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Abstract PCR primers targeting genes encoding the two pro-
teins of anammox bacteria, hydrazine synthase and cytochrome
¢ biogenesis protein, were designed and tested in this study.
Three different ecotypes of samples, namely ocean sediments,
coastal wetland sediments, and wastewater treatment plant
(WWTP) samples, were used to assess the primer efficiency
and the community structures of anammox bacteria retrieved
by 16S ribosomal RNA (rRNA) and the functional genes.
Abundances of /zsB gene of anammox bacteria in South
China Sea (SCS) samples were significantly correlated with
16S rRNA gene by qPCR method. And /zsB and hzsC gene
primer pair hzsB364f-hzsB640r and hzsC745f-hzsC862r in
combination with anammox bacterial 16S rRNA gene primers
were recommended for quantifying anammox bacteria.
Congruent with 16S rRNA gene-based community study, func-
tional gene /zsB could also delineate the coastal-ocean distrib-
uting pattern, and seawater depth was positively associated
with the diversity and abundance of anammox bacteria from
shallow- to deep-sea. Both /zsC and ccsA genes could differ-
entiate marine samples between deep and shallow groups of the
Scalindua sp. clades. As for WWTP samples, non-Scalindua
anammox bacteria reflected by hzsB, hzsC, ccsA, and ccsB
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gene-based libraries showed a similar distribution pattern with
that by 16S rRNA gene. NH," and NH,*/S(NO;~ + NO, )
positively correlated with anammox bacteria gene diversity,
but organic matter contents correlated negatively with
anammox bacteria gene diversity in SCS. Salinity was positive-
ly associated with diversity indices of /4zsC and ccsB gene-
harboring anammox bacteria communities and could potential-
ly differentiate the distribution patterns between shallow- and
deep-sea sediment samples. SCS surface sediments harbored
considerably diverse community of Scalindua. A new Mai Po
clade representing coastal estuary wetland anammox bacteria
group based on 16S rRNA gene phylogeny is proposed.
Existence of anammox bacteria within wider coverage of gen-
era in Mai Po wetland indicates this unique niche is very com-
plex, and species of anammox bacteria are niche-specific with
different physiological properties towards substrates competing
and chemical tolerance capability.

Keywords Anammox bacteria - Primer development - hzsB
gene, hzsC gene - ccsA gene, cesB gene - Coastal-ocean pattern

Introduction

The initially proposed missing lithotroph capable of oxidizing
ammonium to nitrogen gas with nitrate/nitrite based on ther-
modynamical predictions (Broda 1977), the anaerobic
ammonium-oxidizing (anammox) bacteria, was subsequently
observed in a denitrifying fluidized bed reactor (Mulder et al.
1995). The lithotrophic bacteria capable of carrying out this
biochemical process by combining ammonium and nitrite to
generate dinitrogen gas (N,) were subsequently identified as
deeply branched members within the order Planctomycetales
(Jetten et al. 1998; Strous et al. 1999). Up to date, no pure
culture of anammox bacteria is available, but only in
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enrichment cultures. Genomic/metagenomic analysis of them
from enrichment cultures has been conducted for Ca.
Kuenenia stuttgartiensis, Ca. Jettenia asiatica, Ca. Brocadia
anammoxidans, Ca. Brocadia fulgida, Planctomycetaceae
KSU-1 and Ca. Scalindua profunda (Gori et al. 2011; Hira
et al. 2012; Hu et al. 2012; Strous et al. 2006; van de
Vossenberg et al. 2012).

Since the first evidence of anammox bacteria found in
the wastewater treatment plant, ubiquitous distribution of
them has been reported widely, e.g., wetland and freshwa-
ter ecosystems (Dale et al. 2009; Moore et al. 2011; Wang
et al. 2013), anoxic marine sediments (Brandsma et al.
2011; Hong et al. 2011; Yoshinaga et al. 2011), terrestrial
ecosystems (Hu et al. 2011a; Sun et al. 2014; Wang and
Gu 2013a; Wang and Gu 2013b; Zhu et al. 2011), coastal
mangrove wetlands (Li et al. 2011a, c), animal intestinal
tracts (Chan et al. 2016; Li and Gu 2016), and even sub-
surface ecosystem such as petroleum reservoirs (Li et al.
2010a) and hydrothermal vents (Byrne et al. 2009). They
occur ubiquitously on a global basis, but the diversity
pattern could be very limited, e.g., Scalindua sp. in marine
environments (Schmid et al. 2007).

Anammox process may contribute significantly to the N,
evolved in selective ecosystem. Incubation with '*N-labeled
nitrate or ammonium showed 24-67%, and 19-35% were due
to anammox reaction in two continental shelf sites of Baltic-
North Sea (Thamdrup and Dalsgaard 2002) and in anoxic
water column of Golfo Dulce of N, production (Dalsgaard
et al. 2003), respectively. Further studies also indicated that
about 50% of the dinitrogen gas loss in oxygen minimum
zones from marine water columns was contributed by this
process alone (Kuypers et al. 2005; Lam et al. 2009;
Thamdrup et al. 2006). Moreover, anammox bacteria in lakes
and agricultural soils were also reported to be as high as 9-40
and 4-37% of the total nitrogen loss in isolated cases (Hu et al.
2011b). Due to the lack of sufficient information on its diver-
sity and abundance and relationship to ecological niches, dis-
covery of new anammox bacteria is still a high priority in
research on ecophysiology and application of them to improve
applications in global N assessment and pollution control.

Techniques currently available for detecting the activity
and distribution of anammox bacteria include isotope paring
technique by '°N labeling compounds, ladderane lipids anal-
ysis and molecular detecting methods of PCR, quantitative
PCR, RT-PCR, and FISH and CARD-FISH methods (Li and
Gu 2011; Schmid et al. 2005). Due to the unique phylogeny of
anammox bacteria in the phylum Planctomycetes, primers of
16S ribosomal RNA (rRNA) gene and several functional
genes are used in detecting the existence and phylogeny of
anammox bacteria and also their abundance (Han and Gu
2013; Li and Gu 2011).

The phylogeny of 16S rRNA gene sequences of anammox
bacteria forms a monophyletic clade within Planctomycetes,
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which was named as a new order Brocadiales, showing less
than 80% similarity with other genera in Planctomycetes
(Schmid et al. 2005). PCR targeting 16S rRNA gene se-
quences to discover the phylogeny of new species is routinely
used with universal primers for Planctomycetes, such as
Pla46F and Amx368F, and specific primers for anammox
bacteria, such as BS820R and Amx820R (Jetten et al. 2009;
Li and Gu 2011). Wide divergence of 16S rRNA gene among
different genera within Brocadiales (<87.1% identity) made it
hard to compromise specificity and coverage simultancously
to achieve high coverage and also sensitive detection (Junier
etal. 2010; Li and Gu 2011), but a pair of more universal and
specific primers A438f-A684r was designed capable to cover
100 and 93.5% of anammox bacterial 16S rRNA gene se-
quences with one or no mismatch (Humbert et al. 2012).
Functional gene encoding enzymes involved in specific me-
tabolism pathways are also suitable biomarkers to detect
anammox bacteria. Unlike 16S rRNA gene, functional genes
as biomarkers are highly specific for the existence of catalyz-
ing activity physiologically and ecologically related to the
targeting microorganisms. In addition, functional genes of
specific types of microorganisms serve better in detecting mi-
nor members within communities dominated by other species
as interference (Junier et al. 2010; Kartal et al. 2011a; Li and
Gu 2011). Hydroxylamine/hydrazine oxidoreductase (HAO/
HZO) targeting primers were used to detect the corresponding
haolhzo genes in ammonium-oxidizing bacteria (AOB) and
anammox bacteria. The primers targeting gene sequence of
cluster 1 HZO of anammox bacteria are good biomarkers as
verified for biochemical activity and existence in all anammox
genera up to now (Hirsch et al. 2011; Li et al. 2010b; Quan
et al. 2008; Schmid et al. 2008). Cytochrome cd,-containing
nitrite reductase (NIR) was testified with only one copy in Ca.
Kuenenia stuttgartiensis, and its encoding gene nirS was
largely different from nirS gene of the denitrifiers, making it
a suitable functional biomarker for anammox bacteria (Li et al.
2011b; Strous et al. 2006). Two pairs of primers AnnirS and
ScnirS targeting Scalindua and other genera of anammox bac-
terial nirS gene were tested on marine and coastal sediment
samples (Lam et al. 2009; Li et al. 2011b). Hydrazine synthase
encoded by hzsCBA gene cluster (kuste2859-kuste2861 in
Kuenenia stuttgartiensis genome) is responsible for the for-
mation of the N-N bond in hydrazine from ammonium and
nitric oxide as the precursors (Fig. S1) (Kartal et al. 2011b;
Kuenen 2008; Strous et al. 2006). This gene cluster is func-
tionally specific on hydrazine synthesis in anammox bacteria,
not detected in other bacteria species (Gori et al. 2011;
Harhangi et al. 2012; Hira et al. 2012; Hu et al. 2012; Strous
et al. 2006; van de Vossenberg et al. 2012). Among hydrazine
synthase cluster encoding genes, /zsAB gene sequences were
analyzed and targeting primers were subsequently developed
and tested on sequencing batch reactor enrichment cultures,
marine and freshwater sediment samples, paddy soil, and
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estuary sediment samples (Harhangi et al. 2012; Wang et al.
2012a; Wang et al. 2012b). However, genomes/metagenomes
of newly defined anammox species are released and a com-
prehensive identification and verification of suitable primer
sites on the AzsBC gene sequences is highly desirable.

More than 200 gene encoding proteins directly participated
in the catabolism and respiration pathways in Ca. Kuenenia
stuttgartiensis, indicating the existence of versatile branched
respiring chain and emphasizing its important role in the
unique anammox metabolism (Strous et al. 2006).
Cytochrome ¢ synthesis gene is abundant, and at least one full
set of system II cytochrome ¢ maturation pathway in all re-
covered anammox bacteria is evident (Ferousi et al. 2013).
CcsAB proteins in system II form a channel-like structure,
facilitating the heme transport to anammoxsome and main-
taining the reducing state. Two sets of CcsAB complexes were
recovered in four genera of anammox bacterial genomes up to
date (Ferousi et al. 2013). Canonical CcsAB complex
encoding genes with heme-binding motif phylogenetically
different from the equivalents of other species were aligned
and used to design anammox bacteria-specific primers in this
study (Fig. S1). General PCR primers and qPCR primers were
analyzed for efficiency; comparison between 16S rRNA and
functional gene primers on delineating anammox bacterial
community characteristics and relationships with physico-
chemical parameters were also investigated. Meanwhile, a
further expanded survey and analysis of Scalindua sp. har-
bored in South China Sea (SCS) surface sediments based on
newly designed anammox bacterial 16S rRNA gene primer
pairs were also carried out in this study.

Materials and methods
Sampling and physicochemical parameters

Surface sediment samples of the South China Sea were col-
lected on the SCS Open Cruise in July 2008, and their phys-
icochemical parameters were measured as previously
(Table S1) (Cao et al. 2011a; Cao et al. 2011b). Wetland sed-
iment samples were collected from Mai Po Nature Reserve of
Hong Kong in Match 2012; both surface and subsurface sed-
iments from intertidal mudflats and mangrove forest were
sampled. At time of sampling, temperature, pH, and redox
potential were measured in situ as described previously (Han
and Gu 2013). Concentrations of nitrate, nitrite, and ammoni-
um in the pore water of these samples after centrifugation
were measured by flow injection analyzer (FIA) with standard
methods (Table S2) (Han and Gu 2013). Two wastewater
treatment plant (WWTP) samples were obtained from gran-
ules and wastewater slurry for nitrogen removal by anammox
reaction in Bali, Taiwan.

Sequence alignment and primer design

According to available genomic/metagenomic data of
anammox bacteria enrichment cultures from NCBI and JGI
genome databases, the AzsBC gene sequences from Ca.
Kuenenia stuttgartiensis (NCBL:PRINA16685), Ca. Jettenia
asiatica (personal communication with Ziye Hu), Ca.
Brocadia anammoxidans (JGI1:2081372000), Ca. Brocadia
fulgida (JGI1:2225789020), Planctomycetaceae KSU-1
(NCBI:PRJDA163683 and PRJDB68, phylogenetically as
Ca. Jettenia sp.), and Ca. Scalindua profunda
(JGI:2017108002 and 2022004002) were obtained (Gori
et al. 2011; Hira et al. 2012; Hu et al. 2012; Strous et al.
2006; van de Vossenberg et al. 2012). They were aligned by
CLC Main Workbench 7 to identify potential primer design-
ing sites with relatively high conservative values and moder-
ately variable 3’ end, degenerate primers to cover the known
species of anammox bacteria were developed.

Canonical cytochrome ¢ synthesis protein CcsAB encoding
gene sequences were retrieved from above genomic/
metagenomic data, except for Ca. Jettenia asiatica, which did
not show satisfactory BLAST results. Five sequences with full
ccsAB gene length coverage were used to form alignments. By
applying the same approach, the regions with high conservative
values and moderately variable 3’ ends were chosen to develop
degenerate primers. Sequence differences and percent identity
values of 16S rRNA gene, hzsABC and cssAB gene alignments
of known anammox bacteria species, were generated and illus-
trated by CLC Main Workbench 7 (Fig. S2).

DNA extraction, PCR amplification, and cloning library

Frozen sediment samples were thawed before genomic DNA
extraction by the PowerSoil® DNA Isolation Kit (MO BIO
Laboratories, Inc.). Approximately 0.25 g of wet weight were
applied to carry out DNA extraction according to the manual.
Moisture contents were measured by oven-drying the samples
at 120 °C for 24 h to a constant weight to allow conversion of
wet weight to dry weight in the final expression. For anammox
bacterial 16S rRNA gene amplification, the same procedures
by Han and Gu (Han and Gu 2013) were followed. In each
25 ul of total PCR mixture, it contained 5 pl of 5x GoTaq Flexi
buffer (Promega), 5 nmol dNTPs (Invitrogen), 10 pg of BSA
(Roche), 62.5 nmol Mg?*, 0.5 ul of each primer (A438f: 5'-
GTCRGGAGTTADGAAATG-3', A684r: 5'-ACCA
GAAGTTCCACTCTC-3') in 20 mM and 0.2 ul of GoTaq
Flexi polymerase (5 U/ml, Promega) (Humbert et al. 2012),
and 1 pl of DNA template (~25 ng). The PCR thermal cycling
steps were set as following: an initial denaturation at 95 °C for
5 min, 33 cycles of 95 °C for 45 s, 54 °C for 30 s, and 72 °C for
50 s, followed by 10 min of final extension at 72 °C.

For the hzsB and hzsC, and cssA and cssB gene amplifica-
tion, each 25 pl volume of total PCR mixture contained 5 pul of
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5x GoTaq Flexi buffer (Promega), 5 nmol of dNTPs
(Invitrogen), 62.5 nmol of Mg2+, 10 pug of BSA (Roche),
1 pl of each primer in 20 mM and 0.2 ul of GoTaq Flexi
polymerase (5 U/ml, Promega), and 1 pl of DNA template
(~25 ng). For each round of PCR thermal cycling, it involved
an initial denaturation step at 95 °C for 5 min, and every cycle
consisting of 95 °C for45's, 55 °C for 45 s, and 72 °C for 50 s,
and the final extension at 72 °C for 10 min. For one-step direct
PCR procedure and two steps of nest PCR procedure, 40 and
35 cycles were selected to obtain the final PCR products,
respectively. Double volumes of PCR reaction were employed
to generate enough amplicons from those PCR products with
poor amplification. PCR products were separated by 1x Tris-
acetate-EDTA (TAE) electrophoresis in 1% agarose gels,
stained with 1/40,000 GelRed staining solution (Biotium)
and checked and photographed under Gel Doc (Bio-Rad).
PCR products with the correct sizes were checked and re-
trieved from TAE gel by clear surgical knives. Illustra GFX
PCR DNA and Gel Band Purification Kit (GE Healthcare)
was employed to purify the PCR products according to the
manufacturer’s instructions. Clone libraries were conducted
by inserting PCR products into PMD-18T plasmid (TaKaRa,
Japan) and transferred into DHS o« Escherichia coli. The suc-
cessful inserted clones with ampicillin (Amp) resistance gene
could survive on the Amp-containing Luria-Bertani (LB) agar
plates. Then, from each plate, the colonies were picked and
transferred into one tube containing LB broth medium and
Amp. After overnight incubation, plasmids from cultures were
isolated and sequenced by using M13F primer. Sequences
acquired from individual clones formed one clone library.

Quantitative PCR

By applying anammox bacterial 16S rRNA gene primers
(A4381/A684r) and hzsB and hzsC qPCR primers designed
in this study, the targeting gene abundance in each DNA sam-
ple was measured. Quantitative PCR measurement and statis-
tical analysis were carried out by StepOnePlus Real-Time
PCR System (Applied Biosystems). A randomly picked plas-
mid with successful targeted gene inserted was used to mea-
sure the anammox bacterial gene copy numbers by the equa-
tion: Abundance of gene copy number/pul = (amount/
ul x 6.022 x 10*)/(length x 1 x 10° x 660). The successive
ten-time dilution series were made for the corresponding plas-
mid to generate the standard curves respectively. The qPCR
reaction mixture in total of 15 pul volume contained 7.5 ul of
iTag™ universal SYBR® Green Supermix (Bio-Rad), 1 pul of
DNA template (~25 ng), and 0.75 ul of each forward and
reverse primer in 20 mM and 12 pg of BSA (Roche). The
annealing temperature for primer pair A438f/A684r was
54 °C and that for hzsB and hzsC gene qPCR primer pairs
was 55 °C. The remaining thermocycle setting for the time
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and temperature of denaturation and extension were assigned
according to the manufacturer’s instructions.

Phylogeny and community analysis

Short 16S rRNA gene sequences less than 200 bp were delet-
ed, and potential chimeric sequences were screened out by
using the DECIPHER online software (Wright et al. 2012).
Phylogenetic analyses were conducted to check whether se-
quenced 16S rRNA genes belonged to anammox bacteria, and
any non-specific Planctomycetes clones were screened out
from the alignments. Qualified 16S rRNA gene sequences
were aligned for each qualified sample by MEGA 5.05
(Tamura et al. 2011), and operational taxonomic units
(OTUs) were divided by the mothur software with cutoff cri-
terion of 0.03 (Schloss et al. 2009). Obtained richness and
diversity indices, such as rarefaction curve, Shannon, and
Chaol diversity indices, were analyzed. OTU representative
sequences were applied together with anammox bacteria ref-
erence sequences downloaded from NCBI database to build a
comprehensive phylogenetic tree by Neighbor-Joining meth-
od at the following settings, Jukes-Cantor model, bootstrap
1000 times for resampling, and pairwise deletion treatment.

For hzsB and hzsC, and ccsA and ccsB sequences, OTUs
were first divided by mothur with 0.05 cutoff according to
nucleotide sequences, and also the richness and diversity in-
dices were obtained; then, the representative sequences were
translated to amino acid sequences with coding frame checked
and pooled together to construct phylogenetic trees by
Neighbor-Joining method at the following settings: p-
distance model, 1000 times of bootstrap for resampling, and
pairwise deletion treatment.

In order to avoid negative branch length value, recruited
OTU representative sequences from 16S rRNA gene and
functional gene alignments were submitted to RAXML-HPC
BlackBox (8.0.24) in CIPRES Science Gateway to build max-
imum likelihood-based phylogenetic trees. Then, trees were
uploaded to the Fast UniFrac online software, together with
sample ID and category files, to visualize the dissimilar rela-
tionship among samples graphically by Principal Coordinate
Analysis (PCoA) and Jackknife sample clustering method
(Hamady et al. 2009). The weighted UniFrac matrix and nor-
malized algorithms were chosen to draw PCoA diagram. For
Jackknife sample clustering, 100 times of permutation were
performed by choosing the same number of sequences in each
sample. In order to further delineate how environmental fac-
tors shaped the microorganism community, CANOCO 4.5
was used to conduct the gradient analysis (Braak and
Smilauer 2002). Pearson correlation analyses were conducted
by GraphPad Prism 5 to test whether there were statistically
significant correlations between every two groups (Motulsky
1999).
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Accession numbers of sequences retrieved

After checking the quality of sequences amplified and se-
quenced, those with length above 200 bp were uploaded to
NCBI GenBank database: anammox bacterial 16S rRNA gene
sequences with the accession nos. from KP003359 to
KP003631; hzsB gene sequences with the accession nos. from
KP002276 to KP002877; hzsC gene sequences with the ac-
cession nos. from KP002878 to KP003358; testified ccsA
gene sequences which highly believed belonging to anammox
bacteria with the accession nos. from KP001599 to
KP001743, other ccsA gene sequences believed to be cyto-
chrome ¢ biogenesis ccsA (resC) with the accession nos. from
KP001744 to KP001940; and ccsB (resB) gene sequences
with the accession nos. from KP001941 to KP002275.

Results
Physicochemical properties

Three types of samples, including marine sediments, coastal
wetland sediments, and wastewater treatment plant samples,
were applied in this study. SCS samples included both deep-
and shallow-sea sediments depending on seafloor depth.
Salinity and temperature changed gradually along the increase
in water depth, from the continental slope of the Pearl River
Delta Estuary to pristine deep ocean (Table S1). The concen-
tration of NOs, NO, ,and NH,4", together with pore water
salinity, organic matters represented biogeochemical property
in situ at each location as described previously (Cao et al.
2011a; Cao et al. 2011b). Mai Po Nature Reserve is character-
ized as an intertidal marsh with mangrove forest. It is a 1500-ha
wetland designated as a Ramsar site since 1995, aiming to
manage and protect local biodiversity and migratory birds.
Facing the Inner Deep Bay, adjacent to Shenzhen and Kam
Tin rivers, Mai Po wetland suffered from deteriorated condi-
tions by the intrusion of anthropogenic and industrial wastes
since the rapid economic development a few decades ago (Lau
and Chu 1999; Liang and Wong 2003). Two sampling sites
were chosen (sites 1 and 3), and near each site, we collected
intertidal mudflats and mangrove field sediment samples from
surface and subsurface layers. A regular pattern of NO; +
NO, and NH," concentrations between two sites was obtain-
ed, which indicating representative sampling could generally
reflect the nitrogen-associated physicochemical properties in
Mai Po wetland (Table S2). Two WWTP samples were collect-
ed from reactors involving active anammox process.

Sequence alignments and primer pair design

Hydrazine synthase is involved in the metabolic pathways
mediating the anammox energy conservation, and it helps to

build N-N bond from catalyzing synthesis of nitric oxide and
ammonium into hydrazine (Kartal et al. 2011b). For its high
specificity in anammox bacteria, none of other organisms
known up to now, it serves as an ideal functional gene-
targeting biomarker for anammox bacteria. Based on the re-
cently released genomic profiles of anammox bacteria enrich-
ments, only a single copy has been identified in individual
anammox bacterial genome, making it most suitable than oth-
er candidate functional genes in quantifying the abundance of
anammox bacteria. Owing to the differences in evolutionary
history, hydrazine synthase clusters in Scalindua species differ
from other non-Scalindua species in that fused Hzs 3y protein
instead of isolated ones (Fig. S1). Comparing with the se-
quence identities in 16S rRNA and /zsA gene alignments,
both /zsB and hzsC genes have the same range of sequence
similarity around 60-80% among all known anammox bacte-
ria (Fig. S2). A total of six sets of hzsB and hzsC gene se-
quences from the sequenced genomes were used and aligned
by CLC Main Workbench 7, and 15-25 nt covering sites with
high conservation among all sequences were used to design
the new PCR primers of this study (Figs. S3 and S4).
Degeneracy degrees were constrained by deleting several tail
nucleotides so that a list of short primers was made. A list of
the primers assigned with forward and reserve directions is
shown in Table S3, and three parts of combinations for hzsC
gene primer pairs are also included.

CcsA-CssB complex, located on the membrane of
anammoxosome, as a membrane-anchored protein complex,
transfers heme from nucleoid to paryphoplasm and maintains
its reduced state (Frawley and Kranz 2009) in the system II
cytochrome ¢ maturation system. Two distinct sets of CcsA-
CssB complex encoding genes with functional motifs and
essential residues in the up-to-date anammox bacterial ge-
nomes were discovered (Ferousi et al. 2013). One of them
shared canonical heme-binding motifs in CcsA with published
reference, while the other one acquired modified heme-
binding CcsA motifs, indicating a biologically different bind-
ing configuration with heme (Ferousi et al. 2013). In the align-
ment with accessible ccsA and ccsB gene sequences to date,
between 40 and 80% of similarity is shared among the known
anammox bacteria (Fig. S2). The most conservative nucleo-
tide sites were used to design degenerate primers in this study
(Figs. S5 and S6), and a list of forward and reverse primers
and the combination of those primers with additional informa-
tion are shown in Table S4.

Primer combinations and PCR performance

In order to find the best combinations of primer pairs to am-
plify the targeted functional gene from marine and coastal
wetland samples, firstly, a pair of forward and reverse primers,
which could amplify proper PCR products of expected length,
was chosen. And then, the combinations of primer pairs with
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short nucleotide length but high degeneracy (parts IT and IIT of
hzsB gene combinations) were also applied. For the forward
primer hzsC496f Ané&Sc, the concentration ratio of
hzcC496f An/hzcC496f Sc as 4:1 was suggested. All PCR
thermocycles were the same when comparing the effective-
ness of primer pairs. The initial denaturation step was as 95 °C
for 5 min, followed by 40 cycles at 95 °C for 45 s, 55 °C for
45 s, and 72 °C for 60 s (expecting PCR products shorter than
1000 bp) or 90 s (expecting PCR products longer than
1000 bp); the final extension time was 72 °C for 10 min.
Two DNA samples as templates, E702S/MP7 (1:1 ratio) and
E702S alone, were used to compare the outcome with differ-
ent DNA sources. The PCR reaction mix was the same as
described in the “Materials and methods,” with each primer
final concentration at | mM. After PCR amplification, all PCR
products were separated in agarose gels with the same loading
quantities. Finally, results from each combination of the de-
signed primers were obtained in this study with lane numbers
in the same order with the combination labels shown in
Tables S3 and S4 (Figs. S7 and S8).

Generally, when amplifying DNA templates from deep-sea
E702S sample, the PCR products were shown as clear and
correct bands. And hzsB primer pairs showed great ability to
successfully amplify the templates from both samples; most of
the combinations showed good results with clear and single
bands. However, for 4zsC and ccsB primers, poor results were
resulted from most of the combinations of these two function-
al gene primer pairs. Further optimization of PCR conditions
should be tried to optimize the reaction systems to amplify the
small amount of anammox functional genes from the large
DNA template pools.

After the preexperimental test of primers on each sample
from SCS and Mai Po wetland, the best combinations of
primers with each functional gene were obtained (Table 1).
For one-step PCR, 40 cycles were used while as for two-
step nested PCR, 35 cycles for each step were used. qPCR
primer pairs with the best performance were also chosen and
applied (Table 1).

Table 1  Primer pairs which were chosen to amplify anammox bacteria
functional genes from South China Sea and coastal Mai Po wetland
Gene name  Primer pairs
First step Second nest step
hzsB hzsB364{-hzsB790r
hzsC hzsC403f-hzsC1042r hzsC496f An&Sc(4:1)-hzsC862r
hzsC559f-hzsC862r
ccsA ccsA376f-ccsA668r
cesB ccsB581f-ccsB1589r  ccsB1116f-ccsB1589r

hzsB (QPCR) hzsB364f-hzsB640r
hzsC (QPCR)  hzsC745f-hzsC862r
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For WWTP samples from Taiwan, only one-step PCR was
required to amplify 16S rRNA and functional genes: A438f-
A684r for 16S rRNA gene, hzsB364f-hzsB790r for hzsB
gene, hzsC559f-hzsC862r for hzsC gene, ccsA376f-
ccsA668r for cesA gene, and ccsB1116f-ccsB1589r for cesB
gene.

In total, 16 hzsB and hzsC gene clone libraries from 3 deep
SCS samples (08CF7S, E425S, and E702S), 7 shallow SCS
samples (E704S, E707S, E708S, E709S, E201S, E510S, and
E706S), 4 Mai Po wetland samples (MP1-4), and 2 WWTP
samples (2A and 2B) were successfully acquired. Additional
10 more 16S rRNA gene clone libraries (Han and Gu 2013)
were incorporated into the analysis. Due to the poor primer
efficiency of A438f/A684r on MP3 sample, clone library of
MP3 sample showed biased community structure mainly from
non-anammox bacteria so that only MP1, MP2, and MP4
clone libraries were available for analysis from Mai Po wet-
land. For ccsA and cesB genes, 8 clone libraries from SCS
samples (E425S, E510S, E706S, E702S, E704S, E707S,
E708S, and E709S) were successfully obtained for the
analysis.

Primer efficiency on different environmental samples

For anammox bacterial 16S rRNA gene primer pairs A438f-
A684r, sequences from three types of samples combining with
the data from Han and Gu (Han and Gu 2013) were used in the
further analysis. After removing the non-anammox bacteria
Planctomycetes 16S tRNA gene sequences, A438f-A684r
displayed 54.3-100% efficiency with an average value of
88.1% in retrieving anammox bacterial 16S rRNA gene from
SCS samples. For three out of the four Mai Po samples, this
primer pair showed very good efficiency with an average val-
ue of 93.6%, but MP3 only achieved 3.8% of sequences be-
longing to anammox bacteria after excessive sequencing ef-
forts on the clone library. For AzsB, hzsC, and ccsB gene
primers, nearly 100% of successfully amplified sequences
were obtained clustering with known anammox bacteria.
Except for the ccsA gene results, 92.1-100.0% of SCS-
derived sequences were cytochrome ¢ biogenesis CcsA
(ResC) encoding sequences. However, sequence identities of
their amino acid sequences with those of anammox bacterial
ccsA genes could not conclusively be differentiated from those
with other non-anammox bacterial species (amino acid se-
quence identities are around 45-50% with KSU-1, Ca.
Kuenenia stuttgartiensis, and other non-anammox bacteria).
After removing those ambiguous sequences, ccsA gene primer
efficiency in retrieving anammox bacterial sequences showed
considerable differences among different clone libraries, from
as low as 0 to the highest 93.9% (Table S5). When applying all
primer pairs in this study on the two WWTP samples, all
retrieved sequences belonged to anammox bacteria without
any problem.
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Gene abundance by quantitative PCR

After screening primer pairs targeting /zsB and hzsC genes
with the best performance and moderately short PCR product
length, hzsB364f-hzsB640r and hzsC745f-hzsC862r were
chosen for AzsB gene and hzsC gene, respectively. The abun-
dance of each gene from samples collected from SCS, coastal
Mai Po wetland, and WWTP are presented in Fig. 1 and
Table S6. The /* value and amplification efficiency of all
gPCR reactions in this study covered the range of 0.972-
0.998 and 88.3-110%. In SCS samples, 16S rRNA gene-

based abundance was higher than hzsB and hzsC gene in
E702S, E704S, and E425S samples, but a reverse trend was
detected in the rest of SCS samples. In particular, the ratios of
hzsB and hzsC gene abundance over 16S rRNA gene abun-
dance were much higher at around 6-9 and 52-64 times, re-
spectively, in two shallow-sea samples, E201S and E510S. In
Mai Po wetland, AzsC gene abundance prevailed over hzsB
gene, and /zsB and hzsC gene abundances were much higher
(3 to 100 times) than the corresponding 16S rRNA gene abun-
dance. While, in MP7 sample, the abundance level among the
three genes was almost identical at 8-9 x 10* gene copies/g

I arnammox bacterial 165 rRNA gene
I rzsBgene
hzsC gene

E702S E704S E706S E707S E708S E709S 08CF7S E210S E425S E510S

MP1 MP2 MP3 MP4 MP5 MP6 MP7 MP8

Fig. 1 Quantitative bar chart of 3.0x10°
anammox bacterial 16S rRNA,
hzsB, and C gene results of three
types of environmental samples.
Gene copies/g dry sediment for y- 20x10°
axis
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dry sediment. Among SCS samples, the abundances measured
by the three genes in gene copies per gram dry sediment varied
considerably, ranging from 10° to 10° for anammox bacterial
16S rRNA gene, from 10° to 10° for hzsB gene, and from 10°
to 10° for hzsC gene. However, these three gene abundances
were less variable in Mai Po samples except for MP7 sample
at the level of 10* and 10° for anammox bacterial 16S rRNA
gene and hzsB gene and 10° and 10° for szsC gene. WWTP
samples harbored the most abundant amount of these three
genes than other environmental samples due to the enrichment
of anammox in the treatment process. Anammox bacterial 16S
rRNA gene abundance was around 8-9 x 10% gene copies per
gram of dry sediment, while, 4zsB and AzsC gene abundance
were approximately 7-9 x 10° gene copies per gram of dry
sediment in WWTP samples. The abundances of 4zsB and
hzsC gene were nearly 10 times higher than those of 16S
rRNA gene in WWTP samples. Pearson correlation analysis
showed that these three pairs of qPCR primers obtained in
considerably correlated results on quantifying the gene abun-
dance in SCS samples (Table S7). However, no detectable
correlation among these three genes in Mai Po wetland sam-
ples was evident. The limited sample numbers did not support
any statistical conclusions for the WWTP samples.

Clone library richness and diversity and phylogenetic
analysis

Except for ccsA genes, clone library sizes obtained by
anammox bacterial 16S rRNA and functional gene primers
were reasonably large (coverage values were higher than
80% except for E707S site, which was 68.57%). Combining
the data from a previous study, OTU number, Chaol, and
Shannon diversity index based on anammox bacterial 16S
rRNA gene from the three types of samples (except for
MP3, which obtained inadequate sequences in its clone library
because of the pool efficiency of primer pair) were obtained
(Han and Gu 2013). For cssB gene clone libraries, two types of
environmental samples (SCS and WWTP) were included be-
cause of the poor amplification efficiency from Mai Po wet-
land samples, while, for szsB and hzsC genes, richness and
diversity indices based on the corresponding clone libraries
from all types of samples were obtained. All clone library
richness and diversity indices were calculated by using the
mothur software, and data are presented in Table S8.

The representative OTU sequences from each sampling site
in this study and a previous one (Han and Gu 2013) together
with additional sequences from others deposited in NCBI
were retrieved to build the phylogenetic tree based on the
anammox bacterial 16S rRNA gene (Fig. 2, Table S9). In
the large clade of Scalindua spp., eight subclades were
assigned: Scalindua pacifica, Scalindua arabica, Scalindua
zhenghei-1, S. zhenghei-1l, and S. zhenghei-1l1, Scalindua
wagneri, Scalindua brodae/sorokinii/marina, and Scalindua

@ Springer

nanhaiensis (Hong et al. 2011; Jetten et al. 2003; Schmid
et al. 2003; Woebken et al. 2008). The mean evolutionary
distances between these eight groups were ranged within
0.046-0.106 and all above the boundary of new species
(Table S10). S. nanhaiensis group showed the nearest distance
to S. zhenghei-1 and S. zhenghei 11 with value of 0.054 and
0.046 among all subclades. Most of SCS samples harbored
sequences in Scalindua clade only except for E201S with one
clone affiliated into Brocadia clade. SCS samples covered
most of the Scalindua clades with sequence fraction ranging
within 11-24%, except for S. wagneri (two clones from
E201S) and S. zhenghei-111 (no clones from SCS samples,
while all from Mai Po samples). Samples from Mai Po wet-
land harbored sequences covering most of Scalindua clades,
except for S. arabica and S. zhenghei-1.

Clones from MP1 and MP3 of mangrove forest and inter-
tidal mudflat samples (17 clones from Han and Gu 2013, 1
clone from this study) joined together to form a new clade
named Mai Po clade, representing 0.088-0.150 evolutionary
distance with other four defined non-Scalindua clades. Its best
hits of anammox bacterial 16S rRNA gene in NCBI database
were those from surface samples of intertidal marshes of
Yangtze River Estuary with the similarity ranging from 95 to
100%, and other hits showed similarity lower than 96%, indi-
cating that niche-specific other than geographic-specific dis-
tribution of Mai Po clade. Kuenenia sp. sequences were the
most dominant in the two WWTP samples, and also the most
ubiquitous in Mai Po wetland. Sequences from MP1 covered
all defined clades of terrestrial non-Scalindua groups
(Table S11).

Well-defined hzsB gene from anammox bacteria genome/
metagenome data and all known indicative hzsB genes were
pooled together to build the phylogenetic tree. Combining
hzsB representative gene sequences from all OTUs retrieved
in this study, 203 sequences were used to build the tree (Fig. 3)
with 12 sequences from E708S, E510S, E709S, and E707S of
shallow SCS affiliated into the same clade with Scalindua
profunda, which was inoculated and enriched from 116-m
deep sediment from Gullmar Fjord, Sweden. Its phylogenetic
position belonged to Scalindua brodae/sorokinii clade accord-
ing to its 16S rRNA gene relatedness to these two typical
species with sequence identity ranging from 96.8 to 99.5%
(van de Vossenberg et al. 2008). This clade-harboring hzsB
gene of Scalindua profunda could be reasonably believed to
represent Scalindua brodae/sorokinii group in hzsB gene tree.
The majority of /zsB gene sequences from SCS belonged to
Scalindua clade, while six sequences from E201S falling into
Kuenenia clade and one sequence from E510S, two sequences
from E706S, and three sequences from E704S forming one
unique clade. There was also one unique sequence sharing the
lowest similarity with defined anammox bacterial /zsB gene
according to the phylogenetic construction. Majority of the
sequences of two WWTP samples (30/34 from 2A, 13/23
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Fig. 2 This tree was conducted
using the Neighbor-Joining
method with 1000 times bootstrap
test supporting. Nucleotide .
sequences from this study, Han Sca{lljdua
et al.’s study, and other anammox pacifica
bacterial 16S rRNA gene
referential sequences from
database were involved (Han and
Gu 2013). The supporting values
of branches according to the
frequency were displayed on each ;
node. The evolutionary distances f/f:fl;gzgi/
were analyzed using Jukes-
Cantor method, and the branch
lengths were drawn to scale I
according to the evolutionary 7
distance with a scale ruler on the
bottom of the figure. Detailed Scalindua
sequencing accession number and nanhaiensis
clone information were provided
in Table S9
Scalindua
zhenghei-Il
« Scalindua
zhenghek-ll
L Scalindua
092 arabica
Scalindua brodae/
sorokiniymarina
Scalindua
wagneri
| Mai Po dade(Estuary clade)
Brocadia == .
o fulgida/caroliniensis
0.98 Brocadia . 5.0
anammoxidans/sinica
08 s A\ namimoxoglobus&
Jettenia

0.03

from 2B) formed a neighboring clade to Kuenenia, and the

remaining ones joined in a parallel clade close to Brocadia.
After two rounds of nested PCR, 15 AzsC gene clone li-

braries were obtained from the three types of samples. OTU

Kuenenia

numbers were fewer, and Shannon and Chaol index were
lower comparing with the richness and diversity indices of
hzsB clone libraries, respectively. The phylogenetic tree based
on the translated OTU representative sequences and other
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Fig. 3 This phylogenetic tree
was conducted using the
Neighbor-Joining method based
on the OTU representative /izsB
gene sequences from this study
and referential sequences from
online database. The /izsB gene
sequences were translated into

1

T

KP002306 08CF7S_2,KP002319 201S_2,KP002431 425S_6

KP002474 510S_4, KP002595 706S_2KP002827 MP3_1

KP002496 702S_7,KP002557 704S_9,KP002659 708S_7
KP002623 hzsB-707S-21-10_11_1
KP002704 hzsB-709S-23-05(2) 9 1
KP002476 hzsB-510S-13-27_2_4
KP002688 hzsB-7085-22-34_17_6

Ca. Scalindua profunda

Scalindua
brodae/sorokinii

amino acid sequences. The
evolutionary distances between
sequences were computed using
the p-distance method, and 203
sequences in total were involved
in this tree. The supporting values
on each node were based on the
frequency of 1000 times bootstrap
testing. This tree was drawn to
scale with scale ruler on the
bottom of the figure. Taxon name
with X Y meant this taxon was
the X-th OTU with Y sequences in
this OTU. Taxon name with only
_Z at the end meant several OTUs
from the same sampling site’s
library were merged into one in
this clade, and there were Z
number of sequences from this
sampling site’s library

A

T

0.

KP! 002471 hzsB-5108-13-21_3_3

KP002573 hzsB-704S-20-48_15_1

KP002296 08CF7S_1,KP002426 425S_5,KP002466 510S_4
KP002491 702S_2 KPOO2535 704S_14,KP002616 707S_7

KP002468 hzsB-510S-13-17_14_1

KP002643 hzsB-707S-21-35_1_6

KP002459 510S_4,KP002819 MP3_1,KP002846 MP4_2
KP002503 7025 _2,KP002617 707S_2,KP002706 7095 4
KP002801 MP2_13,KP002832 MP3_3,KP002849 MP4_3
KP002756 MP1_3 KP002312 201S_21,KP002693 709S_3
KF’002335 201S_12,KP002452 510S_2,KP002581 706S_7
KP 02752 MP1_1,KP002815 MP3_1,KP002512 702S 9, KPOO2624 707S_8
KP002456 510S_5,KP002579 706S_12,KP002809 MP3 2
P002534 704S 2/KP002625 707S_8,KP002660 708S_5,KP002710 709S_19
KP002463 510S_1,KP002784 MP2_1,KP002812 MP3_3
KP002654 708S_3,KP002705 7095 1
KP002451 510S_2,KP002577 706S_3,KP002818 MP3_1,KP002546 704S_3
KP002649 707S_2,KP002656 708S_8,KP002728 709S_3
KP002769 MP1_10,KP002797 MP2_12,KP002811 MP3_35,KP002700 709S_9
KP002449 510S_3,KP002576 706S_9,KP002770 MP1_1
KP002810 MP3_2,KP002620 707S_1,KP002653 708S_9
KP002420 4258 _13 KP002457 510S_1,KP002588 706S_3
KP002833 MP3_2,KP002551 704S_11 KP002630 7078 4
KP002486 hzsB-510S-13-37_19_1

KP002282 08CF7S_13,KP002435 425S_3,KP002786 MP2_1,KP002489 702S_22

KP002501 hzsB-702S-19-13_8_14
53

B

KP002786 hzsB-MP2-16-09_8_1
KP002301 08CF7S_18,KP002443 425S_13, KP002779 MP2_1,KP002669 708S_2

KP002454 hzsB-5108-13-03_5_3

KP002742 MP1_15,KP002774 MP2_4,KP002830 MP3_1,KP002861 MP4_3

KP002470 hzsB-5108-13-20_11_1,KP002602 hzsB-706S-14-28_6_2
KP002561 hzsB-704S-20-36_12_3

KP002403 hzsB-2B-18_2_10
0.65

KP002373 hzsB-2A-22 2 3
KP002355 hzsB-2A-04 _3_1

Ca. Brocadia anammoxidans
Ca. Brocadia fulgida
Ca. Jetten asiatica

0.98
Planctomycetacea KSU-1

KP002327 201S_6,KP002740 MP1_10,KP002793 MP2_1
KP002369 2A_30,KP002395 2B_13, Ca. Kuenenia stuttgartiensis

KP002473 hzsB-510S-13-24_12_1
KP002791 hzsB-MP2-16-10(3) 5 1
KP002528 hzsB-702S-19-42 13_1

0.06

hzsC gene amino acid sequences is shown in Fig. 4.
Consistent with seawater depth of SCS samples, the
Scalindua clade could be divided into two subclades: deep
SCS and shallow SCS clades, although E704S with the water
depth of 175 m fell into deep SCS clade. Only one MP3 hzsC
gene sequence appeared as an out-group in Scalindua clade.
All sequences from WWTP samples were found in Kuenenia
clade, neighboring to a clade formed by 37/38 hzsC gene
sequences from E707S sample. Other sequences from Mai
Po samples formed a clade dissimilar to any defined non-
Scalindua clade and parallel to Kuenenia clade.

For cesA gene phylogenetic tree construction, due to the
low specificity of designed primers in this study in retrieving
anammox bacterial ccsA gene and existence of other ccsA
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gene homologs in the DNA pool of SCS samples, some of
the clone libraries did not contain enough clones to meet the
coverage requirement. All sequences were pooled together,
and OTUs were defined at 0.05 nucleotide cutoff; finally, 55
OTUs were obtained. All ccsA gene sequences from this
study, including canonical ccsA gene of defined anammox
bacteria-type species, and reference sequences of other species
were used to build the tree (Fig. 5). Only SCS and WWTP
sequences were used in this study because of the poor perfor-
mance of primers in amplifying ccsA gene from Mai Po sam-
ples with complex DNA background. Scalindua profunda
ccsA gene was grouped with the majority of sequences from
SCS, while other ccsA genes of defined anammox bacteria
formed a separated paraphyletic clade and clustered with
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KP003224 hzsC-709S-14-208_1_36
Ca. Scalindua profunda
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KP003027 hzsC-510S-04-a-18_2_9
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KP003025 hzsC-510S-04-a-13_1_5
KP003165 hzsC-707S-12-37_2 1
KP003186 hzsC-708S-13-19_1_29
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o%?' Jetten asiatica
Wﬂctomycetaoea KSU-1
0.93 Ca. Brocadia fulgida
Ca. Brocadia anammoxidans

KP002929 hzsC-2A-18_1_34
Kuenenia stuttgartiensis
KP002978 hzsC-2B-33_1_34
KP003167 hzsC-707S-12-40_1_37
KP003318 hzsC-MP3-08-a-38_1_22
KP003276 hzsC-MP2-07-a-06_1_28
KP003247 hzsC-MP1-06-a-13_1_30

KP003249 hzsC-MP1-06-a-15_2_1
0.74KP003280 hzsC-MP2-07-a-10_2_2

Deep SCS clade

KP003049 hzsC-702S-10-15_4_1

Shallow SCS clade

0.07

k5003333 hzsC-MP4-09-15_1_38

Fig. 4 This phylogenetic tree was conducted using Neighbor-Joining
method with 1000 times bootstrap test supporting. The representative
hzsC gene sequences from each OTU were firstly translated into amino
acid and then used to build the tree together with referential anammox

cssA genes of other species. There were two clades formed
exclusively by deep SCS sequences and another one exclu-
sively by shallow SCS sequences, indicating that ccsA gene
groups from two categories of sediments with different sea-
water depth could be phylogenetically differentiated. In com-
mon with phylogenetic distribution pattern analyzed by 16S
rRNA gene sequences, cssA gene sequences of WWTPs all
fell into non-Scalindua clade. As for 16S rRNA gene se-
quences, 1/33 and 5/34 of 2A and 2B, respectively, were af-
filiated with Brocadia fulgida/caroliniensis and the rest were
affiliated with Kuenenia. For ccsA gene sequences, 3/34 and
6/35 of 2A and 2B, respectively, were affiliated within
Brocadia fulgida clade and the rests were affiliated to
Kuenenia. The translated ccsA gene amino acid sequences
were blasted, and non-anammox bacterial ccsA gene amino
acid sequences shared less than 60% identity with sequences
from this study. For the ccsB gene, representative sequences of
each OTU from clone libraries of SCS and WWTP samples
were used to build the phylogenetic tree. Two clades of marine

bacterial /zsC sequences from the database. The evolutionary distances
were computed using p-distance method, and the tree was drawn to scale
with scale ruler on the bottom of the tree. Taxon name with X Y meant
this taxon was the X-th OTU with Y sequences in this OTU

Scalindua group and terrestrial non-Scalindua group are dis-
tinguished in Fig. 6. There were three large subclades in
Scalindua clade, while Scalindua profunda was located in
the second clade surrounded by deep SCS sequences from
E425S and E702S. As for sequences from WWTP samples,
similar to 16S rRNA and c¢ssA gene, 1/34 and 11/34 of 2A and
2B were affiliated within Brocadia fulgida clade, and the re-
maining were affiliated to Kuenenia.

Community analysis and environmental factors

PCoA was used to delineate the relationship of library com-
position of samples based on UniFrac distance matrix (Fig. 7).
The first two principal components are depicted as the axes x
and y. The larger value of percentage of variation explanation
of axis means the more fraction of variance that the axis could
account for. PCoA analysis could clearly divide three types of
environments according to the diagrams based on anammox
bacterial 16S rRNA and /zsB gene. Deep and shallow SCS
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Fig. 5 This phylogenetic tree was conducted using Neighbor-Joining
method with 1000 times bootstraps test supporting. All clarified
anammox bacteria-like ccsA genes were pooled as one library, after
divided into OTUs with 0.05 cutoff criterion, then translated into amino
acid sequences. The evolutionary distances were calculated using p-

samples are positioned in the left upper corner of anammox
bacterial 16S rRNA gene diagram; while, two WWTP sam-
ples are located in the right site and Mai Po wetland samples
are dispersed in the lower part of the diagram (Fig. 7a). As for
hzsB gene diagram, it is very similar to anammox bacterial
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distance method, and the scale bar was given on the bottom of the figure.
Other ccsA genes from non-anammox bacteria were also included. Taxon
name with X Y meant this taxon was the X-th OTU with Y sequences in
this OTU, and the taxon name with only _Z meant there were Z number of
sequences in this OTU

16S rRNA gene diagram with three divided groups according
to three types of environmental samples (Fig. 7b). In 4zsC and
cesB gene diagrams, two deep SCS samples are separated
from each other, while, the shallow SCS sample E704S
(175 m water depth) is located close to them in both diagrams
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Fig. 6 This phylogenetic tree
was conducted using Neighbor-
Joining method with 1000 times
bootstrap supporting. The ccsB
genes retrieved in this study
together with the anammox
bacterial ccsB gene from database
were translated into amino acid
sequences and then used to build
this tree. The node was tagged
with bootstraps supporting value
based on the frequency. The
evolutionary distance was
calculated using p-distance
method. The scale bar was given
on the bottom of the figure. Taxon
name with X Y meant this taxon
was the X-th OTU with ¥
sequences in this OTU
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(Fig. 7c, d). The two WWTP samples were closely located in
both diagrams. In /zsC gene diagram, Mai Po samples are
located closely together while MP3 sample was slightly apart;
however, E707S sample was separated from the rest of the
shallow SCS samples. As for ccsB gene diagram, shallow
SCS samples grouped together in the lower left corner except
for E704S sample. Jackkinfe clustering analyses based on the

—

o8 Planctomycetacea KSU-1
H&E Ca. Brocadia fulgida
1.00 KP001992 ccsB-2A-21_2 1

KP002040 ccsB-2B-35_1_11

above four genes libraries also showed a similar clustering
pattern as described by PCoA analysis (Fig. S9).

Pearson correlation relationships between the richness and
diversity values of 16S rRNA, /zsB and hzsC genes, and en-
vironmental parameters from SCS samples were analyzed
(Table 2). Anammox bacterial 16S rRNA was positively cor-
related with seawater depth with strong statistical support.
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Fig. 7 PCoA diagram based on the clone library compositions and their UniFrac distance matrices. Each figure was generated by 1000 times

permutation with normalized method and weighted abundance

Shannon index of hzsC gene was strongly correlated with
salinity. Shannon index of ccsB gene was also correlated with
salinity. Chaol index of anammox bacterial 16S rRNA gene
was strongly correlated with NH,*, but Shannon index was
negatively correlated with organic matter concentration.
Chaol index of hzsB gene was positively correlated with
NH,*/32(NO5~ +NO, ). The rest of the correlation coefficient
values with p values within 0.01-0.05 are shown in Table 2.
In the Canonical Correspondence Analysis (CCA) dia-
gram depicted by CANOCO 4.5, the first two axes could
account for 40.8% variance explanation of the species
dataset, with the eigenvalues of 0.764 and 0.658. The first
canonical axis showed its p value of 0.074, indicating it
was a reliable statistically significant pattern. The length
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of individual environmental factor indicated its influence
on the distribution of samples, and its angle with each axis
indicated correlated level with that axis. The figure was
based on the szsB gene phylogenetic tree and SCS environ-
mental factors (Fig. 8). Seawater depth and X(NO; +
NO, ) largely shaped the three SCS samples, namely
E425S, E702S, and 08CF7S, and moderately influenced
E704S. In particular, E201S was mostly shaped by organic
matter concentration separated far from the others, while
the length of this arrow indicated its limited influence on
that direction. Temperature, pH value, salinity, and NH,*
nearly coinciding together with NH,*/S(NO;~ + NO, )
influenced the rest of the shallow SCS samples to some
extent, respectively.
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Table 2 Pearson correlation analysis between the abundance and richness values with physicochemical parameters

Seawater Temperature pH value Salinity =~ Ammonium Nitrate + Organic ~ Ammonium/
depth nitrite matters (nitrate + nitrite)
Anammox bacterial 16S ribosomal RNA ~ 0.8452"" —0.7202°  —0.6238  0.7197°  0.0809 02630  0.4459 —0.2475
(rRNA) gene abundance
hzsB gene abundance 0.7382"  —0.5260 -0.6120  0.6739  0.2692 -0.0137  0.5350 —0.0919
hzsC gene abundance 0.4033  —0.1570 -03364 02819 02797 -03437 03281  0.0732
Anammox bacterial 16S rRNA gene 03734 0.4669 03241 -0.1225  0.6881°  —02451 —0.6221 —0.0604
OTU numbers
Anammox bacterial 16S rRNA gene —0.6001 0.7034" 0.5402 —0.3341  0.4756 -0.5131  —0.9194""  0.0756
Shannon
Anammox bacterial 16S rRNA gene -03392  0.4228 03973 -02334  0.7759™ -0.1161 —04329 —0.0785
Chaol
hzsB gene OTU numbers -03483  0.4029 -02266 —0.0712 02272 -0.4600 —0.1844  0.5751
hzsB gene Shannon -03082  0.3046 —-0.1800 —0.0450  0.1727 -02924 -03299  0.4268
hzsB gene Chaol -0.3093 04129 -0.3662 —0.0121 0.2446 -0.5806  0.1536  0.7780""
hzsC gene OTU numbers 0.6846"  —0.5799 —-0.6237  0.7859"  0.0952 0.1696  0.6332  —0.1757
hzsC gene Shannon 0.5354  —0.4456 -0.8028"  0.8774"  0.0572 0.0605  0.7698"  0.0765
hzsC gene Chaol 0.7508"  —0.5725 -0.6426  0.7345  0.1972 0.0578  0.6615 —0.1155
cesB gene OTU numbers 03393  —0.5813 -0.0508  0.5675 —0.3311 0.7276" —0.1058  —0.7853"
cesB gene Shannon 0.5705 —0.7442"  —-03498  0.7818" —0.2598 0.6473  0.0904 —0.6909
cesB gene Chaol -0.0115  —0.1106 0.3555  0.0047 —0.3336 02032 —0.1971 —0.5343

The coefficient values which acquired corresponding p values within 0.01-0.05 and 0.001-0.01 were labeled with “** and “**,” respectively

Discussion
New functional gene primer application and efficiency

Degenerate PCR primers can be used for recovering all pos-
sible nucleotide combinations of the primary targeting sites
to acquire gene fragments within the certain taxonomic lev-
el differences (Steffan and Atlas 1991). However, they
could be so efficient to amplify non-specific gene fragments
of anammox bacteria when the target group is only a very
small portion (<1~10%) of the total DNA repository and
background of the DNA samples is very complex (Kartal
etal. 2011a; Schmid et al. 2007). In this study, primers based
on hzsB gene showed good capability of retrieving targeted
gene fragments with a number of combinations, and more-
over, when applying on complex DNA samples of Mai Po
wetland sediment, good efficiency was achieved with
targeted PCR product length ranging 200-800 bp
(Fig. S7a, e). In this study, one-step PCR with 40 cycles
was sufficient to retrieve AzsB gene fragments from all three
types of environmental samples. Different combinations of
hzsC gene primers showed that a more “clear” DNA back-
ground from marine sediment samples allowed the primers
to amplify the correct targeting genes compared to Mai Po
samples. Several combinations of 4zsC gene primers ac-
quired unambiguous DNA bands from both marine and wet-
land samples (Fig. S7). Nested PCR method using two
rounds of primer pair combinations designed in this study
was successful in amplifying clear and bright DNA bands

from nearly all samples of the above two environments,
except for E201S (data not shown).

In the application of ccsA and ccsB gene primers on Mai Po
and SCS samples, several combinations of ccsA gene primer
pair showed good efficiency in retrieving targeting gene from
both samples. Due to the few conservative sites on ccsB gene
homologs (Fig. S2), one-step PCR was not capable of
obtaining satisfactory results from both of the above environ-
ments (Kranz et al. 2009), but two-step nested PCR with long

o o
- E201S

Organic matter

E425S
E70%)S o Seawater|

Ammonium

pH value Nitrate+Nitrite

Sanity

(o]
Temperafure E70950E707SO E704S

OE708S o08CF7S

<t Ammonium/Nitrate+Nitrite
Q@ E70650

-1.0 1.0

Fig. 8 Canonical Correspondence Analysis (CCA) diagram representing
the effect of environmental variations on anammox bacteria distribution
pattern. Species units were defined on each clade from hzsB gene
phylogenetic tree, and environmental elements were acquired from
measured physicochemical parameter from South China Sea sediment
samples. The angle direction and length indicated the correlation
between environmental factor and axes, and the coordinates of samples
showed the samples’ relationship driven by environmental factors. The
eigenvalues of the first two axes were 0.764 and 0.658. Test of
significance of first canonical axis showed that p value was 0.0740

OE510S
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and short primer pair combinations successfully achieved
ccsB gene libraries from all SCS samples without non-
specific PCR products (data not shown).

When applying all the above four sets of designed primer
pairs on WWTP samples, very clear and sharp bands from
these samples were achieved, owing to the dominant
anammox bacterial population and activity in the whole com-
munity. However, in order to discover new potential species
and delineate the distribution pattern of anammox bacteria
community, it is still important to develop PCR primers
performing efficiently with various environments rather than
enrichment cultures.

In terms of the capability of primers in distinguishing phy-
logenetic positions of anammox bacterial genera, results of
functional genes were compared with those of 16S rRNA
gene; the former performed better to reflect the diversity pat-
terns of anammox bacteria in different ecotypes than the latter.
Taking anammox bacteria community in WWTP samples as
an example, 16S rRNA gene phylogeny indicated that most of
the anammox bacteria belonged to Kuenenia while a small
fraction belonged to Brocadia fulgida clade. When imple-
mented with functional gene primers in this study, similar
pattern appeared for szsB clones (4/34, 10/23), for ccsA clones
(3/34, 6/35), and for ccsB clones (1/34, 11/34) belonging to
Brocadia, while the remaining belonged to Kuenenia.
Furthermore, only one clone in E201S anammox bacteria
clone library from SCS fell into non-Scalindua sp., as depicted
by 16S rRNA gene-based phylogenetic tree, but hzsB gene
phylogeny of marine sediment samples showed higher pro-
portions of non-Scalindua. Both deep- and shallow-sea sam-
ples could be differentiated clearly, indicative of distinctive
distribution of these two groups of anammox bacteria species
towards marine sediment depth in the /zsC gene phylogenetic
tree (Fig. 4). Phylogenetic tree of ccsA gene also displayed
several clades with exclusive sequences from shallow and
deep sea. Seawater depth might be a key factor shaping those
two functional gene-containing communities.

Two pairs of functional gene primers targeting /zsB and
hzsC genes were applied to quantitative detection of gene
copies in the samples, and they were also compared with
16S rRNA gene qPCR primers. Pearson correlation analysis
showed that anammox bacterial 16S rRNA gene abundance
was positively correlated with /zsB gene; hzsB gene abun-
dance was correlated with 4zsC gene with high statistical sup-
port among SCS samples. In three SCS samples (E702S,
E704, and E425S), anammox bacterial 16S rRNA gene abun-
dance was higher than AzsB and hzsC gene abundance, which
is in accordance with previous detection of hzsA and
anammox bacterial 16S rRNA gene in anammox reactors,
showing that izsA gene abundances were 3-6 times lower than
anammox bacterial 16S rRNA gene abundance in six out of
eight reactors (Harhangi et al. 2012). Both AzsB and hzsC
gene abundances were higher than the corresponding
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anammox bacterial 16S rRNA gene abundance in the re-
maining SCS samples. Newly sequenced “Candidatus
Scalindua brodae” draft genome showed that fusion of hydra-
zine synthase operon /zsBC seemed to undergo a duplication
in the genome so that there might also be two pairs of hzsBC
operon in other unknown marine Scalindua species or even
other unknown anammox bacteria groups (Speth et al. 2015).
This could be a major reason for some of SCS marine samples,
more hzsB and hzsC genes were detected than anammox bac-
terial 16S rRNA gene. Alternatively, hzsB and hzsC gene
primer pairs of this study (hzsB364f-hzsB640r and
hzsC745f-hzsC862r) were more efficient in detecting
anammox bacteria abundance than anammox bacterial 16S
rRNA gene due to the possibility that 16S rRNA gene primer
pair A438{/A684r might be limited in its ability in amplifying
16S rRNA gene from new species of anammox bacteria
(Humbert et al. 2012). In Mai Po and WWTP samples, similar
abundance pattern among these three genes showed that hzsB
and hzsC gene reflected higher anammox bacteria abundance
than that in the 16S rRNA gene. Nearly identical gene abun-
dance was detected with these three genes in MP7 from Mai
Po wetland. Due to the different efficiency in retrieving genes
from complex DNA background other than relatively simpler
SCS samples, the correlation relationship of these three gene
abundances was not so consistent when applying statistical
analysis to Mai Po wetland samples. It is not known if non-
specific amplification of AzsB and AzsC genes in Mai Po and
WWTP samples or the primer bias and mismatch of 16S
rRNA gene primer pair (Humbert et al. 2012) causes the dif-
ferences in detecting anammox bacteria abundance.
Functional gene /zsB and /izsC primer pairs are highly recom-
mended in combination with anammox bacterial 16S rRNA
gene primers to quantify anammox bacteria more accurately
and reliably.

Anammox bacteria community patterns and influence
of environmental factors

Scalindua spp. could be regarded as niche-specific species in
marine environments and non-Scalindua spp. in freshwater/
terrestrial environments (Schmid et al. 2007; Woebken et al.
2008). In this study, all retrieved 16S rRNA gene sequences
from SCS belonged to Scalindua spp., with only one sequence
from E201S fell into Brocadia fulgida/caroliniensis clade, in-
dicating its alternative origin from terrestrial import. The
Scalindua groups are divided into eight subclades, namely
pacifica, arabica, wagneri, brodae/sorokinii/marina,
zhenghei-1, zhenghei-11, zhenghei-111, and nanhaiensis in the
phylogeny. The non-Scalindua subclades include Mai Po
clade, Brocadia fulgida/caroliniensis, Brocadia
anammoxdians/sinica, Anammoxoglobus, Jettenia, and
Kuenenia. One new candidate species, S. nanhaiensis, is
erected as a new group of Scalindua species which is
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discovered in this study and acquires average evolutionary
distance of 0.039 within species, a suitable value for assigning
a new species (nan.hai.en’sis. N.L. masc. adj. nanhaiensis
stands for the SCS in Chinese). Each marine subclade was
distributed rather evenly among SCS samples, with the com-
position changes from 11 to 23%, except for Scalindua
zhenghei-1I1 (no clone from SCS) and wagneri subclade
(two clones from E201S). They could be reasonably missing
due to primer bias and their very low representation in SCS
samples, because other evidence of sequences affiliated to
these above two subclades is available (Hong et al. 2011; Li
et al. 2013b). Comparing with the previously estimated diver-
sity pattern of marine anammox bacteria, SCS surface samples
in this study harbored 10.6% sequence variance, greater than
the maximum ~5% 16S rRNA gene sequence variance ob-
served by molecular investigation of four separated suboxic
waters and ~8% sequence variance proposed if all Scalindua
species were recovered (Woebken et al. 2008). This finding
largely expands the group of Scalindua marine species and
also indicates the existence of considerably diversified groups
of anammox bacteria inhabiting in SCS sediments.

In delineating the distribution of anammox bacteria from
SCS samples by 16S rRNA and /zsB gene, their apparent sep-
aration from other environmental samples was evident in PCoA
diagrams (Fig. 7). Community shift from the shallow SCS to
deep SCS was detected before as a coastal-ocean distribution
pattern depending on the ocean water depth not only reflected
from anammox bacteria but also from aerobic ammonium-
oxidizing prokaryotes (Cao et al. 2011a; Han and Gu 2013; Li
et al. 2013a; Li et al. 2013b; Wang et al. 2012a). Functional
gene /izsB is also capable of revealing the community compo-
sition shift as by 16S rRNA gene with better resolution. Based
on the CCA analysis, this coastal-ocean pattern could be further
substantiated that depth factor might be cooperated with ammo-
nium, pH value, temperature, and salinity as an assemblage to
shape the distinctive separation between shallow- and deep-sea
samples. And organic matter concentration also shaped the
anammox bacterial community of E201S sample. Pearson cor-
relation analysis between the abundance and richness with en-
vironmental factors indicated that anammox bacterial abun-
dance positively correlated by seawater depth, however is not
consistent with the finding by others previously, stating that
NO; concentration influenced most on their abundance (Han
and Gu 2013) or abundance of anammox bacteria and nirS-
encoding nitrite-reducing bacteria were strongly correlated with
pH value, organic matter contents, and NH; /X (NO5;~ +NO, )
(Li et al. 2013b). Probably, congruence of the abundance of
three genes (16S rRNA, AzsB, and hzsC gene) reflected the most
accurate anammox bacteria abundance in this study, though
inactive microbial cells could also be counted. Alternatively,
the option of using different functional genes will lead to the
emphasis on the distribution pattern of specific functional
groups of anammox bacteria, while the different functional gene

copy numbers in anammox bacteria might be different, and
inactive genes may also cause the disparities. NH," positively
correlated with Chaol index while organic matters negatively
with Shannon index of 16S rRNA gene strongly. NH,*/>~(NOs
+ NO, ) positively correlated with Chaol index of 4zsB gene.
Salinity positively correlated with Shannon index of 4zsC and
ccsB genes. Investigation of anammox bacteria community un-
der anthropogenic influences in Cape Fear River Estuary stated
that salinity strongly shaped the diversity and abundance of
anammox bacteria. Variations of salinity improved diversity
of anammox bacteria and correlated with the dominance of
certain anammox bacteria species locally, and its abundance
increased along the gradient of salinity in estuarine environ-
ments (Dale et al. 2009). The coastal-ocean pattern of this study
suggested that the abundance of anammox bacteria increased
along the slope from shallow- to deep-sea sediments, and NH,*
together with NH,*/~(NO5~ + NO, ") were positively correlat-
ed with the diversity indices of anammox bacterial communities
derived from16S rRNA and /zsB genes. Furthermore, 4zsC and
cesB gene-based community composition showed that two
characteristic groups consisting of shallow- and deep-sea sedi-
ment samples were clearly differentiated (Fig. 7), and, accord-
ing to hzsC gene-based phylogenetic tree, the Scalindua sp.
clade could be divided into two large separated subclades com-
prising of exclusive shallow- or deep-sea sediment-derived se-
quences (Fig. 4). In terms of AzsC and ccsB gene-based com-
munity distribution patterns, distances among shallow-sea sam-
ples were smaller than those among deep-sea samples (Fig. 7).
Unlike the variation tendency of community diversity indices
reflected by anammox bacterial 16S rRNA and hzsB genes,
Shannon indices of 4zsC and ccsB genes were positively corre-
lated with salinity. Given the aforementioned evidence, salinity
might be the driving force for the differentiation of the distribu-
tion pattern of 4zsC and ccsB gene-harboring anammox bacte-
ria. Our research indicated that more detail influential factors
responsible for the coastal-ocean distribution pattern might be
undercover and needing for higher resolution investigation.
Niche-specific influential factors along the coastal-ocean gradi-
ent, such as direct substrates and little organic compound
amount, might be the primary force behind shaping specific
anammox bacteria communities (Li et al. 2013a). The anthro-
pogenic influence with terrestrial input from Pearl River Delta
Estuary to pristine ocean could also be possibly responsible for
imported exogenous terrestrial anammox bacteria groups in the
ocean. Both of the explanations can be combined to explain the
processes, and anammox bacteria composition could serve as a
bioindicator for monitoring anthropogenic/terrestrial input to
marine environments (Li et al. 2013a).

New Mai Po clade paralleling with other non-Scalindua
groups was detected and then proposed in this study, and its
relatedness with a group of Yangtze River Estuary sequences
was shown. Its existence indicated that the distribution pattern
of this clade was not geographically differentiated, but rather,
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certain groups with close evolutionary and functional proper-
ties may share similar niche-specific environments (Woebken
et al. 2008). There is a paralleling clade to Kuenenia evident in
both AzsB and hzsC gene phylogenetic trees formed by se-
quences from Mai Po wetland, representing a distinct group
of terrestrial non-Scalindua clade (Figs. 3 and 4). The new
Mai Po clade discovered in this study represents a new
anammox bacteria species based on <97% similarity of 16S
rRNA gene sequence. Mai Po wetland is influenced by terres-
trial input and consists of a mosaic of different niches including
coastal Mai Po forest wetland and intertidal mudflats. The in
situ physicochemical properties are also imposed by the inter-
actions among mangrove trees, macrofauna/microfauna, and
microorganisms (Cao et al. 2011c; Dai et al. 2008). In addition,
dynamics of seasonality and rhizosphere activity of the man-
grove forest influence the sediment properties through root
metabolism and leaf/debris absorption, shaping the microbial
community composition (Wang et al. 2013). PCoA analysis
showed that Mai Po sample coordinates, considering the depth
and sediment properties, dispersed from each other more for
community structures by both 16S rRNA and hzsB genes.
However, communities represented by szsC gene showed a
tight grouping, possibly due to constraints of nested PCR meth-
od. In the diagram depicted by hzsB gene, surface samples
grouped closer than subsurface samples, indicative of the depth
rather than the sediment properties, imposing more influence
on the anammox bacteria communities. Functional genes rather
than the 16S rRNA gene should be better markers for physio-
logical and metabolic information of anammox bacteria.
Certain anammox bacteria are much more versatile due to uti-
lization of propionate and acetate as energy sources simulta-
neously with anammox reaction (Giiven et al. 2005). As an
example, Anammoxoglobus propionicus outcompetes other
anammox bacteria and heterotrophic denitrifiers in the presence
of ammonium and propionate (Kartal et al. 2007). Additionally,
genomic evidence of Kuenenia stuttgartiensis showed its ver-
satile heterotrophic capability of iron respiration with formate
as the elector donor and that of Scalindua profunda indicated its
ability of reducing nitrate via nitrite to ammonium using organ-
ic matters and the assimilation of small organic compounds as
alternative versatile lifestyle when the electron acceptor is lim-
ited (van de Vossenberg et al. 2012). There are significant dif-
ferences in growth rate; influences by pH, temperature, dis-
solved oxygen (DO), phosphate and salinity on anammox ac-
tivity; affinity for ammonium, nitrite, and tolerance of nitrite of
three identified anammox bacteria enrichments (Oshiki et al.
2011). Different anammox bacteria species have differences in
adapting to various environmental conditions, and it contrib-
utes to form the unique community composition in a specific
microniche. Available organic compounds from the degrada-
tion of debris, root excretion, and external input may shape the
distribution pattern of anammox bacteria when substrate nitrite
is very limited. As a result, a wide coverage of different known
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anammox bacteria genera can be discovered in Mai Po wetland
(Han and Gu 2013; Li et al. 2011c). Other influential factors,
not only inorganic nitrogen chemicals but also ions, dipeptides/
oligopeptides, and small organic compounds, should be further
taken into consideration in the future research.

The consistency of 16S rRNA, hzsB, and AzsC gene abun-
dances in SCS and WWTP samples and suitability of szsB
gene primers on quantifying gene abundance in complex Mai
Po wetland suggested that qPCR primers based on hzsB gene
in this study are more suitable as a biomarker to detect
anammox bacterial abundance. Considerable diversity pattern
of Scalindua species detected in SCS samples is confirmed
again with the 16S rRNA gene phylogenetic analysis, and
functional genes served well in unraveling anammox bacteria
richness and diversity among SCS samples in this study.

Given the uniqueness and specificity of functional gene
encoding central metabolic enzymes involved in anammox ac-
tivity, newly discovered genes can serve well in phylogenetic
reconstruction and also facilitate and support further detection
and monitoring the dynamics and activities of anammox bac-
teria in natural and man-made environments. A coastal-ocean
distribution pattern is evident based on data collected from SCS
sediment samples. NH,* and NH,*/~(NO;~ + NO, ") positive-
ly correlated with anammox bacterial gene diversity, and or-
ganic matter concentration negatively correlated with
anammox bacterial gene diversity in SCS. Salinity was posi-
tively associated with diversity indices of 4zsC and ccsB gene-
harboring anammox bacteria communities and could potential-
ly differentiate the distribution patterns between shallow- and
deep-sea sediment samples. Because of complexity of ecolog-
ical properties and nutrient dynamics, Mai Po wetland harbors
highly complex anammox bacterial communities. Wider cov-
erage of anammox bacterial genera at this site is probably
niche-specific, possibly including hydrodynamics, nutrients,
and redox conditions. Furthermore, comprehensive under-
standing on the distribution pattern of anammox bacteria in
coastal and ocean environments will allow delineation of the
microbial responses to human impacts on the natural
ecosystems.
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