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Abstract The accumulation of toxic inorganic nitrogen is one
of the major water quality problems in intensive aquaculture
systems, thus the N removal in aquaculture systems is an
important issue for the sustainable development of aquacul-
ture. To understand one of the major microbial N removal
processes, anaerobic ammonium oxidation (anammox), phy-
logenetic diversity, and distribution of anammox bacteria in
sediments of four different marine aquaculture zones in Hong
Kong (HK) were investigated. The 16S rRNA genes analysis
indicated that sequences detected from Cheung Sha Wan
(CSW) and Sok Kwu Wan (SKW) were closely related to
several clusters within the Scalindua genus of anammox bac-
teria, including a new habitat-specific group, while only sev-
eral sequences related to Scalindua andKueneniawere detect-
ed in Sham Wan (SW) and Yim Tin Tsai East (YTTE). Most
of the sequences obtained in SW and YTTE with the same
PCR primers showed a low similarity to the known anammox
bacteria, forming several novel groups within the
Planctomycetes. However, results from the hydrazine oxido-
reductase (HZO) encoding gene showed that only sequences
from SW were related to the genus of Kuenenia, and se-
quences from other three sites were closely related to the ge-
nus of Scalindua. The community analysis showed that CSW
and SKW share similar anammox bacterial community struc-
tures while SW and YTTE contain a unique anammox

bacterial community. Furthermore, correlations reflect that or-
ganic matter is positively correlated with Kuenenia-like
anammox bacteria, while the redox potential is significantly
correlated with Scalindua-like anammox bacteria in marine
aquaculture zones. Our results extend the knowledge of
anammox bacteria in marine aquaculture systems and high-
light the importance of environmental factors in shaping the
community structures of anammox bacteria.
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Introduction

Aquaculture, including the freshwater and marine aquacul-
ture, is a rapidly growing primary production sector to feed
the increasing human population. Since 1970, aquaculture has
grown at an average rate of 8.9 % per year, and the percentage
contribution of aquaculture to the total world fisheries has
grown from 17.0 to 31.7 % from 1993 to 2003 (FAO 2004).
Due to the worldwide decline of ocean fisheries and the con-
tinuous expansion of the human population, aquaculture will
continue to grow greatly to satisfy the minimum protein re-
quirement for human nutrition (FAO 2004). The intensive
development of the marine aquaculture has been accompanied
by an increase of environmental impacts on the marine eco-
systems (FAO 2004). Large amounts of effluents (excessive
feed and feces) would be generated during the aquaculture
process. These effluents, containing nutrients, various organic
and inorganic compounds such as nitrogen (N), phosphorus
(P), and dissolved organic compounds (C), and organic mat-
ter, are discharged into coastal water. The excessive accumu-
lation of nitrogenous compounds (e.g., ammonia and nitrite)
not only leads to the deterioration of seawater quality but also
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causes poison of fish or shrimp (Crab et al. 2007). Previous
studies have proven that the efficiency of N assimilation is one
of the most important implications for water quality and prof-
itability of aquaculture (Hargreaves 1998, Crab et al. 2007).
The accumulation and subsequent toxicity of ammonia in the
aquaculture system would strongly affect the production of
aquaculture, and excessive nitrate and nitrite would also in-
crease the possibility of harmful algal blooms in the aquacul-
ture system, especially in the marine aquaculture zone
(Avnimelech 1999, Crab et al. 2007). Thus, the N removal
in aquaculture systems is always considered as an important
priority issue for the sustainable development of aquaculture.
It has been known that sediment represents a source of ammo-
nia and a sink for nitrite and nitrate in marine aquaculture
systems, and the large volume of oxygen-depleted reduced
sediment also suggests that the potential for N removal by
anaerobic processes, including denitrification and anaerobic
ammonium oxidation (anammox). Previous studies have paid
great efforts to understand the contribution of denitrification in
marine aquaculture system, while only a few related re-
searches have been reported on marine aquaculture zones
(Crab et al. 2007, Martins et al. 2010, Holl et al. 2011).

Anammox, an important pathway of the N cycle, allows
ammonium to be oxidized by nitrite under anoxic condition
yielding the dinitrogen (N2) gas (Mulder et al. 1995, van de
Graaf et al. 1995). Anammox is considered as one of the most
important ways for N removal from the marine ecosystem,
which might contribute more than 50 % of the total N loss
in world oceans (Devol 2003). Since their discovery in 1990s,
the anammox bacteria, affiliated to the Planctomycetes (Strous
et al. 1999), have been detected in wastewater treatment plants
and in various natural ecosystems, including marine
(Thamdrup and Dalsgaard 2002, Dalsgaard et al. 2003,
Kuypers et al. 2003, Kuypers et al. 2005a, Kuypers et al.
2005b, Hamersley et al. 2007, Lam et al. 2009, Ward et al.
2009, Li and Gu 2013, Castro-Gonzalez et al. 2014), freshwa-
ter (Penton et al. 2006, Schubert et al. 2006, Zhang et al. 2007,
Lee et al. 2014, Smith et al. 2015), terrestrial (Humbert et al.
2010, Wang and Gu 2013), extreme (Byrne et al. 2009,
Jaeschke et al. 2009, Li et al. 2010a, Zhu et al. 2015), intestinal
tracts of fish (Chan et al. 2016), and polychaetes (Li and Gu
2016). Several studies have also reported the activity and bio-
diversity of anammox bacteria in aquaculture systems, such as
the biofilters in freshwater recirculating aquaculture systems
(Tal et al. 2006, Lahav et al. 2009, van Kessel et al. 2010, van
Kessel et al. 2011, Castine et al. 2012), a denitrification reactor
for a recirculating aquaculture system (Lahav et al. 2009), and
sediments of the shrimp ponds (Amano et al. 2011) and ma-
rine aquaculture zones (Li et al. 2010b, Li et al. 2011b).
However, researches about anammox bacteria diversity and
distribution in marine aquaculture systems are still very limit-
ed, and more efforts should be taken in order to comprehen-
sively describe this important N removal process in

aquaculture systems. In the present study, we selected four
long-term marine aquaculture zones of Hong Kong as our
research areas to investigate the diversity and distribution of
anammox bacteria in the sediments based on the analyses of
16S rRNA and hydrazine oxidoreductase (HZO)-encoding
genes. Moreover, we also investigated the influence of envi-
ronmental factors on the diversity distribution of anammox
bacteria in these marine aquaculture zones.

Materials and methods

Sample collection and chemical analysis

Four different marine fish aquaculture zones of Hong Kong
were selected as research area, including Cheung Sha Wan
(CSW, 22°14′28.1″N 114°00′24.6″E), Sok Kwu Wan (SKW,
22°12′35.6″N 114°08′00.6″E), Sham Wan (SW, 22°26′55.2″
N 114°20′53.0″E), and Yim Tin Tsai East (YTTE, 22°26′
54.0″N 114°13′06.2″E) (Fig. 1). The CSW and SKW are lo-
cated at the southern part of Hong Kong, while SWand YTTE
are near the northeastern part of HongKong. Triplicate surface
sediments (1–2 cm) were collected from these marine aqua-
culture zones in July 2009. Samples were immediately trans-
ferred into a −20 °C freezer after being taken and kept frozen
before analysis. The concentrations of phosphate, nitrate, ni-
trite, and ammonium in the pore water of the sediment sam-
ples were measured with an autoanalyzer (QuickChem,
Milwaukee, WI) according to standard methods of the
American Public Health Association (APHA 1995). Redox
and pH were measured in situ using an IQ180G Bluetooth
Multi-Parameter System (Hach Company, Loveland, CO).
The organic matter content of each sediment sample was
quantified by the loss on ignition based on the method report-
ed by Heiri et al. (2001).

DNA extraction and PCR amplification

The total genomic DNA of all the sediment samples was ex-
tracted using the Powersoil DNA Isolation Kit (MO BIO,
Carlsbad, CA) according to the manual of the manufacturer.
Triplicate DNA extracts of each sampling site were pooled
together for further analysis. PCR amplifications of anammox
bacterial 16S rRNA genes were made with primer sets
(Broad541F-Amx820R, Amx368F-Amx820R) (Schmid
et al. 2003, Schmid et al. 2005, Penton et al. 2006, Li et al.
2010b, Han and Gu 2013, Han et al. 2013) and the hzo genes
were amplified by the primer set HZOF1-HZOR1 (H4) (Li
et al. 2010b), and the details of the PCR conditions for 16S
rRNA and hzo genes were described elsewhere (Li et al.
2010b). In brief, reaction mixtures contained 2 μl of DNA
(30–50 ng μ l−1) , 1 μ l of bovine serum albumin
(100 mg ml−1, Roche), 5 μl of 10× GoTaq Flexi buffer
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(Promega, Hong Kong) and 4 μl of MgCl2 (25 mM,
Promega), 1 μl of dNTPs (5 mM, Invitrogen, Hong Kong),
1 μl of each forward and reverse primer (20 μM), and 0.25 μl
of GoTaq Flexi polymerase (5 Uml−1, Promega, HongKong),
and the final volume for each reaction was 50 μl. The
thermocycling regimes were set as follows: 95 °C for 3 min;
30 cycles of 95 °C for 45 s, 60 °C (for 16S rRNA gene), or
53 °C (for hzo gene) for 1 min, followed by 72 °C for 1 min;
and finally 72 °C for 7 min. PCR products were electropho-
resed on 1 % agarose gels and visualized by subsequent stain-
ing with ethidium bromide (0.5 mg ml−1).

Cloning, sequencing, and phylogenetic analysis

Clone libraries were constructed from the PCR products as de-
scribed previously (Li et al. 2009). Briefly, the PCR-amplified
products were purified using a Qiaex II Gel Extraction Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s in-
structions and cloned into the PMD18 T-vector (Takara, Japan).
The insertion of an appropriate-sizedDNA fragmentwas verified
by PCR amplification using the primer set M13F and M13R.
Clones were selected from each library for sequencing after
RFLP analysis (Hong et al. 2011). Sequencing was performed
with the Big Dye Terminator kit (Applied Sciences, Foster City,

CA) and an ABI Prism 3730 DNA analyzer. Sequences were
analyzed and edited by MEGA software (Tamura et al. 2007).
Before alignment, sequences were inspected manually or with
the CHIMERA_CHECK program available from RDP for the
presence of chimeric sequences (Cole et al. 2005). Sequences
were aligned and phylogenetic trees were constructed using
MEGA, version 4.0 (Tamura et al. 2007), and subjected to phy-
logenetic inference using the neighbor-joining algorithm follow-
ed by 1000 cycles of bootstrap sampling.

Statistical analysis

Sequences were analyzed by the distance-based OTU and
richness (DOTUR) program (Schloss and Handelsman
2005). Operational taxonomic units (OTUs) for community
analysis were defined by a 1 % variation in nucleotide and
amino acid sequences for 16S rRNA gene and hzo genes,
respectively (Hong et al. 2011). The Shannon and Chaol were
also generated by DOTUR for each clone library. The geo-
graphic distribution of phylogenetic structure anammox bac-
teria in four marine aquaculture zones were investigated by
the online software UniFrac (http://bmf2.colorado.
edu/unifrac/index.psp) using the principal coordinates
analysis (PCoA) and Jackknife environmental clusters as

Fig. 1 A map showing the
selected sampling locations of the
marine aquaculture zone around
Hong Kong
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suggested previously (Lozupone et al. 2006). Canonical cor-
respondence analysis (CCA) was performed in CANOCO 4.5
for windows to identify the relationships between two bacte-
rial community structures and environmental parameters (ter
Braak and Smilauer 2002).

Nucleotide sequence accession numbers

The GenBank accession numbers for the 16S rRNA gene
sequences reported here are KX092470–KX092642, and the
GenBank accession numbers for the hzo gene sequences are
KX146969–KX147061.

Results

Physicochemical characteristics of sediment samples

The redox potential and ammonium concentrations showed a
reverse variable trend in the four marine aquaculture zone
sediments (Table 1). Furthermore, sediment collected from
SW and YTTE had significantly higher organic matter con-
tents than that of CSW and SKW. It could also be found that
the sediments collected from SW had the highest pH value
and ammonium concentration but the lowest redox potential
and phosphate concentration, indicating a location with spe-
cific habitat characteristics of these four samples (Table 1).

Anammox bacteria diversity by 16S rRNA gene

Anammox bacteria communities in surface sediments of ma-
rine aquaculture zones were detected successfully with 16S
rRNA gene. From the four 16S rRNA gene clone libraries, a
total of 173 clones were selected for sequencing after the
RFLP analysis. Using 1 % sequence variation cut-off, 15
and 4 OTUs of anammox bacteria were obtained from CSW
and SKW, respectively (Table 2). However, only eight se-
quences from YTTE were affiliated to the known anammox
bacteria, representing two OTUs at the same sequence cutoff.
More interestingly, all sequences obtained from SW with the
same PCR primer sets were not related to any known
anammox bacteria closely, showing a low similarity (83–
86 %) with the available anammox bacterial 16S rRNA gene
sequences (Table 2). Even though the sequencing clone

numbers increased to more than two times than that of the
other sites, we still could not detect any anammox bacterial-
related 16S rRNA genes by selected PCR primers. Results
indicated that CSW has the highest diversity of anammox
bacteria, followed by SKWand YTTE; no anammox bacterial
16S rRNA genes were detected from SW sediments (Table 2).

Phylogenetic analysis showed that these obtained 16S
rRNA sequences were clearly divided into two groups, one
closely related to the known anammox bacteria and another
affiliated with uncultured Planctomycetes (Fig. 2). Figure 2a
showed the phylogenetic relationships of anammox bacteria
obtained from sediments of the marine aquaculture zones in
this study. All anammox bacterial 16S rRNA sequences were
divided into six different clusters, including five Scalindua-
related clusters and one Kuenenia-related cluster. Sequences
obtained from CSW were widely distributed into five
Scalindua-related clusters, representing Brade cluster,
Arabica cluster, Zhenghei II cluster, Wagneri cluster, and
one new cluster specific to the marine aquaculture zone of this
study, but sequences of SKW were closely related to Brade
cluster, Zhenghei II cluster, and the new cluster. For YTTE
site, not only four sequences were detected to relate to the
Zhenghei II cluster but also another four sequences were
affiliated with Kuenenia cluster (Fig. 2A).

As mentioned above, many sequences detected from the
two sites, SW (100 % of sequences) and YTTE (75 %),
showed low similarities with any available anammox bacterial
16S rRNA gene sequences but are closely related to some
uncultured Planctomycetes clones recovered from sediments
of Jiaozhou Bay aquaculture zone (JN090949), Marmara sea
(AM980569), tidal flat (JN010128) and mangrove
(GQ331353), biofilms of biofilter (DQ664528), and seawater
column of Black Sea (DQ368318), respectively (Fig. 2B).
These sequences formed a subgroup between anammox and
other representative Planctomycetes species, such as Pirellula
staleyi (AF399914), Planctomyces maris (NR025327), and
Isophaera sp. (FJ542905), representing new Planctomycetes
subgroups (Fig. 2B).

Anammox bacteria diversity by hzo

In contrast to anammox bacterial 16S rRNA gene, all retrieved
hzo gene sequences from the four marine aquaculture zones
were closely related to anammox bacteria (Table 2). Using

Table 1 Physicochemical
parameters of sediment samples
collected from four different
marine aquaculture zones

Sites pH Redox (mV) NO3
− (μM) NO2

− (μM) NH4
+ (μM) PO4

− (μM) Organic matter
contents (%)

CSW 7.61 −38.7 2.07 2.52 616.8 6.37 7.60

SKW 7.73 −48.6 14.42 0.39 964.3 8.41 7.97

SW 7.85 −57.3 9.80 0.61 3092.8 4.17 10.58

YTTE 7.48 −51.5 3.36 0.70 1114.3 5.97 11.94
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Table 2 Diversity characteristics
of anammox bacterial 16S rRNA
and hzo genes

Biomarkers Site Number of
screened clone

Number of known
anammox bacteria (%)

OTUs Shannon Simpson Chao

16S rRNA CSW 32 32 (100) 15 2.38 0.1 24

SKW 30 30 (100) 4 1.27 0.29 4

SW 79 0 (0) – – – –

YTTE 32 8 (25.0) 2 0.69 0.43 2

hzo CSW 21 21 (100) 11 2.07 0.14 13.5

SKW 28 28 (100) 12 2.39 0.04 24

SW 23 23 (100) 10 1.79 0.23 20.5

YTTE 21 21 (100) 5 1.11 0.39 8

A 

Candidatus Scalindua sp. EU478631

 CSW (2), SKW (16)

 SKW-78

 SKW-33

Brade cluster

Candidatus Scalindua arabica EU478625

 CSW (9)

 CSW-24

 CSW-05

Arabica cluster

 CSW (7), SKW (5)

 CSW-01

 SKW-79

 CSW-17

 CSW-23

 CSW-15

New cluster

 CSW-19

 Candidatus Scalindua zhenghei-III GQ331162

 Candidatus Scalindua sp. enrichment EU142947

 Candidatus Scalindua zhenghei-II GQ331159

 YTTE (4)

 Candidatus Scalindua zhenghei-II GQ331150

 CSW-70

 SKW-29

 CSW (2), SKW (5)

Zhenghei cluster

 Candidatus Scalindua wagneri AY254882

 CSW-12

 CSW-67

 CSW-68

 CSW-11

Wagneri cluster

 YTTE (4)

 Candidatus Kuenenia stuttgartiensis  AF375995
Kuenenia cluster

Candidatus Jettenia asiatica AS-1 DQ301513

 Candidatus Anammoxoglobus propionicus DQ317601

 Candidatus Brocadia fulgida DQ459989

 Candidatus Brocadia anammoxidans AF375994

54

80

72

85

58

53

60

79

60

56

90

99

55

0.02

B 

 Anammox bacteria

 YTTE-73

 YTTE-79

 SW-LLF7

 SW-1E

 SW-LLF6

 SW (2)

 SW (3)

 SW-LLF2

 SW-1C

 Jiaozhou Bay aquacultrue farm sediment JN090949

 Ago Bay sediment AB378310

 SW-LLE1

 Marmara sea sediment AM980569

 SW-LLD1

 SW-2A

 SW-1H

 Tidal flat sediment JN010128

 Baltimore inner harbor sediment AY266449

 SW (34)

 Mangrove sediment GQ331353

 Biofilter DQ664528

 YTTE(2)

 SW (8)

 YTTE (5)

 YTTE-92

 YTTE-80

 YTTE-77

 YTTE(2)

 YTTE(2)

 YTTE (8)

 SW (4)

 SW (19)

 Black Sea seawater DQ368318

 Pirellula staleyi ATCC 35122 AF399914

 Planctomyces maris DSM 8797 NR 025327

 Isosphaera sp. FJ542905

 Marine aquacultrue HRH677 HM234112

75

72

99

96

99

59

94

99

99

50

62

92

65

99

50

99

67

99

90

50

92

71

95

92

0.05

Fig. 2 Phylogenetic relationship between the of 16S rRNA gene
sequences obtained from different marine aquaculture zones in Hong
Kong and representatives of anammox bacteria (a) and other
Planctomycetes bacteria (b). Bootstrap values represent 1000 replicates

and only values above 50 % are shown. Branch lengths correspond to
sequence differences as indicated by the scale bar. Numbers in
parenthesis refer to the number of clones were analyzed
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1 % amino acid variation as cutoff, 5 to 12 OTUs could be
obtained from each site. The SKW had the highest hzo gene
diversity, while YTTE was the lowest (Table 2).

Phylogenetic analysis showed that all obtained hzo
gene sequences from marine aquaculture zones were
clearly divided into five subclusters, including four
Scalindua-like subclusters and one Kuenenia-like sub-
cluster (Fig. 3). From the phylogenetic tree, all hzo gene
sequences recovered from CSW, SKW, and YTTE
belonged to the four Scalindua-like subclusters, relating
to the clones detected from Candidatus BScalindua sp.^
enrichments (CAQ57909), uncultured Planctomycetes
(CAQ57913), and Mai Po costal wetland sediments
(ACN61640 and ACN61646), respectively. However, se-
quences retrieved from site SW were more closely re-
lated to the hzo genes of Candidatus BKuenenia
stuttgartiensis^ than of other described anammox bacte-
ria or sequences from the other three marine aquaculture
zones, forming a novel and habitat-specific group of
SW (Fig. 3).

Classification of anammox bacteria

To understand the classification anammox bacterial commu-
nity structures in the four marine aquaculture zones, UniFrac
analysis was performed based on the 16S rRNA and hzo gene
sequence phylogenetic contexts. From the results of the PCoA
and Jackknife environmental clusters, sites CSW and SKW
shared the similar microbial community structure while the
community structure at YTTE and SW was relatively site
specific, especially the community structure of SWwas totally
different from others (Fig. 4).

Spatial distribution of anammox bacteria and their
correlations with environmental factors

The CCA of 16S rRNA and hzo genes were used to identify
the influence of environmental factors, such as nutrient con-
centrations, pH, redox, and organic matter contents, on the
anammox bacterial diversity distribution in four marine aqua-
culture zones. Similar with the community classification, the

 CSW (10), SKW (18), YTTE (13)

 Mai Po costal wetland sediment ACN61640

 CSW-01

Scalindua-like subcluster 1

 Candidatus Scalindua sp. enrichment CAQ57909

 CSW-66

 SKW-23

 Uncultured planctomycete CAQ57913

 Mai Po costal wetland sediment ACN61646

Scalindua-like subcluster 2

 CSW (16), SKW (2), YTTE (8), Scalindua-like subcluster 3

Scalindua-like subcluster 4 YTTE-58

 Planctomycete KSU-1 BAF36964

 ANAMMOX reactor ABX90017

 Candidatus Anammoxoglobus  sp.enrichment CAQ57911

 Candidatus Brocadia sp. enrichment CAQ57910

 SW (22)

 SW-24

Kuenenia-like subcluster

Candidatus Kuenenia stuttgartiensis  CAJ72085

 Candidatus Kuenenia sp. enrichment CAQ57912

 Candidatus Kuenenia stuttgartiensis CAJ71439

 Candidatus Kuenenia stuttgartiensis CAJ70788

 Planctomycete KSU-1 BAF98478

 Candidatus Kuenenia stuttgartiensis CAJ7180699

99

51

98

56

90

75

60

99

93

0.1

Fig. 3 Phylogenetic relationship of anammox bacteria based on the
deduced amino acids from hzo gene sequences in this study and
representative database sequences. Bootstrap values represent 1000

replicates and only values above 50 % are shown. Branch lengths
correspond to sequence differences as indicated by the scale bar.
Numbers in parenthesis refer to the number of clones were analyzed
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A1 

A2

 CSW

 SKW

 YTTE

 SW

0.1

 CSW

 SKW

 YTTE

 SW

0.1

B2 

B1 

Fig. 4 UniFrac PCoA (a) and
environmental cluster (b) for
anammox bacterial 16S rRNA (1)
and hzo (2) genes
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CCA axes of anammox bacterial 16S rRNA and hzo genes
also clearly distinguished the anammox bacterial assemblage
of SW from those of the three marine aquaculture zones
(Fig. 5). In the 16S rRNA gene CCA plot, organic matter
contents was the most important factor to influence the
bacteria-environment relationship, while nitrate and nitrite
played more important role in the bacteria-environment rela-
tionship (Fig. 5). Furthermore, CCA results indicated that the
spatial distribution of most of Scalindua-related sequences of
16S rRNA and hzo genes were related to selective environ-
mental factors of marine aquaculture zone. For example, re-
dox potential and concentration of phosphate and nitrite were
positively related to all Scalindua-related clusters in 16S
rRNA and hzo genes except the Zhenghei cluster in 16S
rRNA gene analysis, while the organic matter contents of

the sediments were positively correlated with Kuenenia-relat-
ed groups in both 16S rRNA and hzo genes.

Discussion

In the current study, the diversity of anammox bacteria was
comprehensively described by 16S rRNA and hzo genes in
four different marine aquaculture zones in HongKong. Except
the SW site, both 16S rRNA and hzo gene diversity analyses
indicate that the major anammox bacteria in the sediments of
marine aquaculture zones were Scalindua-related species al-
though Kuenenia-like anammox bacteria could also be detect-
ed from one of the four selected sampling sites. The results of
the current study showed quite different anammox bacteria
community structures as carried out in previous studies at both
marine and freshwater recirculating aquaculture systems
where the detected anammox bacteria were closely related to
Brocadia (Tal et al. 2006) and Kuenenia (van Kessel et al.
2010). The differences of anammox bacteria community
structures of the present study and the previous ones are pos-
sibly due to the difference in aquaculture systems, where pre-
vious reports were related to the recirculating aquaculture of
freshwater and marine systems (Tal et al. 2006, van Kessel
et al. 2010, van Kessel et al. 2011, Castine et al. 2012).
However, some results of the current ones were quite similar
to those of previous studies (Egli et al. 2001, Tal et al. 2006,
Lahav et al. 2009, van Kessel et al. 2010), like the novel
Planctomycete-like bacterial 16S rRNA gene sequences that
were detected in two marine aquaculture zones with relatively
high diversity, indicating that these new Planctomycete-like
bacteria are very common in aquaculture systems. These un-
known bacterial sequences share 83–86 % sequence identity
to known anammox members, but their activity and ecophys-
iology still need to be confirmed in future studies.
Furthermore, from the results of 16S rRNA and hzo genes in
the four marine aquaculture zone sediments, we obtained a
very consistent phylogenetic relationship of anammox bacte-
ria from sites CSW and SKW, indicating that the detected
anammox bacteria were Scalindua-related groups. However,
inconsistent phylogenetic relationships were also found at
sites SWand YTTE, which was similar to our previous studies
(Li et al. 2010b, Li et al. 2011b), indicating the different con-
verge and specificity of two molecular biomarkers for
anammox bacteria detection from environmental samples.

Both the UniFrac environmental clustering and PCoA analy-
ses revealed considerable heterogeneity of the sediment
anammox bacterial assemblages in four marine aquaculture
zones of Hong Kong (Fig. 4). The SCW and SKW sites share
a similar anammox bacterial community structure, while the SW
and YTTE have distinct anammox bacterial assemblages, espe-
cially the SW site. The analyses of both biomarkers 16S rRNA
and hzo genes indicate that the anammox bacterial community of

Fig. 5 CCA ordination plot for the physicochemical parameters,
anammox bacteria groups (triangle) representing by 16S rRNA (a) and
hzo (b) sequences and their sampling locations (small circle).
Correlations between environmental variables and CCA axes are
represented by the length and angle of arrows (environmental factors)
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site SWwas distinctively different from those of the others. CCA
analyses indicate that the environmental factors including am-
monium and pHmight contribute significantly to the uniqueness
of the anammox bacterial assemblage at site SW, where the
sediments have the highest ammonium concentration and the
lowest pH value. Furthermore, the CCA analyses also indicate
that some environmental factors might contribute significantly to
the diversity distribution of anammox bacteria in marine aqua-
culture zones. For example, the organic matter contents of the
sediments positively correlate to the Kuenenia-like anammox
bacteria, while redox, nitrite, and phosphate also positively relate
to Scalindua-like anammox bacteria. In previous studies, the
organic matter contents, redox, and nitrite concentration of the
sediments were identified as the key environmental factors to
regulate the sediment anammox bacterial composition, commu-
nity structure, abundance, distribution, or potential activity in the
coastal and marine sediments, such as Jiaozhou Bay (Dang et al.
2010), mangrove (Li et al. 2011c), Pearl River estuary (Cao et al.
2011, Li et al. 2011a), and South China Sea deep-sea subsurface
area (Hong et al. 2011). Finally, we found that the phosphate
might also play an important role to shape the community struc-
ture of anammox bacteria. Although the exact metabolism for
these environmental factors influencing the dynamics of
anammox bacterial assemblages is still not very clear, the results
of the present study provide a clear description of anammox
bacteria diversity and distribution in the marine aquaculture
zone, and the results of this study also further confirm the previ-
ous hypothesis that anthropogenic activities may have an impact
on the coastal anammox microbiota and activities (Dang et al.
2010, Li et al. 2010b, Cao et al. 2011, Li et al. 2011a).
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