Appl Microbiol Biotechnol (2013) 97:3653-3663
DOI 10.1007/500253-013-4756-6

METHODS AND PROTOCOLS

More refined diversity of anammox bacteria recovered
and distribution in different ecosystems

Ping Han - Ji-Dong Gu

Received: 17 November 2012 /Revised: 30 January 2013 /Accepted: 2 February 2013 /Published online: 21 March 2013

© Springer-Verlag Berlin Heidelberg 2013

Abstract A newly reported 16S rRNA gene-based PCR
primer set was successfully applied to detect anammox bac-
teria from four ecosystem samples, including sediments from
marine, reservoir, mangrove wetland, and wastewater treat-
ment plant sludge. This primer set showed ability to amplify a
much wider coverage of all reported anammox bacterial gen-
era. Based on the phylogenetic analyses of 16S rRNA gene of
anammox bacteria, two new clusters were obtained, one close-
ly related to Candidatus Scalindua, and the other in a previ-
ously reported novel genus related to Candidatus Brocadia. In
the Scalindua cluster, four new subclusters were also found in
this study, mainly by sequences of the South China Sea
sediments, presenting a higher diversity of Candidatus
Scalindua in marine environment. Community structure
analyses indicated that samples were grouped together based
on ecosystems, showing a niche-specific distribution.
Phylogenetic analyses of anammox bacteria in samples from
the South China Sea also indicated distinguished community
structure along the depth. Pearson correlation analysis showed
that the amount of anammox bacteria in the detected samples
was positively correlated with the nitrate concentration.
According to Canonical Correspondence Analysis, pH, tem-
perature, nitrite, and nitrate concentration strongly affected the
diversity and distribution of anammox bacteria in South China
Sea sediments. Results collectively indicated a promising
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Introduction

Anaerobic ammonium-oxidizing (anammox) bacteria are an
important addition to the comprehensive understanding of
nitrogen cycle. The existence of anaerobic ammonium oxida-
tion with nitrite as an electron acceptor was predicted based on
thermodynamics calculations in 1977 (Broda 1977). The or-
ganisms involved were discovered in bioreactors of wastewa-
ter treatment plants in the 1990s (Mulder et al. 1995; van de
Graaf et al. 1995). Currently, five anammox genera have been
described, including the genera of Candidatus Brocadia
(Kartal et al. 2008; Oshiki et al. 2011), C. Anammoxoglobus
(Kartal etal. 2007), C. Kuenenia (Schmid et al. 2000; Strous et
al. 2006), C. Scalindua (Kuypers et al. 2003; Schmid et al.
2003; van de Vossenberg et al. 2008), and C. Jettenia (Quan et
al. 2008), all belong to the same monophyletic branch
named the Brocadiacaea and are related to the phylum
Planctomycetes. Since their discovery, anammox bacteria
have been detected in various environments, such as terrestrial
environments (Zopfi et al. 2009), mangrove (Li et al. 2011b;
Liet al. 2011d; Meyer et al. 2005; Wang et al. 2012b; Wang
and Gu 2012b), oil field (Li et al. 2010a), wastewater treat-
ment systems (Wang et al. 2010), and also fresh water and
marine ecosystems (Hirsch et al. 2011; Hong et al. 2011;
Schmid et al. 2007).

Even though anammox bacteria are distributed widely in
environments, there is no pure culture available. Because of
this, many culture-independent methods have been developed
to detect the diversity and distribution of anammox bacteria in
samples from various ecosystems. PCR amplification of
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anammox bacterial 16S rRNA and functional genes are com-
monly used for detection and community analysis (Chouari et
al. 2003; Li and Gu 2011; Li et al. 2011d; Penton et al. 2006;
Quan et al. 2008; Schmid et al. 2005; Wang and Gu 2012a;
Wang et al. 2012b). Fluorescence in situ hybridization and
stable isotope labeling also serve as useful tools to confirm the
presence and activity of anammox bacteria in natural environ-
ments (Schmid et al. 2007). Functional gene encoding hydra-
zine dehydrogenase/oxidoreductase have been reported to
amplify anammox bacteria from different environmental sam-
ples (Schmid et al. 2008) including coastal and deep-ocean
sediments (Dang et al. 2010; Hirsch et al. 2011; Li et al.
2011d), rice paddy soils (Wang and Gu 2012a), oilfields (Li
et al. 2010a), or wastewater treatment plants (Quan et al.
2008). The cytochrome cd;-containing nitrite reductase
encoding gene (nirS) was used for anammox detection in the
ocean and coastal sediment samples (Lam et al. 2009; Li et al.
2011c). The recently reported hydrazine synthase encoding
gene (hzsA and hzsB) markers were also applied to detect all
known anammox genera (Harhangi et al. 2012; Wang et al.
2012a), yet the efficiency and specificity need to be further
studied with more samples from different ecosystems.

In this study, the efficiency of a recently reported 16S
rRNA gene-based primer (Humbert et al. 2012) set in
detecting anammox bacteria was estimated with several
samples. In order to get results with smallest bias, samples
from a variety of ecosystems were involved. The primer set
was successfully applied to detect anammox bacteria in
eleven samples from four ecosystems, including sediments
from marine ecosystem, reservoir, mangrove wetland, and
wastewater treatment plant sludge. Sequences obtained in
this study were compared with sequences from other similar
environment like ocean ecosystems (Jensen et al. 2011;
Kuypers et al. 2005; Lam and Kuypers 2011; Lam et al.
2009) and mangrove wetland (Li et al. 2011b; Li et al.
2011d), etc. The primer set was successfully applied with
our samples and a more refined diversity of anammox
bacteria was highlighted in this study.

Materials and methods
Sample collection and chemical analysis

Marine surface sediment samples E702, E704, E707, E708,
E709, and E525S were collected from the South China Sea
in 2008, and information of sampling sites were reported
before (Cao et al. 2012). A2 was collected from a full-scale
wastewater treatment plant in July of 2012. R2 was collect-
ed from Tai Lam Chung Water Reservoir of Hong Kong
SAR in October 2011. Both 1S and 3S were collected from
surface layer (0—10 cm) of wetland sediment in Mai Po
Nature Reserve in Hong Kong in April 2012. 3Sm was
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collected in the mangrove surface layer (0—10 cm) near
sample 3S (50 m away). The locations and detailed informa-
tion of Mai Po Nature Reserve are available elsewhere (Li et
al. 2011a; Li et al. 2011b; Wang et al. 2012b). Temperature,
pH, and redox potential of the sediment samples were mea-
sured in situ using IQ180G Bluetooth Multi-Parameter
System (Hach Company, Loveland, CO). Concentration of
ammonia, nitrite, and nitrate in pore water of sediment sam-
ples were measured with an auto-analyzer (QuickChem,
Milwaukee, WI) according to the standard methods for the
examination of water and wastewater (Association APH
1995).

DNA extraction and PCR amplification

Thawed and homogenized soil or sludge (approximately
0.5 g, wet weight) were transferred into sterile 1.5 mL
centrifuge tubes for DNA extraction. The total genomic
DNA was extracted using the Power Soil Isolation Kit (Mo
Bio, Carlsbad, California) according to the manufacturer's
instructions. All extracted DNAs were separately stored at
—20 °C for further analysis. For the gene amplification, in a
final volume of 25 ul, the PCR reaction mixture contained:
1 uL of extracted template DNA (1-10 ng), 5 uL of 5x
GoTaq Flexi buffer (Promega, Hong Kong) and 2.5 pL of
MgCl, (25 mM, Promega), 0.5 puL of dNTPs (10 mM,
Invitrogen, Hong Kong), 1 uL BSA (stock 10 mgmL ™),
0.5 uL of each forward (A438f: 5'-
GTCRGGAGTTADGAAATG-3") and reverse primer
(A684r: 5'- ACCAGAAGTTCCACTCTC-3" ) (20 uM) and
0.2 uL of GoTaq Flexi polymerase (5 Uml ™', Promega, Hong
Kong). The PCR program consisted of 95 °C of initial dena-
turation for 5 min, 33 cycles of 95 °C for 45 s, 54 °C for 30 s,
72 °C for 50 s, followed by 10 min of final elongation at
72 °C. PCR products were analyzed by electrophoresis in 1 %
agarose gels in TAE (20 mM Tris-acetate pHS8.0; 0.5 mM
EDTA) at 125 V, 400 mA for 25 min (Amersham Biosciences,
Electrophoresis Power Supply 301). The gels were
stained by addition of GelRed nucleic acid stain (Biotium)
and photographed using a Bio-Rad® GelDoc™ station.

Cloning, sequencing, and phylogenetic analyses

Clone libraries were constructed from the PCR products
according to the method described elsewhere (Weidner et
al. 1996). Briefly, the amplified PCR products were checked
in gel as described above and then purified using a Qiaex II
Gel Extraction Kit (QIAGen, Hilden, Germany). Ligation
with a pMD® 18-T vector (Takara, Japan) was performed at
16 °C for 10 h in a 11.4-uL reaction volume consisting of
4 uL of Solution I (containing T4 DNA Ligase and ligation
buffer), 7 uL of purified PCR products, and 0.4 pL of
pMD® 18-T vector. Transformation of the vectors to E. coli
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competent cells was performed (Chung et al. 1989). The
cloned single colonies were then randomly picked for PCR
amplification using the primer sets M13 (M13F: 5'-TGTAAA
ACGACGGCCAGT-3"; MI13R: 5'-CAGGAAACAG
CTATGACC-3') in a 25-uL PCR reaction volume consisting
of the same components except primers as described above.
Positive PCR products were sent for DNA sequencing
performed with the Big Dye Terminator Kit (Applied
Sciences, Foster City, CA) on an ABI Prism 3730 DNA
analyzer.

Clone sequences obtained were first checked using Black
Box Chimera Check tool (Gontcharova et al. 2010), and
their sequence similarity with known references was ana-
lyzed with reference sequences retrieved from the GenBank
using BLAST tool. Sequences were aligned and phyloge-
netic trees were constructed using MEGA version 5.05 and
subjected to phylogenetic inference using the neighbor-
joining algorithm followed by 1,000 times of bootstrap.

Quantitative real-time PCR

The 16S rRNA gene abundance of anammox bacteria in-
cluding all 11 samples was determined in triplicate using an
Applied Biosystems StepOnePlus™ Real-Time PCR
System. The quantification was based on the fluorescent
dye SYBR-Green I. Each reaction was performed in a
20-uL volume containing 10 puL of Power SYBR Green
PCR Master Mix (Applied BioSystems), 1 pL of DNA
template (1-10 ng), 0.2 pL of each primer (20 pM;
A438f, A684r), and 8.8 uL of autoclaved DD water. The
PCR profile was 10 min at 95 °C, followed by a total of
40 cycles of 15 s at 95 °C, 1 min at 54 °C, 15sat 72 °C. A
standard plasmid carrying 16S rRNA gene was generated by
amplifying the gene from DNA extracted from samples
described above and cloning into the pMD 18-T Vector
(Takara). The plasmid DNA concentration was determined,
and the gene abundance in terms of copy number of 16S
rRNA gene was calculated directly from the concentration
of the extracted plasmid DNA. Tenfold serial dilutions of a
known copy number of the plasmid DNA were subjected to
a quantitative PCR assay in triplicate to generate an external
standard curve. The correlation coefficient (+7) of the stan-
dard curve was 0.96.

Anammox bacterial community and statistical analyses

All sequences related to anammox bacteria 16S rRNA gene
sequences were analyzed using the DOTUR (Distance-
Based OTU and Richness) program to compare their diver-
sity and richness (Schloss and Handelsman 2005).
Operational taxonomic units (OTUs) for community analy-
sis were defined at 3 % variation in nucleic acid sequences.
In order to examine the distribution of anammox bacteria

within the different environmental samples, all clone librar-
ies of 16S rRNA gene were analyzed with UniFrac (http://
bmf.colorado.edu/unifrac/) using the principal coordinates
analysis tool (PCoA) (Lozupone and Knight 2005). Pearson
correlation analyses were used to test correlations between
the diversity of anammox bacterial, abundance and different
physiochemical characteristics. Correlations of the Scalindua
anammox subclusters with environmental factors of the South
China Sea surface sediments were explored with canonical
correspondence analysis (CCA) using the software Canoco
(version 4.5; Microcomputer Power).

Nucleotide sequence accession numbers

Partial sequences of 16S rRNA gene amplified products
from the South China Sea, reservoir, mangrove wetland
sediments, and wastewater treatment plant have been depos-
ited in GenBank under accession numbers: JX898303-
JX898432 and KC539017-KC539100, JX898289-JX898302
and KC539006-KC539016, JX898254-JX898288 and
KC538948-KC539005, and JX898221-JX898236,
respectively.

Results
Biogeochemical characteristics of sampling sites

The physiochemical characteristics of the five samples are
shown in Table 1. The physiochemical characteristics of six
South China Sea sediments were reported in previous stud-
ies (Cao et al. 2011). There was no significant pH difference
among them. The NH" concentration of samples collected
from Mai Po Nature Reserve ranged from 2.94 to 8.20 ng/g.
The concentration of NO, and NOjz in these samples
ranged from 0.49 to 1.05 pg/g and from 1.24 to 8.82 ug/g,
respectively. In addition, NO; concentration in Mai Po
samples was higher than others, but NO, concentration
showed a reverse trend in other samples except R2 and
E5258S. Considering data of the South China Sea sediment
samples, it could be referred to previous studies (Cao et al.
2011).

PCR amplification and statistical analyses

This PCR primer set used in this study worked well with
almost all included samples. Based on the 11 clone libraries
constructed, diversity and richness indices of anammox
bacteria with 3 % cutoff was analyzed using DOTUR pro-
gram (Table 2). Rarefaction curves of 16S rRNA gene
sequences retrieved from all samples in this study are avail-
able in Fig. S1. A total of 368 gene sequences 16S rRNA
genes were obtained from 11 sediment samples in this study.
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Table 1 Information of sampling sites and physiochemical characteristics

Cite Sample Location Depth (m) T (°C) pH (ng/g)
NH," NO,~ NO;~
Mai Po Nature 1S 22°29" 40.7'N/114°01'42.1'E 0-0.1 23.7 7.27 8.20 0.49 1.24
Reserve 3S 22°29'56.8'N/114°01'39.0'E 0-0.1 27.6 7.13 3.75 0.63 8.82
3Sm 22°29'55.7'N/114°01'41.2'E 0-0.1 22.1 6.49 2.94 0.57 3.31
Reservoir R2 22°23'1.92"N/114°01'50.1"E 0-0.1 254 7.00 159.0 3.65 BD
WWTP A2 NA NA 26.0 7.18 80.0 0.07 54.0

BD below detection limit; NA not applicable

Sequence analyses confirmed that 310 (84.2 %) of the
amplified sequences were related to known anammox gen-
era. Overall, a total of 73 OUTs were obtained based on 3 %
cutoff. The numbers of OTUs varied among samples rang-
ing from 2 in the waste water treatment plant sample A2 to
13 in the South China Sea sediment sample E707.
Generally, the South China Sea and reservoir samples
contained more OTUs than other samples. Both the Chaol
diversity estimator and the Shannon index showed a similar
variability difference for all samples. Among all the 11
samples, the primer efficiency for anammox detection
ranges from 59.3 % for E525S to 100 % for E704, 3Sm,
R2, and A2.

Phylogenetic analyses

According to the sequences obtained from this study and the
relevant sequences from NCBI, one phylogenetic tree was

Table 2 PCR amplified and recovered DNA sequences and diversity
and richness indices from 11 samples based on 16S rRNA genes with
3 % cutoff. Efficiency indicates the percentage of anammox bacteria
among all obtained sequences in the relevant clone library

Sample No.of OTUs Efficiency (%) Diversity and richness
clones

Shannon— Chao

Wiener index
E702 42 11 93.3 1.78 29.00
E704 45 9 100 2.01 9.00
E707 35 13 80.0 2.13 45.00
E708 30 10 83.8 2.12 10.50
E709 21 9 60.0 1.74 12.00
E525S 16 3 59.3 0.46 —-1.00
1S 19 6 65.5 1.59 6.17
3S 19 6 86.4 1.59 8.00
3Sm 43 11 100 1.87 17.25
R2 24 11 100 2.12 14.13
A2 16 2 100 0.23 -1.00
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constructed (Fig. 1). A total of 16 clusters can be visualized
based on all obtained and reference sequences. For
anammox bacteria, besides the large Scalindua cluster, clus-
ters of Jettenia, Anammoxoglobus, Kuenenia, and Brocadia
were established and at the same time, two novel clusters
(B.R2-cluster, unknown cluster) were also revealed in this
study. One sequence from R2 fell into B.R2 cluster which
was a novel cluster described previously (Humbert et al.
2010; Humbert et al. 2012; Quan et al. 2008; Tal et al. 2005).
One sequence from 3Sm fell into an unknown cluster which
also include sequences retrieved from Jiaojiang estuary (Hu et
al. 2012). The similarity of these two clusters to closest typical
species was 94.7-97.3 % and 91.4-94.1 %, respectively
(Table S1). There are also two R2 groups closely related to
Jettenia and Anammoxoglobus which indicated potential in-
dependent clusters. They have 98 % nucleotides similarity
with sequences retrieved from a eutrophic freshwater lake in
Japan (Yoshinaga etal. 2011). Besides all the cluster described
above, 10.5 % (2/19) sequences from 1S, 31.5 % (6/19) from
3S and 27.9 % (12/43) from 3Sm contributed to cluster
Kuenenia stuttgartiensis, most (15/16) A2 sequences
formed Brocadia anammoxidans cluster except one se-
quence for cluster Anammoxoglobus propionicus, 20.8 %
(5/24) sequences from R2 were included in Brocadia fulgida
cluster.

Sequences belonging to the Scalindua cluster formed
another big group, which is in agreement with previous
studies considering microdiversity of marine anammox bac-
teria, namely wagneri, arabica, brodae, zhenghei-I,
zhenghei-II, and zhenghei-III subclusters (Hong et al.
2011; Woebken et al. 2008). In this study, no sequence from
the South China Sea sediment samples fell into wagneri or
zhenghei-1II subcluster, 52.6 %(10/19) sequences from 1S
and 6.9 % (3/42) sequences from 3Sm contribute to the
wagneri subcluster, while zhenghei-IIl includes 2.3 %
(1/42) sequence from 3Sm. The big arabica subcluster
contained sequences from all South China Sea samples
except E525S; it includes 14.3 % (6/42) sequences from
E702, 30.2 % (13/43) for E704, 22.9 % (8/35) for E707,
10 % (3/30) for E708 and 9.5 % (2/21) for E709. The brodae
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subcluster has 4.8 % (2/42) sequences from E702, 11.6 %
(5/43) for E704, 28.6 % (10/35) for E707, 23.3 % (7/30) for
E708 and 28.6 % (6/21) for E709. The zhenghei-I subcluster
contains 66.7 % (28/42) of sequences from E702, 9.3 %
(4/43) for E704, 2.9 % (1/35) for E707, 3.3 % (1/30) for
E708 and 6.3 % (1/16) for E525S. For the zhenghei-II
subcluster, there are 23.3 % (7/30) sequences from E708,
28.6 % (6/21) for E709, 87.5 % (14/16) for E525S, 42.1 %

(8/19) for 38, 60.5 % (26/43) for 3Sm and 12.5 % (3/24) for
R2.

In addition to the above six Scalindua subclusters, four
more new subclusters have also been discovered in this
study, namely S1, S2, S3, and S4 subclusters. They are
specific to the South China Sea except S1 which also in-
clude 26.3 % (5/19) sequences from 1S. Besides, in S1
subcluster, there are 14.3 % (6/42), 13.9 % (6/43), 28.6 %
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(10/35), 23.3 % (7/30), 23.8 % (5/21), and 6.3 % (1/16) of
sequences from E702, E704, E707, E708, E709, and E525S
respectively. Approximately, 34.9 % (15/43), 5.7 % (2/35),
and 3.3 % (1/30) sequences are from E704, E707, and E708
respectively, contribute to S2 subcluster. S3 subcluster con-
tains 6.7 % (2/30) of sequences from E708 only. S4
subcluster contains 11.4 % (4/35), 6.7 % (2/30), and 9.5 %
(2/21) of sequences from E707, E708, and E709 respective-
ly. The similarity of above four clusters (S1, S2, S3, and S4)
to closest typical species was 95.2-96.8 %, 95.0-95.2 %,
95.7-96.8 %, and 95.2-96.8 %, respectively (Table S1).

Quantity of anammox bacteria

The abundance of anammox bacteria in the 11 samples was
estimated by the presence of the anammox bacterial 16S
rRNA gene with the primer sets A438f and A684r. The
amplified anammox 16S rRNA gene abundance ranged
from 2.24x10° copies per gram sediments (dry weight) in
1S to 1.02x10° copies per gram granule (dry weight) in the
A2 sample (Fig. 2). For South China Sea sediment samples,
E702 had the highest amount (13.18x10° copies/g), while
the other five samples did not show large differences (3.45—
4.46x10° copies/g). The water reservoir sample R2
contained more anammox than other Mai Po samples from
the mangrove and mudflat.

Anammox bacterial community structure comparison
and correlation with environmental factors

All retrieved 16S rRNA gene sequences were analyzed with
UniFrac principal coordinates analysis (PCoA) and Jackknife
Environment Clusters analyses (Fig. 3a). Sequences from the
South China Sea sediment samples were analyzed separately
(Fig. 3b). It was apparently that the South China Sea 16S
rRNA clone libraries were significantly different from sam-
ples of Mai Po, reservoir and wastewater treatment plant.
Besides, it was needed to point that their clone libraries from

16s rDNA

Copy No.x10%/g

E702 E704 E707 E708 E709 E5258 1S 3S 3Sm R2 A2*
Sample

Fig. 2 The abundance of anammox bacteria in the 11 samples indi-
cated by copy numbers of 16S rRNA gene. Error bars represent
standard deviations of triplicate experimental analyses. A2*: Copy
No. x 10%g (dry weight)
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Mai Po shared similar community structures and sample 1S is
separated with the other two samples (3S and 3Sm). Reservoir
sample R2 and wastewater treatment plant sample A2 repre-
sent their different and close community structure which was
indicated by PCoA and Jackknife Environment Clusters anal-
yses. The anammox 16S rRNA gene clone libraries from the
six South China Sea samples were also analyzed and com-
pared (Fig. 3b). We tentatively define samples with more than
100 m depth as deep-sea sediments and less than 100 m depth
as shallow sediments. It was revealed that these six samples
grouped separately according to their depth. However, what's
needed to be mentioned is that in the deep sea group, sample
E702(2370 m) is closer to E704(175 m) than to E525S
(1100 m), indicating that the influence of depth on anammox
bacteria community in the South China Sea sediments is more
complicated.

We also tried to find out the correlation of environmental
factors to anammox community structure. Pearson correla-
tion analysis showed that the nitrate concentration signifi-
cantly influenced the diversity and amount of anammox
bacteria within all the 11 samples (Table 3). Besides, the
South China Sea samples and the ten described Scalindua
subclusters based on 16S rRNA phylogenetic analyses with
environmental parameters were analyzed via CCA (Fig. 4).
The correlation of samples with environmental variables
was shown in the first two CCA dimensions (CCA1l and
CCA2), which explained 45.2 % of the total variance in
samples and 78.3 % of the cumulative variance of the
anammox environment relationship (Fig.4a). The correla-
tion of Scalindua subclusters with environmental variables
was shown in the first two CCA dimensions (CCA1l and
CCA2), which explained 41.4 % of the total variance in
samples and 68.9 % of the cumulative variance of the
anammox environment relationship (Fig. 4b).

The temperature, pH, and concentration of nitrite and
ammonia were strikingly correlated with the diversity of four
sea samples (E704, E707, E708, E709, depth <200 m). For ten
Scalindua subclusters, pH was strongly correlated with
subcluster S1, S2, S3, S4, arabica, and brodae. Concentration
of nitrite and nitrate were profoundly correlated with subcluster
zhenghei-1I, zhenghei-IIl, and wagneri. In addition, correla-
tions of the anammox bacterial assemblages with environmen-
tal parameters analyzed by CCA indicated that depth is
significantly correlated with zhenghei-I subcluster and E702
sample.

Discussion

Diversity of anammox bacteria in different ecosystems

In this study, all the five known anammox genera were
detected from the 11 samples used in this study with the
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Fig. 3 Unweighted Unifrac Jackknife Environmental Clusters includ-
ing all sequences obtained (3a-1) and Scalindua related sequences
obtained from South China Sea sediments (3b-1); PCoA analysis
including all sequences obtained (3a-2) and Scalindua related

newly reported PCR primer set. For samples from Mai Po
Nature Reserve, a wide coverage of anammox diversity
including Kuenenia, Brocadia, Jettenia, and Scalindua had
been observed showing a good agreement with previous
studies considering anammox bacteria in this area (Li et al.
2011b; Li et al. 2011d). For the reservoir sample R2, a
higher diversity and wider coverage of anammox bacteria
including Brocadia, Scalindua, one sequence which may
fall into a novel cluster were evident. To our knowledge,
few studies on anammox bacteria diversity in water reser-
voir are available and our study provides a basis to investi-
gate its microbial diversity including ammonia-oxidizing
bacteria and archaea in this ecosystem. In the wastewater
treatment plant (WWTP) sample A2, Brocadia dominated in
the anammox community with only one individual
Anammoxoglobus sequence, showing differences from other
WWTP samples in which the dominant anammox bacteria
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sequences obtained from the South China Sea sediments (3b-2). Solid
circles in trees represent Jackknife support for the monophyletic at that
node. Pink circles, >99.9 %; yellow circles, 90-99.9 %; green, 70-90 %;
blue circles, 50-70 %, and gray, <50 %

are Kuenenia (Kumar and Lin 2010). So far, anammox
bacteria were reported in marine oxygen minimum zones
(OMZs) from Peruvian, Namibian, and the Arabian Sea
(Woebken et al. 2008), OMZs off northern Chile (Galan et
al. 2009) and OMZs located in the Arabian Sea, the eastern
tropical North Pacific (ETNP) and the eastern tropical South
Pacific (ETSP) (Jayakumar et al. 2009). By comparing
sequences from the above OMZs and also sequences retrieved
from anoxic wetland sediments (Wang et al. 2012b), man-
grove sediment (Amano et al. 2011), sponge (Hoffmann et al.
2009; Mohamed et al. 2010), bioreactors (Isaka et al. 2006;
Tal et al. 20006), freshwater (Zhang et al. 2007) and estuarial
sediment (Hu et al. 2012; Li et al. 2011b), four new Scalindua
subclusters were obtained from the South China Sea sedi-
ments, which further highlight the microdiversity of marine
Scalindua in marine and subsurface ecosystem from existing
information (Hong et al. 2011; Woebken et al. 2008).
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Table 3 Pearson correlation analysis of environmental factors and
anammox bacterial diversity and abundance

Environmental Pearson correlation coefficient
factors
No. of Shannon— Chao 1 Abundance
OTUs Wiener
T (°C) -0.051 0.127 —0.168 0.287
pH 0.015 0.004 0.133 -0.203
NH," 0.009 —0.043 -0.084 0.365
NO, 0.303 0.358 0.036 -0.172
NO;s~ —0.622* —0.705%* —0.388 0.986*

*Denotes a p value of <0.05, which is typically regarded as significant, as
determined by SPSS version 15.0 program (SPSS, Chicago, Illinois, USA)

Anammox community structure comparison

All retrieved 16S rRNA gene sequences were analyzed with
UniFrac principal coordinates analysis (PCoA). According
to the results, all samples from the South China Sea were
grouped together and samples from Mai Po Nature Reserve
grouped sparsely. This generally indicated a niche-specific
distribution pattern of anammox bacteria and also in agree-
ment with previous studies (Li et al. 2010b). Sequences
from the South China Sea sediment samples were analyzed
separately due to the requirements for a more detailed
Scalindua analyses with higher resolution. Samples were
grouped along a depth-related distribution pattern which
may be defined as a coastal-ocean pattern. Four sea samples
(E704, E707, E708 and E709) were distributed separately
with the other two deep-sea samples (E702 and E525S). The
observed pattern may not only be caused along depth pat-
tern, but also by the anthropogenic pollution gradient from
coastal Pearl River estuary to the South China Sea as
discussed in previous study considering diversity and abun-
dance of ammonia-oxidizing prokaryotes (Cao et al. 2012).

The influence of environmental factors on the anammox
community structure

Pearson correlation analysis showed that the nitrate concen-
tration significantly influenced the diversity and amount of
anammox bacteria (Table 3), which is also reported in the
influence of intense chemical pollution on the community
and abundance of anammox bacteria in the Jiaojiang
Estuary (China) (Hu et al. 2012). That also adds evidence
to the statement that the nitrate concentration can be identi-
fied as an important factor influencing the distribution of
anammox communities in estuarial mudflat sediment of the
Mai Po Nature Reserve (Li et al. 2011b). Base on canonical
correspondence analysis, pH, temperature, concentration of
nitrite, nitrate, and ammonia have significant influences on
certain sea samples or Scalindua subclusters, depth of
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samples also has a strong correlation with deep-sea
subcluster, zhenghei-I.
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The new 16S rRNA gene-based primer set (A438f,
A684r) was successfully applied in detecting anammox
bacteria from widely different ecosystems. Two new clusters
and four new Scalindua subclusters were recovered, show-
ing the robustness of this primer set and also the hidden
diversity of anammox bacteria in environment, especially in
marine ecosystems. In addition, this primer set could also be
applied in quantitative real-time PCR. Results collectively
indicate a much higher diversity of anammox bacteria in
environment, and more analyses should be conducted on
samples from ocean sediments in the future to unravel the
anammox diversity.
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