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Abstract Two 16S rRNA gene-based PCR primer sets
(Brod541F/Amx820R and A438f/A684r) for detecting
anammox bacteria were compared using sediments from
Mai Po wetlands (MP), the South China Sea (SCS), a fresh-
water reservoir (R2), and sludge granules from a wastewater
treatment plant (A2). By comparing their ability in profiling
anammox bacteria, the recovered diversity, community struc-
ture, and abundance of anammox bacteria among all these
diverse samples indicated that A438f/A684r performed better
than Brod541F/Amx820R in retrieving anammox bacteria
from these different environmental samples. Five Scalindua
subclusters (zhenghei-I, SCS-I, SCS-III, arabica, and brodae)
dominated in SCS whereas two Scalindua subclusters
(zhenghei-II and wagneri) and one cluster of Kuenenia dom-
inated in MP. R2 showed a higher diversity of anammox
bacteria with two new retrieved clusters (R2-New-1 and R2-
New-2), which deserves further detailed study. The domi-
nance of Brocadia in sample A2 was supported by both of
the primer sets used. Results collectively indicate strongly

niche-specific community structures of anammox bacteria in
different environments, and A438f/A684r is highly recom-
mended for screening anammox bacteria from various envi-
ronments when dealing with a collection of samples with
diverse physiochemical characteristics.

Keywords Anammox . Detection . Diversity . PCR primer .

Abundance . Distribution

Introduction

The anaerobic ammonium oxidizing (anammox) process is a
recent addition to the nitrogen cycle. Anammox bacteria have
been reported as important players involved in coupling am-
monium with nitrate/nitrite to dinitrogen gas (N2) and contrib-
uting to losses of inorganic N species in different ecological
niches (Kartal et al. 2007), including freshwater ecosystems
(Penton et al. 2006; Wang and Gu 2013b), coastal wetlands
(Dang et al. 2010; Li et al. 2010), rice paddy soil (Wang and
Gu 2013a), and marine environments (Borin et al. 2013;
Kirkpatrick et al. 2012; Lam et al. 2007; Li et al. 2013b, c).
So far, five anammox genera have been established, namely
Candidatus Scalindua (Schmid et al. 2003; van deVossenberg
et al. 2008), Ca. Brocadia (Kartal et al. 2008; Oshiki et al.
2011), Ca. Anammoxoglobus (Kartal et al. 2007), Ca.
Jettenia (Quan et al. 2008), and Ca. Kuenenia (Schmid et al.
2000; Strous et al. 2006), and they are all affiliated with a deep
branch of the Planctomycetes .

Since pure culture of anammox bacteria is still hardly
available, the diversity and distribution of anammox bacteria
in different environments are detected by culture-independent
tools, including phylogenetic gene biomarkers through PCR
amplification, fluorescence in situ hybridization (FISH)
(Schmid et al. 2005), stable isotope probing (SIP) with
13CO2 and/or 15N-labeled inorganic N species (Konovalov
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et al. 2008; Song and Tobias 2011), and also anammox-
specific lipid measurement (Kuypers et al. 2003). Among
the phylogenetic biomarkers, the 16S rRNA gene is the most
commonly used in the detection of anammox bacteria from
various ecosystems, while a suite of functional genes (Li et al.
2011b; Song and Tobias 2011) were also used in revealing the
community and abundance of these important Planctomycetes .
A group of published 16S rRNA gene-based PCR primers is
summarized in Table 1. Due to the high sequence divergence
among different genera of anammox bacteria (<87.1% identity)
and the low abundance of anammox bacteria in most ecological
niches except for sludge and wastewater treatment plants, it is
difficult to select 16S rRNA gene-based PCR primers to recov-
er all known genera of anammox bacteria with a high specific-
ity from any given samples (Jetten et al. 2009; Junier et al.
2010; Kartal et al. 2011). Therefore, the efficiency and speci-
ficity of those PCR primers were subsequently evaluated and
assessed with samples from freshwater (Sonthiphand and
Neufeld 2013), estuary/coastal wetlands, and marine environ-
ments (Han and Gu 2013; Han et al. 2013). Among recent
studies, two 16S rRNA gene-based primer sets (Brod541F/
Amx820R and A438f/A684r) were reported as efficient bio-
markers for such purpose. The PCR-amplified products with
primer sets Brod541F/Amx820R and A438f/A684r cover 279
and 246 bp of the 16S rRNA gene of anammox bacteria,
respectively. The PCR primer set Brod541F/Amx820R was
widely applied with coastal wetland samples (Li et al. 2011a,
c) and marine sediments (Li et al. 2013b) while A438f/A684r
showed the ability to recover a more refined community struc-
ture of anammox bacteria from a wide range of ecological
niches (Han and Gu 2013; Humbert et al. 2012). In previous
studies, A438f/A684r amplified the 16S rRNA gene of
anammox bacteria from 11 samples with efficiency ranging
from 59.3 to 100 %, resulting in six putative new clusters
(Han and Gu 2013). In this study, PCR primer set Brod541F/
Amx820R was applied for the same 11 samples as previously

described, and a comparison of efficiency and specificity of
these two primer sets was made and analyzed.

Materials and methods

Sample description

Information on sampling sites and physiochemical parameters
of the South China Sea surface sediments collected in 2008
was described in a previous study (Cao et al. 2012). Waste-
water treatment plant sample A2, water reservoir sample R2,
and wetland sediment samples (1S, 3S, and 3Sm) were col-
lected in July 2012, October 2011, and April 2012, respec-
tively, and described previously (Han and Gu 2013).

DNA extraction and PCR amplification

Total genomic DNAs of these samples were extracted using
the Power Soil Isolation Kit (Mo Bio, Carlsbad, CA) accord-
ing to the manufacturer’s instructions, purified, and separately
stored at −20 °C for further analysis to be carried out as
described in the following (Han and Gu 2013; Li et al.
2013b). For the 16S rRNA gene-based PCR amplification of
amplicons in samples, in a final volume of 25 μL, the PCR
mixture contained 1 μL of extracted template DNA (1–10 ng),
5 μL of 5× GoTaq Flexi buffer (Promega, Hong Kong) and
2.5 μL of MgCl2 (25 mM, Promega), 0.5 μL of dNTPs
(10 mM, Invitrogen, Hong Kong), 1 μL BSA (stock
10 mg mL−1), 0.5 μL of each forward (Brod541F: 5′-
GAGCACGTAGGTGGGTTTGT-3′) and reverse primer
(Amx820R: 5′- AAAACCCCTCTACTTAGTGCCC- 3′)
(20 μM), and 0.2 μL of GoTaq Flexi polymerase
(5 U mL−1, Promega, Hong Kong). The PCR program
consisted of 95 °C of initial denaturation for 5 min, 33 cycles
of 95 °C for 45 s, 54 °C for 30 s, 72 °C for 50 s, followed by

Table 1 A summary of 16S rRNA gene-based PCR primers for detection of anammox bacteria in this study

Primer set Sequences 5′–3′ E. coli position Specificity group References

An7f GGCATGCAAGTCGAACGAGG 7–26 Ca. Kuenenia, Ca. Brocadia Penton et al. (2006)

Pla46F GACTTGCATGCCTAATCC 46–63 Planctomycetes Neef et al. (1998)

Amx368F CCTTTCGGGCATTGCGAA 368–385 All anammox bacteria Schmid et al. (2003)

A438f GTCRGGAGTTADGAAATG 438–455 All anammox bacteria Humbert et al. (2012)

Brod541F GAGCACGTAGGTGGGTTTGT 541–560 Ca. Scalindua Penton et al. (2006)

A684r ACCAGAAGTTCCACTCTC 667–684 All anammox bacteria Humbert et al. (2012)

Amx820R AAAACCCCTCTACTTAGTGCCC 820–841 Ca. Kuenenia, Ca. Brocadia Schmid et al. (2000)

BS820R TAATTCCCTCTACTTAGTGCCC 820–841 Ca. Scalindua Kuypers et al. (2003)

An1388r GCTTGACGGGCGGTGTG 1,372–1,388 Ca. Scalindua Penton et al. (2006)

Brod1260R GGATTCGCTTCACCTCTCGG 1,241–1,260 Ca. Scalindua Penton et al. (2006)

1392r ACGGGCGGTGTGTAC 1,392–1,406 Universal bacteria Ferris et al. (1996)
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10 min of final elongation at 72 °C. PCR products were
analyzed by electrophoresis in 1 % agarose gels in TAE buffer
(20 mM Tris-acetate pH 8.0; 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.

Phylogenetic and quantitative analyses

Clone libraries were constructed with the PCR-amplified
products from these samples and the two PCR primer sets.
After sequencing, the obtained sequences were aligned, and
phylogenetic 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.

The 16S rRNA gene abundance of anammox bacteria in all
11 samples was determined in triplicate using an Applied
Biosystems StepOnePlus™ Real-Time PCR System. The
quantification procedure was based on the fluorescent dye
SYBR Green I. Each reaction was performed in a 20-μL
volume containing 10 μL of Power SYBRGreen PCRMaster
Mix (Applied BioSystems), 1 μL of DNA template (1–10 ng),
0.2 μL of each primer (20 μM; Brod541F, AMX820R), and
8.8 μL 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, and 15 s at 72 °C. A standard plasmid carrying
16S rRNA gene was generated by amplifying the gene from
DNA extracted from samples described above and cloned into
the pMD 18-T Vector (Takara). The plasmid DNA concentra-
tion 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 DNAwere
subjected to a quantitative PCR assay in triplicate to generate
an external standard curve. The correlation coefficient (r2) of
the standard curve was 0.96. Anammox bacterial community
and statistical analyses of all sequences related to anammox
bacteria 16S rRNA gene-amplified sequences were analyzed
using the Distance-Based OTU and Richness (DOTUR) pro-
gram to compare their diversity and richness (Schloss and
Handelsman 2005). Operational taxonomic units (OTUs) for
community analysis were defined at 3 % variation in nucleic
acid sequences.

Nucleotide sequence accession numbers

Partial sequences of anammox bacterial 16S rRNA gene am-
plified with primer set Brod541F/Amx820R from a wastewa-
ter treatment plant, mangrove wetland sediments, and a fresh
reservoir have been deposited in GenBank under accession
numbers KF286707–KF286841. Sequences from the South
China Sea were obtained from a previous study (Li et al.
2013b) under accession numbers HQ665558–HQ665699.

Results

PCR and statistical analyses

The successful 16S rRNA gene PCR amplification with primer
set Brod541F/Amx820R from all samples resulted in 11 clone
libraries, of which diversity and richness indices of anammox
bacteria at 3 % difference cutoff were analyzed using the
DOTUR program (Table 2). In order to make a comparison,
six samples from the South China Sea and three samples from
Mai Po wetland were pooled together, respectively, with primer

Table 2 Analysis of DNA se-
quences obtained by PCR ampli-
fication with primer set A438f/
A684r and Brod541F/
AMX820R, clone libraries, and
diversity and richness indices
from the 11 samples based on 16S
rRNA genes with 3 % nucleotide
variation cutoff. Efficiency indi-
cates the percentage of anammox
bacteria among all obtained se-
quences in the relevant clone
library

a Results with the above six SCS
samples
b Results with the above three MP
samples

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

Shannon–Wiener Chao index

E702 42/21 11/2 93.3/100 1.78/0.57 29.0/2.0

E704 45/30 9/4 100/100 2.01/1.57 9.0/8.5

E707 35/24 13/4 80.0/100 2.13/1.18 45.0/4.0

E708 30/20 10/3 83.8/100 2.12/0.85 10.5/3.0

E709 21/37 9/3 60.0/100 1.74/0.82 12.0/3.0

E525S 16/20 3/5 59.3/100 0.46/1.37 3.0/5.0

SCSa 189/152 19/6 81.5/100 2.13/0.36 29.7/7.0

1S 19/27 6/2 65.5/73.0 1.59/0.26 6.2/2.0

3S 19/30 6/2 86.4/93.8 1.59/0.66 8.00/2.0

3Sm 43/39 7/2 100/100 1.22/0.69 11.5/2.0

MPb 81/96 10/4 86.2/88.9 1.58/0.83 18.0/4.0

R2 24/23 10/5 100/85.2 2.02/1.11 12.0/5.25

A2 16/16 2/2 100/100 0.23/0.23 2.0/2.0
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sets A438f/A684r and Brod541F/Amx820R. For the six South
China Sea (SCS) samples, 189 and 152 sequences were ob-
tained with A438f/A684r and Brod541F/Amx820R, respec-
tively. Considering the three Mai Po wetlands (MP) samples,
81 and 96 sequences were retrieved with A438f/A684r and
Brod541F/Amx820R, respectively. The efficiencies of these
two primer sets in amplifying anammox bacteria 16S rRNA
genes are also summarized in Table 2, ranging from 59.3 to
100 % for A438f/A684r and 73.8 to 100 % for Brod541F/
Amx820R. At 3 % nucleotide difference cutoff, the calculated
numbers of OTUs with primer sets A438f/A684r and
Brod541F/Amx820R showed large differences with the same
set of samples. Generally, primer set A438f/A684r and
Brod541F/Amx820R retrieved 19 and 6 OTUs from SCS
samples, 10 and 4 OTUs from MP samples, 10 and 5 OTUs
from freshwater reservoir sample, and 2 and 2 OUTs from
WWTP samples, respectively. Besides, the Shannon–Wiener
and Chao index also varied not only among different samples,
but also between the two clone libraries with either of the PCR
primers on any of the samples. Rarefaction curves of 16S
rRNA gene sequences retrieved from the four types of samples
with these two PCR primer sets are shown in Fig. 1. Appar-
ently, the curves with primer set A438f/A684r showed steeper
slopes than those of Brod541F/Amx820R, indicating much
more diverse anammox bacteria recovered with the former
PCR primer set.

Phylogenetic analyses

A phylogenetic tree was constructed using all obtained se-
quences with primer sets A438f/A684r and Brod541F/
Amx820R and also the relevant sequences from NCBI

(Fig. 2). A total of 14 clusters can be visualized. Besides the
large Scalindua group, a combined group consisting of
Jettenia , Anammoxoglobus ,Kuenenia , and Brocadia was also
established and at the same time, with two novel clusters
(tentatively named as R2-New-1 and R2-New-2) with 48.9 %
(23/47) sequences from R2, contributing to Cluster R2-New-1.
Two sequences fromR2 recovered with PCR primer set A438f/
A684r and three with Brod541F/Amx820R fell into Cluster
R2-New-2, which was proposed as a novel cluster described
previously (Humbert et al. 2010, 2012; Quan et al. 2008; Tal
et al. 2005). The similarity of clusters R2-New-1 and R2-New-
2 to the closest phylotype species was 78.4–90.0 and 79.5–
91.9 %, respectively (Table 3). Furthermore, 10.6 % (5/47) of
R2 sequences and one A2 sequence contributed to the
Anammoxoglobus/Jettenia cluster. Most of the A2 sequences
(96.8 %, 31/32) were included in the Brocadia anammoxidans /
brasiliensis cluster, which also contained 1.12 % (2/177) MP
sequences. MP and R2 contributed 13.6 % (24/177) and
19.1% (9/47) of sequences intoKuenenia cluster andBrocadia
fulgida/caroliniensis cluster, respectively. Six reported subclus-
ters (wagneri, arabica, brodae, zhenghei-I, zhenghei-II, and
zhenghei-III) of the Scalindua group were all obtained in this
study with both PCR primer sets, which is in agreement with
previous studies considering the diversity of marine anammox
bacteria (Hong et al. 2011a; Woebken et al. 2008). In addition,
three SCS-specific clusters were also obtained, namely SCS-1,
SCS-2, and SCS-3 subclusters. These subclusters in the present
study corresponded to S1+S4, S3, and S2 in the previously
constructed phylogenetic tree, respectively (Han and Gu 2013).
The similarity of the above three putative new subclusters
(SCS-1, SCS-2, and SCS-3) to the closest phylotypes was
78.4–94.6, 78.7–95.5, and 80.3–96.0 %, respectively (Table 2).
There are 14.9 % (51/341) SCS sequences and 4.3 % (2/47) R2
sequences included in the SCS-1 subcluster. Only 0.3 % (1/
341) SCS sequences fell into the SCS-2 subcluster and 5.9 %
(20/341) SCS sequences to the SCS-3 subcluster.

Furthermore, consistent with a previous study, no SCS
sequence fell into the wagneri subcluster which included
44.6 % (79/177) MP sequences, while only one MP sequence
and two SCS sequences were clustered into zhenghei-III. The
zhenghei-I subcluster contains 16.1 % (55/341) of sequences
from SCS and one from MP. For the zhenghei-II subcluster,
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Fig. 1 Rarefaction curves of anammox bacteria 16S rRNA gene PCR-
amplified sequences retrieved from different environmental samples with
3% difference cutoff.MP Mai Po Nature Reserve; SCS South China Sea;
R2 freshwater reservoir; A2 wastewater treatment plant. Primer sets used
were indicated immediately after the sample name

�Fig. 2 A phylogenetic tree constructed with distance and neighbor-
joining method from an alignment of 16S rRNA gene sequences with
some reference phylotypes from GenBank. PCR primer sets used were
indicated after each sample name, and the numbers in brackets refer to the
number of clones. The numbers at the nodes are percentage indicating the
levels of bootstrap support based on 1,000 resampled data sets. Branch
lengths correspond to sequence differences as indicated by the scale bar.
Red color represents sequences obtained with primer set A438f/A684r,
blue color represents sequences obtained with primer set and Brod541F/
AMX820R; square indicates sequences from MP, triangle for R2,
diamond for SCS, and circle for A2
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there are 1.76 % (6/341) sequences from SCS, 36.2 % (64/
171) from MP sequences, and 6.38 % (3/47) from R2 se-
quences. The big arabica subcluster contained 50.4 % (172/
341) sequences from all South China Sea samples while the
brodae subcluster has 3.5 % (6/171) sequences from MP and
9.68 % (33/341) from SCS sequences.

Quantification of anammox bacteria

The quantity of anammox bacteria in the 11 samples was
estimated by the abundance of anammox bacterial 16S rRNA
gene with the PCR primer sets Brod541F/Amx820R. The
abundance of PCR-amplified anammox 16S rRNA gene
ranged from 9.96×103 copies/g sediments (dry weight) in
MP sample 1S to 2.58×107 copies/g granule (dry weight) in
the A2 sample and 2.58×105 copies/g sediments in SCS
sample E702 (dry weight) (Fig. 3). For South China Sea
sediment samples, E702 had the highest abundance while
the other five samples did not show large differences among

them (6.44–11.5×104 copies/g). The freshwater reservoir
sample R2 had almost equal amounts of anammox bacteria
with MP samples. The abundances of anammox bacteria 16S
rRNA genes with PCR primer sets A438f/A684r and
Brod541F/Amx820R are compared in Fig. 3. The relative
abundances among all samples except for A2 and 3Sm with
these two primer sets were similar while prime set A438f/
A684r resulted in higher copies of 16S rRNA genes.

Comparison of anammox bacterial community structures

Based on the phylogenetic analysis, the recovered anammox
bacterial community structures of SCS, MP, R2, and A2
samples with primer sets A438f/A684r and Brod541F/
Amx820R were compared separately and pooled together
(Fig. 4). For SCS samples, five Scalindua subclusters
(zhenghei-I, SCS-1, SCS-3, arabica, and brodae) comprised
the majority of recovered anammox bacteria 16S rRNA gene
PCR-amplified sequences with PCR primer sets A438f/
A684r, while only the arabica subcluster accounted for
>80 % of the retrieved subclusters with PCR primer set
Brod541F/Amx820R. Considering MP samples, Scalindua
subclusters (zhenghei-II, wagneri) and cluster Kuenenia com-
prised the majority of recovered anammox bacteria 16S rRNA
gene PCR-amplified sequences with PCR primer sets A438f/
A684r, while no Kuenenia sequences were retrieved with
PCR primer sets Brod541F/Amx820R. Regarding sample
R2, two Scalindua subclusters zhenghei-II and SCS-1, clus-
ters R2-New-1, R2-New-2 and B. fulgida/caroliniensis were
found in both A438f/A684r and Brod541F/Amx820R clone
libraries, while cluster Anammoxoglobus/Jettenia was only
detected with A438f/A684r. Considering the WWTP sample
A2, among all sequences obtained, the community composi-
tion was largely composed of cluster B. anammoxidans/
brasiliensis , with only one sequence falling into cluster
Anammoxoglobus/Jettenia by PCR primer sets A438f/
A684r. The combined community structure was also analyzed
with both clone library sequences among the four types of

Table 3 Identities (percent) of 16S rRNA gene PCR-amplified sequence between new clusters obtained in this study and the known anammox bacteria
phylotypes

New
retrieved
clusters

Known anammox bacteria phylotypes

S .
zhenghei-
I

S .
zhenghei-
II

S .
zhenghei-
III

S.
wagneri

S.
brodae

S.
arabica

B.
fulgida /
caroliniensis

B.
anammoxidans/
brasiliensis

Kuenenia Anammoxoglobus
and Jettenia

SCS-1 93.2–93.9 93.2–94.9 90.9–93.9 86.4–90.0 90.9–92.6 94.6–92.0 78.4–80.5 89.0–89.0 82.9–84.3 80.2–81.4

SCS-2 92.0–93.9 95.5–95.5 92.0–92.9 89.8–91.9 92.9–93.9 93.3–93.4 78.7–84.8 83.8–85.4 85.9–87.9 82.8–85.9

SCS-3 93.4–95.5 95.5–96.0 89.8–92.9 92.0–92.4 94.4–94.9 93.6–95.5 80.3–85.9 85.9–86.4 83.8–86.4 84.8–83.8

R2-New-1 78.4–85.4 81.8–87.9 78.4–84.8 80.7–84.8 86.4–87.4 79.5–85.4 82.0–86.7 86.7–87.6 88.6–90.0 89.0–89.5

R2-New-2 79.5–85.4 80.7–86.9 79.5–85.9 81.8–84.8 87.4–87.9 80.7–85.4 85.2–91.9 89.0–90.5 88.1–89.5 85.7–88.1
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Fig. 3 A comparison of the abundance of anammox bacteria in the 11
samples indicated by abundance of 16S rRNA gene copies with PCR
primer set A438 and Brod. Error bars represent standard deviations of
triplicate experimental analyses
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environmental samples. Generally, all Scalindua subclusters
except wagneri were found in SCS samples, with arabica as
the biggest subcluster. Two Scalindua subclusters
(zhenghei-II and wagneri) and cluster Kuenenia contained
the largest portion of the anammox bacterial community
in MP samples. R2 showed a diverse anammox bacteria
community with Scalindua subclusters zhenghei-II and
SCS-1, cluster Anammoxoglobus/Jettenia and Brocadia
fulgida/caroliniensis, and also two new clusters R2-
New-1 and R2-New-2. The anammox bacterial communi-
ty of sample A2 was apparently dominated by B.
anammoxidans/brasiliensis .

Discussions

Comparison of the two 16S rRNA primer sets

The forward primer Brod541F was explored previously
(Penton et al. 2006) based on four groups of Ca. Scalindua
brodae (Schmid et al. 2003) with the reverse primer
Brod1260R. These primer sets were considered Scalindua
specific and successfully applied with 11 both geographically
and biogeochemically diverse freshwater and marine sedi-
ments in that study (Penton et al. 2006). The reverse primer
Amx820R was designed by Schmid et al. (2000) as a FISH
probe in detecting anammox bacteria from a trickling filter
biofilm in which the anammox bacteria community was dom-
inated by Ca. Kuenenia stuttgartiensis. The reverse primer
Amx820R usually worked well with primer Amx368F which
was also designed by Schmid et al. (2003). The primer set
Amx368F/Amx820R was subsequently applied in screening
anammox bacteria from freshwater and coastal wetlands
(Wang and Gu 2013b; Wang et al. 2013), rice paddy soils

(Wang and Gu 2013a, b; Zhu et al. 2011), and marine sedi-
ments (Hong et al. 2011a, b). Recently, the combination of
PCR forward primer Brod541F and reverse primer Amx820R
is frequently adopted in the detection of anammox bacteria in
coastal (Li et al. 2011a, c) and marine environments (Li et al.
2013b). Almost all known anammox bacteria could be recov-
ered by this primer set, and the short length of PCR products
(279 bp) made it much easier to obtain positive results from
samples with low biomass.

PCR primer set A438f/A684r was designed by Humbert
based on the retrieved anammox 16S rRNA sequences from a
variety of terrestrial ecosystems including marshes, lake-
shores, a contaminated porous aquifer, permafrost soil, and
agricultural soil (Humbert et al. 2010). This PCR primer set
was used to analyze the abundance of anammox bacteria in
wetlands (Humbert et al. 2012), and it was subsequently used
to analyze the community structure of anammox bacteria from
various environments including marine sediments and coastal
wetlands (Han and Gu 2013). Furthermore, PCR primer set
A438f/A684r was highly recommended for both clone library
construction and DGGE analysis based on the results of
evaluating PCR primers for profiling anammox bacteria with-
in freshwater environments (Sonthiphand and Neufeld 2013).

In this study, both of the PCR primer sets Brod541F/
Amx820R and A438f/A684r showed high efficiency in am-
plifying the anammox bacteria 16S rRNA gene, indicating
their ability in detecting anammox bacteria from various eco-
logical niches. Based on the phylogenetic and community
structure analysis, PCR primer sets A438f/A684r could recov-
er more diverse anammox bacteria than primer sets Brod541F/
Amx820R. This may be due to the differences in specificity
and also the differences in the targeting region of the 16S
rRNA gene between these two PCR primer sets. PCR primer
Brod541F was designed as Scalindua specific, and even
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though primer set Brod541F/Amx820R could recover other
anammox genera such as Brocadia and Kuenenia from sam-
ples R2 and A2, only Scalindua sequences were obtained
from MP samples. There were actually Kuenenia sequences
in A438f/A684r clone libraries, indicating that the PCR prim-
er set Brod541F/Amx820R may have limitations in revealing
the complete anammox community information from samples
in which Scalindua was dominating, but not the only
anammox genera. The comparison of the quantitative PCR
results with these two PCR primer sets also indicated that
Brod541F/Amx820R may insufficiently retrieve the
anammox bacteria from various environmental samples. This
may be caused by the high specificity of Brod541F/Amx820R
to Scalindua genera, which may fail to amplify other
anammox genera. No big difference in community structure
was found in sample R2 with the two PCR primer sets possi-
bly because R2 was not dominated by Scalindua , and R2
contained highly diverse anammox bacteria as indicated by
the rarefaction curve and also the two recovered new clusters.
Results also added further evidences to our hypothesis that
high preference of Brod541F/Amx820R targeting Scalindua
specific 16S rRNA genes occurred in only the Scalindua -
dominating samples. In addition, even though A438f/A684r
was designed based on wetland-related sequences, it showed
strong ability in recovering 16S rRNA gene sequences with
low identities to known phylotypes from SCS sediment.
Moreover, the anammox bacteria community structures of
surface and deep marine sediments could only be differenti-
ated in A438f/A684r clone libraries, further indicating a prom-
ising phylogenetic biomarker for screening various ecological
samples.

Diversity of anammox bacteria in different environments

Based on the phylogenetic analysis, by comparing the commu-
nity structure of anammox bacteria in Mai Po coastal wetlands,
the South China Sea sediments, water reservoir, and wastewater
treatment plants, a strong niche-specific distribution of anammox
seems to be evident. The SCS sediments were dominated by five
subclusters of Scalindua (zhenghei-I, SCS-1, SCS-3, arabica,
and brodae), while the MP costal wetland was dominated by
two subclusters of Scalindua (zhenghei-II and wagneri) and
Kuenenia cluster. Even though both SCS andMP had Scalindua
detected, they did not share the dominating subclusters, yielding
evidence to the hypothesis that the variation of anammox bacteria
community structures could serve as bio-indicator for
anthropogenic/terrestrial nitrogen inputs in the Pearl River Delta
(PRD) and beyond (Li et al. 2013a). The two R2-New clusters
draw our special attention to the freshwater reservoir environ-
ment, and it also will encourage more research on the anammox
community structure in water reservoir in more detailed investi-
gations. Overall, primer set A438f/A684r is highly recommend-
ed for screening anammox bacteria from various ecological

niches while Brod541F/Amx820R could be selectively used in
non-Scalindua-dominating ecosystems, such as the wastewater
system and anthropogenically impacted freshwater ecosystem.
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