S rRNA gene was only use-
ful for bacterial taxonomy and not functional capability, whereas
the detection of functional anammox bacteria by the hzo gene was
more promising, reflecting the potential roles of anammox bacteria
in natural ecosystems [15]. Ca. Scalindua may  therefore comprise
the most functional anammox bacteria in the sediments of the
Changjiang Estuary and its adjacent area. A previous phylogenetic
analysis of the hzo gene identified several novel anammox bacterial
clades in Jiaozhou Bay [6] and, in the current study, hzo sequences
yielded more OTUs but less genera of anammox bacteria than the
16S rRNA sequences. The study identified different environmental
responses of the Ca. Scalindua assemblages and the whole anam-
mox  bacterial communities in the sediments. The Ca. Brocadia clade
was also recovered with 16S rRNA gene primers from site 31 near
the Zhoushan Islands, which might be the possible source of the
clade. Some genera of anammox bacteria tolerated various envi-
ronments but others could not; as a result, some allochthonous
anammox bacteria genera survived in marine environments. These
genera were related to the “Ca. Brocadia” and “Ca. Kuenenia” lin-
eages that were found at low-salinity sites in the Cape Fear River
estuary [5]. In contrast, the detected DNA might have originated
from dead or dormant anammox bacteria. Further study with a

reliable quantitative method is therefore needed to obtain more
information concerning anammox bacteria in estuarine ecosystems
and to determine anammox activity in nitrogen removal.



3 lied M

a
[
s
m
n
s
t
b
t
c
m
u
d
m
h
i
a
b
c
a
c
b
a
w
b
w
i
T
d
o
a
i
c
a
t
h
f
E
o
f
K
t
a
t
r
n
i
i
m
J
m
o
t
N
T
f
c
b
c
b
a
w
r
fi
a

94 L. Fu et al. / Systematic and App

Anammox bacterial diversity and community structure differ
mong various ecosystems by showing niche-specific distributions
5,13]. The geochemical conditions of estuarine sediments may
how significant impacts on the diversity and abundance of anam-
ox bacterial communities. Using an ordination analysis and a

on-parametric analysis of the distance matrix of many marine
amples from all over the world, Sonthiphand et al. [50] confirmed
hat salinity was the dominant factor governing the global distri-
ution of anammox bacteria. The Ca. Scalindua genus was assumed
o have a higher tolerance to salinity than Ca. Kuenenia and Ca. Bro-
adia [21], and it has been present and dominant in most studied
arine and estuary ecosystems [6,15,44,61]. Ca. Brocadia may  be

biquitous in river ecosystems, whereas the presence of Ca. Scalin-
ua may  rely on the significantly higher salinity in the sediments of
arine environments [52]. As the salinity in the studied area was

igher than 29 PSU, Ca. Scalindua was the most dominant genera,
n accordance with previous findings in the Cape Fear River estu-
ry [5] and the Changjiang Estuary [65]. Salinity might therefore
e a key environmental variable in controlling the biogeographi-
al distribution of anammox bacteria [16]. However, the diversity
nd abundance of anammox bacteria in sediments did not clearly
orrelate with salinity, possibly because the growth of anammox
acteria was not directly related to salinity in the Changjiang Estu-
ry and its adjacent area, which were deeply influenced by fresh
ater influent from the Changjiang River. The growth of anammox

acteria was negatively correlated with the concentration of NO3
−,

hich is the oxidized product of the metabolized substrate NO2
−

n natural environments that may  also be reduced to form NO2
−.

o some extent, the anammox substrates may  have impacted the
iversity and abundance of anammox bacteria more strongly than
ther factors. However, ammonium concentration and the diversity
nd abundance of anammox bacteria did not significantly correlate
n this study. The bottom-water samples contained relatively high
ontents of DIN that originated from OM and eventually became
mmonium. The concentration of nitrite was actually rather lower
han that of ammonium. The ammonium content was  thus much
igher than that of nitrite and may  not be a rate-limiting factor

or anammox bacterial growth in the sediments of the Changjiang
stuary and its adjacent area. These results were consistent with
bservations of sediments from Australian subtropical tidal rivers
ringed by mangrove vegetation, the Thames estuary in the United
ingdom and Jiaozhou Bay in China, where ammonium concen-

ration was reported not to be a limiting factor that regulated the
bundance of anammox bacteria [6,36,56]. In the present study,
he abundance and diversity of anammox bacteria were strongly
elated to nitrate concentration rather than the metabolic substrate
itrite. Although anammox bacteria do not directly reduce nitrate

n nature, nitrate concentration was previously identified as an
mportant factor influencing the distributions of anammox com-

unities in estuarial sediments of the Mai  Po Nature Reserve and
iaojiang Estuary [18,30]. It has been well established that anam-

ox  bacteria are reliant on a supply of NO2
− to fuel the oxidation

f NH4
+ and that NO2

− is produced within suboxic sediment by
he reduction of NO3

− [36]. In turn, the heterotrophic reduction of
O3

− to NO2
− cannot proceed without a source of electron donors.

he greatest potential for anammox bacteria was predominantly
ound in the upper reaches of the estuaries, where the organic
arbon content of the sediment and concentration of NO3

− in the
ottom water were both greatest and, together, could maintain a
ritical supply of NO2

− [39]. Moreover, the number of anammox
acteria in different ecosystems, such as the South China Sea and

 full-scale wastewater treatment plant, was positively correlated

ith nitrate concentration [13]. The direct contributions of nitrate

eduction by denitrification and ammonium oxidization by nitri-
cation may  cause nitrite accumulation at different levels for the
nammox process, which may  depend on the surrounding environ-
icrobiology 42 (2019) 383–396

mental conditions [28,36,42]. The relative contribution of nitrite
concentration to the anammox process needs to be further investi-
gated in estuary ecosystems given the competition for nitrite that
potentially exists between anammox and denitrification, although
nitrite production and consumption processes are very complex
and poorly understood in natural ecosystems [6].

In an incubation-based study providing evidence of a novel
symbiotic consortium between anammox bacteria and the nitrate-
sequestering sulfur-oxidizing Thioploca spp. in anoxic sediments
of the Soledad basin [40], Thioploca-anammox symbiosis intensi-
fied the benthic fixed nitrogen losses, whereas anammox bacteria
relied on Thioploca species for a supply of metabolic substrate in the
anoxic sediments. Prokopenko et al. [40] suggested that the molar
ratio of fixed N loss to TOC oxidation could diagnose the degree of
coupling between the N and C cycles. Owing to the diffusion limita-
tions of the nitrate supply below the sediment-water interface, this
ratio is decreased in sediments underlying suboxic/anoxic bottom
waters worldwide [14,40]. The TOC content might have influenced
the production of nitrite via reduction or other unknown reac-
tions [18] and promoted ammonium accumulation [31], which then
cooperatively influenced the community distributions of anammox
bacteria. TOC could be considered a common and widespread influ-
ence on the anammox community and was identified as a key factor
influencing the diversity and distribution of anammox bacteria in
sediments of the Changjiang Estuary (Fig. 9). It is also reasonable
that uncorrelated variables related the concentrations of NO3

−,
NO2

−, and NH4
+ in bottom water to the distribution of anam-

mox  bacteria in sediments. Furthermore, TOC, organic nitrogen and
other materials participating in, directly or indirectly, the anammox
process may  relieve the strict dependence of the anammox bacte-
ria on the direct availability of inorganic N nutrients, such as NO2

−,
NO3

− and NH4
+, which may  be the limiting aspect in certain marine

environments. However, given the limited ecological datasets cur-
rently available, additional physicochemical profiles are needed in
order to acquire a more comprehensive understanding of their true
roles in anammox bacterial communities in such dynamic ecosys-
tems. Future studies of the relationships between the activity of
anammox processes, verified by either mRNA viability or bacterial
incubation, and community composition and abundance will be of
great value for understanding estuarine and coastal ecosystems.

Several local sedimentological parameters were found to have
key roles influencing the community structure, distribution and
abundance of sediment anammox bacteria in the Changjiang Estu-
ary and its adjacent area, where diverse Ca. Scalindua genera,
other anammox-like bacteria and many uncultured species were
located. Anammox bacterial community properties may  also influ-
ence the ecological environment. The importance of inorganic
N nutrients, TOC and many other environmental factors to the
anammox bacteria suggested that microbiotas participating in the
nitrogen cycle were active in the sediment N-transforming process
and maintained a versatile lifestyle well adapted to the varying
environmental conditions of the Changjiang Estuary.

Conclusions

The geochemical conditions of the estuarine sediments signifi-
cantly impacted the anammox bacterial community, but the key
influencing factors shaping the community structures may  vary
because they depend on local environmental conditions. The study
aids in understanding the versatile lifestyle of the marine anammox
bacteria in the Changjiang Estuary revealed by high-throughput

sequencing technology. This study is the first to use qPCR and
high-throughput sequencing technology to provide evidence for
the existence, distributions and diversities of anammox bacte-
ria in sediments of the Changjiang Estuary and its adjacent area,
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here environmental conditions are relatively complicated. Com-
arisons of phylogenetic analyses using the 16S rRNA genes and
zo sequences of anammox bacteria confirmed that the known gen-
ra of Ca. Scalindua and Ca. Brocadia were present in sediments of
he studied area, and that Ca. Scalindua-related sequences were
he dominant functional anammox bacterial phylogenetic type.
he qPCR results revealed that denitrifying bacteria were more
bundant than anammox bacteria. In the studied area, although
nammox bacteria were widespread, they were found at low abun-
ance, and denitrification might be the dominant route of nitrogen

oss. The anammox bacterial abundances were significantly cor-
elated with the contents of NO3

−, NOx
−, PO4

− and TOC, and the
iversities of anammox bacterial communities covered by the hzo
ene were negatively correlated with TOC contents, which high-
ighted the role of anammox bacteria as a significant microorganism
n offshore ecosystems. Sedimentological conditions thus played
mportant roles in shaping the sediment anammox microbiotas in

arine environments. In summary, these findings have promoted
he understanding of the distributions and influencing factors of
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