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Bacterial anaerobic ammonium oxidation (anammox) is an important process in the marine nitrogen cycle.
Because ongoing eutrophication of coastal bays contributes significantly to the formation of low-oxygen zones,
monitoring of the anammox bacterial community offers a unique opportunity for assessment of anthropogenic
perturbations in these environments. The current study used targeting of 16S rRNA and hzo genes to
characterize the composition and structure of the anammox bacterial community in the sediments of the
eutrophic Jiaozhou Bay, thereby unraveling their diversity, abundance, and distribution. Abundance and
distribution of hzo genes revealed a greater taxonomic diversity in Jiaozhou Bay, including several novel clades
of anammox bacteria. In contrast, the targeting of 16S rRNA genes verified the presence of only “Candidatus
Scalindua,” albeit with a high microdiversity. The genus “Ca. Scalindua” comprised the apparent majority of
active sediment anammox bacteria. Multivariate statistical analyses indicated a heterogeneous distribution of
the anammox bacterial assemblages in Jiaozhou Bay. Of all environmental parameters investigated, sediment
organic C/organic N (OrgC/OrgN), nitrite concentration, and sediment median grain size were found to impact
the composition, structure, and distribution of the sediment anammox bacterial community. Analysis of
Pearson correlations between environmental factors and abundance of 16S rRNA and hzo genes as determined
by fluorescent real-time PCR suggests that the local nitrite concentration is the key regulator of the abundance
of anammox bacteria in Jiaozhou Bay sediments.

Anaerobic ammonium oxidation (anammox, NH4
� � NO2

�3
N2 � 2H2O) was proposed as a missing N transformation
pathway decades ago. It was found 20 years later to be medi-
ated by bacteria in artificial environments, such as anaerobic
wastewater processing systems (see reference 32 and refer-
ences therein). Anammox in natural environments was found
even more recently, mainly in O2-limited environments such as
marine sediments (28, 51, 54, 67, 69) and hypoxic or anoxic
waters (10, 25, 39–42). Because anammox may remove as much
as 30 to 70% of fixed N from the oceans (3, 9, 64), this process
is potentially as important as denitrification for N loss and
bioremediation (41, 42, 73). These findings have significantly
changed our understanding of the budget of the marine and
global N cycles as well as involved pathways and their evolution
(24, 32, 35, 72). Studies indicate variable anammox contribu-
tions to local or regional N loss (41, 42, 73), probably due to
distinct environmental conditions that may influence the com-

position, abundance, and distribution of the anammox bacte-
ria. However, the interactions of anammox bacteria with their
environment are still poorly understood.

The chemolithoautotrophic anammox bacteria (64, 66) com-
prise the new Brocadiaceae family in the Planctomycetales, for
which five Candidatus genera have been described (see refer-
ences 32 and 37 and references therein): “Candidatus Kuene-
nia,” “Candidatus Brocadia,” “Candidatus Scalindua,” “Candi-
datus Anammoxoglobus,” and “Candidatus Jettenia.” Due to
the difficulty of cultivation and isolation, anammox bacteria are
not yet in pure culture. Molecular detection by using DNA
probes or PCR primers targeting the anammox bacterial 16S
rRNA genes has thus been the main approach for the detec-
tion of anammox bacteria and community analyses (58). How-
ever, these studies revealed unexpected target sequence diver-
sity and led to the realization that due to biased coverage and
specificity of most of the PCR primers (2, 8), the in situ diver-
sity of anammox bacteria was likely missed. Thus, the use of
additional marker genes for phylogenetic analysis was sug-
gested in hopes of better capturing the diversity of this envi-
ronmentally important group of bacteria. By analogy to mo-
lecular ecological studies of aerobic ammonia oxidizers, most
recent studies have attempted to include anammox bacterium-
specific functional genes. All anammox bacteria employ hydra-
zine oxidoreductase (HZO) (� [Hzo]3) to oxidize hydrazine to
N2 as the main source for a useable reductant, which enables
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them to generate proton-motive force for energy production
(32, 36, 65). Phylogenetic analyses of Hzo protein sequences
revealed three sequence clusters, of which the cladistic struc-
ture of cluster 1 is in agreement with the anammox bacterial
16S rRNA gene phylogeny (57). The hzo genes have emerged
as an alternative phylogenetic and functional marker for char-
acterization of anammox bacterial communities (43, 44, 57),
allowing the 16S rRNA gene-based investigation methods to
be corroborated and improved.

The contribution of anammox to the removal of fixed N is
highly variable in estuarine and coastal sediments (50). For
instance, anammox may be an important pathway for the re-
moval of excess N (23) or nearly negligible (48, 54, 67, 68). This
difference may be attributable to a difference in the structure
and composition of anammox bacterial communities, in par-
ticular how the abundance of individual cohorts depends on
particular environmental conditions. Anthropogenic distur-
bance with variable source and intensity of eutrophication and
pollution may further complicate the anammox bacterium-en-
vironment relationship.

Jiaozhou Bay is a large semienclosed water body of the tem-
perate Yellow Sea in China. Eutrophication has become its most
serious environmental problem, along with red tides (harmful
algal blooms), species loss, and contamination with toxic chemi-
cals and harmful microbes (14, 15, 21, 61, 71). Due to different
sources of pollution and various levels of eutrophication across
Jiaozhou Bay (mariculture, municipal and industrial wastewater,
crude oil shipyard, etc.), a wide spectrum of environmental con-
ditions may contribute to a widely varying community structure of
anammox bacteria. This study used both 16S rRNA and hzo genes
as targets to measure their abundance, diversity, and spatial dis-
tribution and assess the response of the resident anammox bac-
terial community to different environmental conditions. Environ-
mental factors with potential for regulating the sediment
anammox microbiota are discussed.

MATERIALS AND METHODS

Site description, sample collection, and environmental factor analyses. The
physical condition of the Jiaozhou Bay sediments and water column has been
described previously in detail (12-14). In summary, limited water exchange and
numerous sources of nutrient input from surrounding wastewater treatment plants
(WWTPs), rivers, and intertidal and neritic mariculture fields made parts of the
Jiaozhou Bay hypernutrified (see Fig. S1 in the supplemental material). Three
WWTPs, Tuandao, Haibo, and Licun, are located on the eastern coast of Jiaozhou
Bay. In addition, the rivers Haibo, Licun, and Lousan on the eastern coast serve as
the conduits for industrial and domestic wastewater from Qingdao city, the rivers
Baisha and Moshui carry mariculture wastewater from the north, and the rivers
Dagu and Yang discharge agricultural fertilizer-rich freshwater from the west (76).
A national crude oil reserve base with the capability of stockpiling more than 3
million tons of crude oil, a large oil refining project with a designed processing
capacity of 10 million tons per year, and a sizeable shipping dock are located in the
Huangdao area of the western coast of Jiaozhou Bay (see Fig. S1).

With its location in the temperate zone, Jiaozhou Bay sediment microbial
processes may be the highest in summer. Using a stainless-steel 0.05-m2 Gray
O’Hara box corer, sediment samples were collected from 8 stations in summer
2006 (see Fig. S1 in the supplemental material) as described in previous publi-
cations (12, 13), which also detailed the procedures of environmental analyses
(see Table S1). Replicate surface sediment subcore samples up to a depth of 5 cm
with an approximate 20-cm distance from each other inside the box core were
taken (12). Black anoxic sediments were found at the deep layer in all the
subcore samples, indicating a suitable environment for anammox in the sedi-
ments of our samples.

DNA extraction and anammox bacterial 16S rRNA and hzo gene analyses.
DNA was extracted from sediment samples as reported previously (12, 19).

Replicate DNA extractions from three separate subcore samples were pooled for
each sampling station. Anammox bacterial 16S rRNA and hzo gene fragments
were amplified using published PCR protocols with the primer pairs Brod541F
and Brod1260R (51) and hzoF1 and hzoR1 (43), derived from the primers
Ana-hzo1F and Ana-hzo2R (53), respectively, with the latter specifically target-
ing cluster 1 hzo sequences (57). To test reproducibility of our experimental
procedure and to identify any potential small-scale (�20 cm) spatial variability of
the sediment anammox bacterial community, two separate 16S rRNA gene clone
libraries (D1-I and D1-II) were constructed for station D1 and two separate hzo
clone libraries (A3-I and A3-II) for station A3, each from a distinct subcore
DNA sample. PCR products from 5 or more reactions were pooled to minimize
PCR bias, gel purified, ligated into pMD18-T or pMD19-T Simple vectors
(Takara, Tokyo, Japan), and used to transform competent Escherichia coli
TOP10 cells (16, 19). Plasmid insert-positive recombinants were selected using
5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside (X-Gal)–isopropyl-�-D-thio-
galactopyranoside (IPTG) LB indicator plates amended with 100 �g/ml ampi-
cillin. A miniprep method was used to isolate insert-positive plasmids (11), and
the cloning vector primers RV-M and M13-D were used to reamplify the cloned
DNA fragments (16, 19). The resulting PCR products were screened for correct
size and purity by electrophoresis using 1% agarose gels.

Amplicons of correct size obtained from 16S rRNA gene fragments were
digested separately with the MspI, HhaI, and TaqI endonucleases (Fermentas,
Glen Burnie, MD). Amplicons of the correct size obtained from hzo gene frag-
ments were digested with the MspI and HhaI endonucleases. Restriction frag-
ments were resolved by electrophoresis on 4% agarose gels in 0.5� Tris-borate-
EDTA (TBE) buffer. Band patterns digitally photographed with an ImageMaster
VDS (Pharmacia Biotech, Piscataway, NJ) or AlphaImager HP (Alpha Innotech,
Santa Clara, CA) imaging system were compared for restriction fragment length
polymorphisms (RFLP) to identify redundant clones.

The primers RV-M and M13-D were used for sequencing plasmid inserts using
an ABI 3770 automatic sequencer (Applied Biosystems, Foster City, CA). DNA
sequences were checked for possible chimera with software programs CHIMERA_
CHECK (7), Bellerophon (26), and Pintail (4). The BLAST program was used
for retrieval of the top-hit 16S rRNA gene or Hzo protein sequences from
GenBank (1). The 16S rRNA gene sequences were grouped into operational
taxonomic units (OTUs) with 0.5% distance cutoff, and the Hzo sequences were
grouped with 1% distance cutoff using the DOTUR software program (56). The
small distance cutoffs were used because the potential for microdiversity among
environmental anammox bacteria has been reported recently (75). Phylogenetic
analyses followed previously reported procedures (16, 19).

Quantification of the sediment 16S rRNA and hzo genes. Plasmids carrying a
bacterial 16S rRNA gene fragment constructed previously (16) and a “Ca. Scal-
indua” 16S rRNA or hzo gene fragment constructed in this study were extracted
from E. coli hosts using a plasmid minikit (Qiagen, Valencia, CA). Concentra-
tions of plasmid DNAs and sediment genomic DNAs were measured using
PicoGreen (Molecular Probes, Eugene, OR) and a Modulus single-tube multi-
mode-reader fluorometer (Turner Biosystems, Sunnyvale, CA).

All real-time fluorescence quantitative PCR (qPCR) assays targeting the 16S
rRNA or hzo genes were carried out in triplicate with an ABI Prism 7500
sequence detection system (Applied Biosystems, Foster City, CA) using the
SYBR green qPCR method (13, 18, 52). The 25-�l qPCR mixture contained the
following: 12.5 �l of 2� SYBR green Premix II (TaKaRa, Tokyo, Japan), 0.5 �M
final concentration of each primer for the total bacterial 16S rRNA genes (0.2
�M final concentration of each primer for the “Ca. Scalindua” 16S rRNA or hzo
genes), 0.5 �l Rox reference dye II, and 20 ng template environmental DNA. To
increase specificity, 50 mM KCl (final concentration) and 0.8 �g/�l bovine serum
albumin (BSA) (final concentration) were added to the qPCR mixture for quan-
tification of the sediment total bacterial 16S rRNA genes, and 0.8 �g/�l BSA
(final concentration) was added to the qPCR mixture for quantification of the
sediment anammox bacterial hzo genes. All reactions were carried out in 8-strip
thin-well PCR tubes with ultraclear cap strips (ABgene, Fpsom, United King-
dom). Agarose gel electrophoresis and melting-curve analysis were routinely
employed to confirm specificities of the qPCRs. Standard curves were obtained
with serial dilution of standard plasmids containing target 16S rRNA or hzo gene
fragments as the insert. The abundance of standard plasmid inserts ranged from
1.02 � 106 to 1.02 � 1012 (bacterial 16S rRNA gene), 3.89 � 10 to 3.89 � 106

(“Ca. Scalindua” 16S rRNA gene), or 2.70 � 102 to 2.70 � 107 (hzo gene). In all
experiments, negative controls containing no template DNA were subjected to
the same qPCR procedure to exclude or detect any possible contamination or
carryover.

Sediment bacterial 16S rRNA genes were quantified using the primers 341F
and 518R (63), “Ca. Scalindua” 16S rRNA genes were quantified using the
primers Brod541F and Brod1260R (28, 51), and anammox bacterial hzo genes
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were quantified using the primers hzoF1 and hzoR1 (43). The qPCR thermocy-
cling parameters were as follows: an initial denaturation at 95°C for 2 min,
followed by 40 cycles of denaturation at 94°C for 5 s, primer annealing at 60°C
for 20 s for bacterial 16S rRNA genes (61°C for “Ca. Scalindua” 16S rRNA genes
and 56°C for hzo genes), and elongation at 72°C for 45 s for bacterial or “Ca.
Scalindua” 16S rRNA genes (60 s for hzo genes). Melting curves were obtained
at 60°C to 95°C, with a read every 1°C held for 1 s between reads. Fluorescence
reads for bacterial or “Ca. Scalindua” 16S rRNA genes were carried out at 72°C
and those for hzo genes at 80°C to avoid detection of nonspecific PCR products
(6). Data were analyzed with the second-derivative maximum method using the
ABI PRISM 7500 SDS software (version 1.4; Applied Biosystems).

Statistical analyses. Environmental classification was performed previously
(13) via hierarchical clustering using normalized environmental data (i.e., ad-
justed to 0 mean and 1 standard deviation [SD] via Z transformation). Library
coverage was calculated as C � [1 � (n1/N)] � 100, where n1 is the number of
unique OTUs and N the total number of clones in a library (16). Indices of
diversity (Shannon-Weiner H and Simpson D) and evenness (J) were calculated
for each library. Rarefaction analysis and two nonparametric richness estimators,
the abundance-based coverage estimator (SACE) and the bias-corrected Chao1
(SChao1), were calculated using DOTUR (56).

Community classification of the sediment anammox bacterial assemblages was
performed using the Jackknife environment clustering and principal coordinates
analysis (PCoA) of the UniFrac software program (17, 47). Correlations of the
sediment anammox bacterial assemblages with environmental factors were ex-
plored using canonical correspondence analysis (CCA) as reported elsewhere
(12, 13, 18–20).

Data normal distribution (normality) was examined using the statistics soft-
ware program MINITAB (release 13.32; Minitab Inc., State College, PA). Pear-
son correlation analyses (significance level � � 0.05) of the abundance of sedi-
ment total bacterial 16S rRNA, “Ca. Scalindua” 16S rRNA, or anammox
bacterial hzo genes with environmental factors were also performed using
MINITAB (18).

Nucleotide sequence accession numbers. The determined partial 16S rRNA
gene sequences have been deposited in GenBank under accession numbers
FJ668672 to FJ668707 and GU433661 to GU433695 and the partial hzo gene
sequences under accession numbers GU433696 to GU433880.

RESULTS

Jiaozhou Bay environmental conditions. Hypernutrification
is one of the most notorious environmental problems of
Jiaozhou Bay. This situation is aggravated by limited water
exchange with the adjacent Yellow Sea, especially at the in-
nermost stations A3, A5, and Y1 (see Fig. S1 in the supple-
mental material). High concentrations of dissolved inorganic
nitrogen, especially NH4

�-N, were evident at all the stations
(see Table S1). Based on multivariate clustering of physico-
chemical factors, a previous study (13) identified two types of
environmental conditions in Jiaozhou Bay: stations A5, C4,
and Y1 of the eastern area established type 1, and the remain-
ing stations belonged to type 2 (see Table S1). This classifica-
tion was consistent with findings of other studies (12–15, 21, 45,
61, 71) that identified the eastern part of the bay as the most
hypernutrified and polluted area, which is highly likely to be
caused by river runoff and WWTP discharges from nearby
Qingdao city (see Fig. S1). This uneven distribution of the
various sources and intensities of eutrophication and pollution
was suspected of also having an impact on the anammox mi-
crobiota in Jiaozhou Bay.

Diversity of anammox bacterial 16S rRNA and hzo gene
sequences. The two “Ca. Scalindua” 16S rRNA gene clone
libraries (D1-I and D1-II) constructed from separate sediment
subcore samples of station D1 had similar OTU diversities
based on rarefaction analysis (see Fig. S2a in the supplemental
material). Community classification using UniFrac environ-
mental clustering (see Fig. S3a) and PCoA (see Fig. S4a) also

shows that these two clone libraries are highly similar, indicat-
ing the reproducibility of our experimental procedures and the
negligible within-site variability of the sediment anammox bac-
terial community probed by using the “Ca. Scalindua” 16S
rRNA gene sequences. Thus, these two “Ca. Scalindua” 16S
rRNA gene clone libraries were combined into a single D1
library.

Of the 8 “Ca. Scalindua” 16S rRNA gene clone libraries
constructed for the Jiaozhou Bay sediment samples, each for a
distinct sampling station (see Fig. S1), a total of 962 insert-
positive clones were represented in 70 unique RFLP sequences
and 41 OTUs. The values of library coverage (C) ranged from
93.8% to 98.9% (see Table S2 in the supplemental material),
which together with rarefaction analysis (see Fig. S2a) indi-
cated that the “Ca. Scalindua” anammox bacteria were suffi-
ciently represented in these clone libraries. Station D1 had the
highest OTU diversity and station D5 had the lowest diversity
based on the majority of the diversity indices (H, 1/D, and J)
and the SACE and SChao1 estimators (see Table S2).

The two anammox bacterial hzo clone libraries (A3-I and
A3-II) constructed from separate sediment subcore samples of
station A3 appeared to be slightly different based on rarefac-
tion analysis (see Fig. S2b in the supplemental material). How-
ever, community classification using UniFrac environmental
clustering (see Fig. S3b) and PCoA (see Fig. S4b) shows that
these two libraries are highly similar. Neither the UniFrac
significance (P � 1.000) nor the P-test significance (P � 1.000)
statistic showed a significant difference, indicating a negligible
within-site variability of the sediment anammox bacterial com-
munity probed by using the hzo sequences. Thus, these two hzo
libraries were pooled into a single A3 clone library.

Of the 8 anammox bacterial hzo clone libraries constructed
for the Jiaozhou Bay sediment samples, each for a distinct
sampling station (see Fig. S1 in the supplemental material), a
total of 999 insert-positive clones represented 185 unique
RFLP sequences and 56 OTUs. The values of library coverage
(C) ranged from 90.9% to 99.2% (see Table S2), which, to-
gether with rarefaction analysis (see Fig. S2b), indicated that
the anammox bacteria were sufficiently represented in these
clone libraries. Station B2 had the highest diversity and station
Y1 had the lowest diversity of OTUs based on the majority of
diversity indices (H, 1/D, and J). However, stations C4 and D1
had the highest richness and station A5 had the lowest richness
of OTUs based on the SACE and SChao1 estimators (see Ta-
ble S2).

Phylogeny of “Ca. Scalindua” 16S rRNA gene sequences.
The obtained 70 distinct “Ca. Scalindua” 16S rRNA gene se-
quences were 93.9% to 99.9% identical with one other and
98.5% to 100.0% identical to the closest sequence matches in
GenBank. All (100.0%) of the top-hit sequences in GenBank
were originally retrieved from marine sediments or anoxic sea-
water (22, 25, 49, 51, 59, 70, 74, 75). Six of our sequences (11
clones) were also closely related to GenBank sequences orig-
inally retrieved from freshwater environments (51).

The phylogenetic tree based on the alignment of 16S rRNA
gene sequences revealed that Jiaozhou Bay surface sediments
harbored a diverse complement of anammox bacteria affiliated
with the “Ca. Scalindua” lineage (Fig. 1). Our analysis identi-
fied four putative “Ca. Scalindua” clades, including the “Can-
didatus Scalindua wagneri” (60), “Candidatus Scalindua ma-
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FIG. 1. Phylogenetic analysis of the “Ca. Scalindua” 16S rRNA gene sequences obtained from Jiaozhou Bay sediments. A Clustal_X alignment of
environmental and publicly available 16S rRNA gene sequences was subjected to a distance neighbor-joining inference of phylogeny (PHYLIP package, version
3.67). The 16S rRNA gene sequence from Aquifex pyrophilus Kol5a was used as an outgroup. The tree branch distances represent nucleotide substitution rates,
and the scale bar represents the expected number of changes per homologous position. Bootstrap values (100 resamplings) higher than 70% are shown with solid
circle symbols, and those less than 70% but greater than or equal to 50% are shown with open circle symbols on the corresponding nodes. The “Ca. Scalindua”
16S rRNA gene sequences obtained in this study are shown in bold, along with their distribution in each clone library as depicted in parentheses. The sequence
D1-X-12 is clustered outside all known anammox bacterial species, and thus, it might stand for a new cluster of anammox bacteria or just a new cluster of
planctomycetes. Due to the uncertainty of its phylogenetic position, D1-X-12 is not included as a valid sequence for further analyses.
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rina,” and “Candidatus Scalindua sorokinii/brodae” clades (60)
and a novel clade of sequences of less than 98% identity with
the sequences in other clades (Fig. 1).

Two OTUs, A5-X-6 and A5-X-7, occurred in all 8 “Ca.
Scalindua” 16S rRNA gene clone libraries (Fig. 1). Two other
OTUs, A3-X-1 and A5-X-1, occurred in 7 of the 8 “Ca. Scal-
indua” 16S rRNA gene clone libraries (Fig. 1). Although these
4 OTUs accounted for only 9.8% of all “Ca. Scalindua” 16S
rRNA gene OTUs, they accounted for 61.5% of all the clones
in our libraries, potentially representing the most abundant
and prevalent “Ca. Scalindua” anammox bacteria in Jiaozhou
Bay sediments.

Phylogeny of anammox bacterial Hzo protein sequences.
The obtained 185 unique hzo sequences were 70.4% to 99.9%
identical with one other and 75.4% to 95.2% identical to the
closest-match GenBank sequences. The deduced partial Hzo
protein sequences (331 amino acid residues) were 76.1% to
100.0% identical with one other and 80.7% to 99.1% identical
to the closest-match GenBank sequences obtained from sev-
eral natural and engineered environments, including Hong
Kong coastal wetland sediments (43), anammox reactors, and
enrichment cultures (53, 62). Some of our Hzo sequences are
also closely related to GenBank sequences retrieved from
South China Sea deep-sea sediments (43), northeastern Mex-
ico wall biomats in cenote Zacaton, and other environments
(57).

The phylogenetic tree constructed from an alignment of
experimental and archived deduced Hzo protein sequences
revealed diverse anammox bacteria in the sediments of
Jiaozhou Bay (Fig. 2). In addition to the dominant “Ca. Scal-
indua” lineage, anammox bacteria related to “Ca. Jettenia,”
“Ca. Anammoxoglobus,” “Ca. Brocadia,” and “Ca. Kuenenia”
lineages were also found to occur in this coastal environment.
Overall, this study identified 7 distinct Hzo sequence clades,
including the clade of previously reported “Ca. Scalindua”
sequences, “Ca. Scalindua”-like clade I, “Ca. Scalindua”-like
clade II, “Ca. Scalindua”-like clade III, “Ca. Jettenia” clade,
novel anammox clade I, and novel anammox clade II (Fig. 2).
Based on DOTUR analysis, the sequences of any two of these
clades were less than 90% identical. The known GenBank
sequences affiliated within the “Ca. Scalindua” clade were ob-
tained mainly from Hong Kong coastal wetland sediments and
other environments (43, 57). The known GenBank sequences
affiliated within the “Ca. Scalindua”-like clades I and II were
obtained mainly from South China Sea deep-sea sediments
(43), and those affiliated within the “Ca. Scalindua”-like clade
III were obtained mainly from Hong Kong coastal wetland
sediments (43). The known GenBank sequences affiliated
within the “Ca. Jettenia” clade were obtained mainly from
anammox reactors or enrichment cultures and from northeast-
ern Mexico wall biomats in cenote Zacaton (53, 62). The
known GenBank sequences affiliated with the novel anammox
clade I were obtained mainly from Hong Kong coastal wetland
sediments (43).

Four deduced Hzo protein OTUs (A3-M-30, B2-M-37, C4-
M-10, and D1-M-11) occurred in all 8 hzo clone libraries, and
5 OTUs (A3-M-12, A5-M-2, B2-M-7, D5-M-18, and Y1-M-5)
occurred in 7 or 6 of the 8 hzo clone libraries. Although these
9 sequences accounted for only 16.1% of all the OTUs, they
accounted for 65.1% of all the clones in our hzo clone libraries,

potentially representing the most abundant and prevalent ana-
mmox bacteria in the Jiaozhou Bay sediments.

Anammox bacterial community classification and spatial
distribution. Weighted UniFrac environmental clustering
analysis using the obtained 16S rRNA gene sequences indi-
cated that several clusters of “Ca. Scalindua” anammox bacte-
rial assemblages could be identified (Fig. 3a). The station D1
“Ca. Scalindua” assemblage appears to represent a distinct
cluster, and the remaining stations seem to represent another
cluster with 3 subclusters. Weighted UniFrac PCoA analysis
confirmed this classification (Fig. 4a). The “Ca. Scalindua”
assemblage of station D1 could be separated from those of the
other stations along the first PCoA principal coordinate (P1),
which explained 80.8% of the total “Ca. Scalindua” anammox
bacterial community variability among all the sampling stations
(Fig. 4a). P1 and P2 (the second PCoA principal coordinate)
together classified the “Ca. Scalindua” assemblages of the re-
maining 7 stations into 3 subclusters (Fig. 4a).

Weighted UniFrac environmental clustering analysis using
the obtained Hzo protein sequences indicated the existence of
several clusters of the total anammox bacterial assemblages
(Fig. 3b). The station D1 anammox bacterial assemblage rep-
resented a distinct cluster, and the remaining stations com-
prised another cluster with several subclusters. Weighted Uni-
Frac PCoA analysis further confirmed this classification (Fig.
4b). The anammox bacterial assemblage of station D1 could be
separated from those of the other stations along the first and
second PCoA principal coordinates (P1 and P2), which to-
gether explained 65.02% of the total anammox bacterial com-
munity variability among all the sampling stations (Fig. 4b).

For the weighted CCA analysis using the “Ca. Scalindua”
16S rRNA gene sequences (Fig. 5a), the first two CCA axes
(CCA1 and CCA2) explained 84.8% of the total variance in
the anammox bacterial composition and 88.9% of the cumu-
lative variance of the anammox bacterium-environment rela-
tionship. CCA1, which explained 80.8% of the cumulative vari-
ance of the anammox bacterium-environment relationship,
clearly distinguished the assemblage of station D1 from those
of the other stations (Fig. 5a). Of all the environmental factors
analyzed, organic C/organic N (OrgC/OrgN) contributed sig-
nificantly (P � 0.0260; 1,000 Monte Carlo permutations) to the
anammox bacterium-environment relationship, which distin-
guished the anammox bacterial assemblage of station D1 from
those of the other stations (Fig. 5a). The environmental factor
NO2

�-N also contributed to the anammox bacterium-environ-
ment relationship in Jiaozhou Bay, though with a lesser signif-
icance (P � 0.0929). These two environmental factors together
provided 61.47% of the total CCA explanatory power. Al-
though none of the other environmental factors shown in the
CCA graph (Fig. 5a) contributed significantly (P 	 0.200) to
the anammox bacterium-environment relationship, the combi-
nation of these environmental factors provided additionally
33.94% of the total CCA explanatory power.

For the weighted CCA analysis using the Hzo protein se-
quences (Fig. 5b), the first two CCA axes (CCA1 and CCA2)
explained 52.4% of the total variance in the anammox bacterial
composition and 55.5% of the cumulative variance of the ana-
mmox bacterium-environment relationship. CCA1, which ex-
plained 32.0% of the cumulative variance of the anammox
bacterium-environment relationship, clearly distinguished the
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FIG. 2. Phylogenetic consensus tree constructed after neighbor-joining distance analysis (PHYLIP package, version 3.67) of a Clustal_X
alignment of publicly available and experimental anammox bacterial Hzo protein sequences deduced from hzo genes recovered from the Jiaozhou
Bay sediments. The tree branch distances represent amino acid substitution rates, and the scale bar represents the expected number of changes
per homologous position. The three cluster 2 Hzo sequences (BAF98478, CAJ71806, and CAJ70788) were used as an outgroup. Bootstrap values
higher than 70% of 100 resamplings in support of the presented tree are shown with solid circle symbols, and those less than 70% but greater or
equal to 50% are shown with open circle symbols on the corresponding nodes. The anammox bacterial Hzo sequences obtained in this study are
shown in bold, along with their distribution in each clone library as depicted in parentheses.
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anammox bacterial assemblage of station D1 from those of the
other stations (Fig. 5b). CCA2, which explained 23.5% of the
cumulative variance of the anammox bacterium-environment
relationship, distinguished the anammox bacterial assemblage
of station B2 from those of the other stations (Fig. 5b). Of all
the environmental factors analyzed, OrgC/OrgN contributed
significantly (P � 0.0310) to the anammox bacterium-environ-
ment relationship, which distinguished the anammox bacterial
assemblage of station D1 and that of station B2 from those of
the other stations (Fig. 5b). The environmental factor, sedi-
ment median grain size, also contributed to the anammox
bacterium-environment relationship in Jiaozhou Bay, although
with a lesser significance (P � 0.0739). These two environmen-
tal factors together provided 44.63% of the total CCA explan-
atory power. While none of the other environmental factors
shown in the CCA graph (Fig. 5b) contributed significantly (P
	 0.100) to the anammox bacterium-environment relationship,
the combination of these environmental factors provided ad-
ditionally 49.59% of the total CCA explanatory power.

Quantification of sediment anammox bacterial assem-
blages. Melting-curve analyses of the total bacterial 16S rRNA,
“Ca. Scalindua” 16S rRNA, and anammox bacterial hzo genes
confirmed that the fluorescent signals were obtained from spe-
cific PCR products by our qPCR quantifications. Standard
curves generated using plasmids containing cloned 16S rRNA
or hzo gene fragments to relate the threshold cycle (Ct) to gene
copy number revealed linearity (r2 � 0.98) over 6 orders of
magnitude of the standard plasmid DNA concentration (see
Table S3 in the supplemental material). The obtained high
correlation coefficients and similar slopes indicated high
primer hybridization and extension efficiencies (see Table S3),
making comparison of gene abundances reasonable (13, 18).
The absence or undetectable influence of sediment PCR-in-
hibitory substances was confirmed by obtaining similar ampli-
fication efficiencies with 10-fold-diluted environmental DNAs
extracted from the sediments of station A5 (data not show).

The qPCR results showed a heterogeneous distribution of
the sediment total bacterial 16S rRNA gene abundance among

FIG. 3. Dendrogram of the hierarchical clustering analysis of the Jiaozhou Bay sediment anammox bacterial assemblages as revealed by the
“Ca. Scalindua” 16S rRNA gene sequences (a) or the Hzo protein sequences (b), constructed by using the UniFrac normalized and weighted
jackknife environment clusters statistical method. The percentage supports of the classification tested with sequence jackknifing resamplings are
shown near the corresponding nodes.

FIG. 4. Ordination diagrams of the UniFrac weighted and normalized PCoA analyses of the Jiaozhou Bay sediment anammox bacterial
assemblages as revealed by the “Ca. Scalindua” 16S rRNA gene sequences (a) or the Hzo protein sequences (b). Shown are the plots of the first
two principal coordinate axes (P1 and P2) for PCoA and the distributions of the “Ca. Scalindua” 16S rRNA gene-typic assemblages (a) or the
anammox bacterial Hzo protein-typic assemblages (designated with the sampling station names) (b) in response to these axes.
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the sampling sites of Jiaozhou Bay, where station Y1 had the
highest gene abundance (2.8 � 1011 copies g�1 sediments) and
station D1 had the lowest gene abundance (1.4 � 1010 copies
g�1 sediments) (Table 1). The abundance of the sediment “Ca.
Scalindua” 16S rRNA genes also showed a distributional het-
erogeneity, where station C4 had the highest abundance (8.7 �
105 copies g�1 sediments) and station D1 had the lowest abun-
dance (2.0 � 104 copies g�1 sediments) (Table 1). The abun-
dance of the sediment anammox bacterial hzo genes also
showed a distributional heterogeneity, where station Dx had
the highest abundance (5.9 � 106 copies g�1 sediments) and
station D1 had the lowest abundance (3.5 � 105 copies g�1

sediments) (Table 1).
The ratio of sediment anammox bacteria hzo genes to “Ca.

Scalindua” 16S rRNA genes ranged from 2.4:1 to 45.4:1 in
Jiaozhou Bay, where station Dx had the highest ratio (45.4:1)
and station C4 had the lowest ratio (2.4:1).

Pearson correlation analyses (see Table S4 in the supple-
mental material) indicated that the abundance of the sediment
total bacterial 16S rRNA genes was strongly (P 
 0.01) corre-
lated with sediment porewater PO4

3�-P and moderately (P 

0.05) correlated positively with sediment OrgN and porewater
NH4

�-N and negatively with sediment porewater dissolved
oxygen (DO). The abundance of the sediment “Ca. Scalindua”
16S rRNA genes was strongly correlated with sediment pore-
water NO2

�-N. The abundance of the sediment anammox
bacterial hzo genes did not show any significant correlation
with any environmental factor measured. The relative abun-
dance of sediment anammox bacteria, revealed as the ratio of
“Ca. Scalindua” 16S rRNA gene abundance (or anammox bac-
terial hzo gene abundance) and total bacterial 16S rRNA gene
abundance, did not show any significant correlation with any
environmental factor measured. The ratio of sediment anam-
mox bacterial hzo gene abundance to “Ca. Scalindua” 16S

FIG. 5. CCA ordination plots for the first two principal dimensions of the relationship between the sediment and porewater environmental
parameters in Jiaozhou Bay and the distribution of the sediment anammox bacterial assemblages as reviewed by assessing the “Ca. Scalindua” 16S
rRNA gene OTUs (a) or the anammox bacterial Hzo OTUs (b). Correlations between environmental variables and CCA axes are represented by
the length and angle of arrows (environmental factor vectors). Due to the possible diel variation of seawater temperature, DO, and pH during our
sampling period, these parameters were not included in the analyses. Covarying variables, such as NH4

� and dissolved inorganic nitrogen (DIN)
(r � 0.9969) and OrgC and OrgN (r � 0.9826), were checked to minimize collinearity in the CCA analyses.

TABLE 1. Abundance of total bacterial and “Ca. Scalindua” 16S rRNA genes and anammox bacterial hzo genes in
sediments of the eight sampling stations of the Jiaozhou Bay

Sampling
station

No. of target gene copies g�1 sedimentsa Ratio

Total bacterial 16S
rRNA

“Ca. Scalindua” 16S
rRNA

Anammox bacterial
hzo

“Ca. Scalindua” 16S
rRNA/bacterial 16S

rRNA (�10�6)

Anammox bacterial
hzo/bacterial 16S
rRNA (�10�6)

Anammox bacterial
hzo/“Ca. Scalindua”

16S rRNA

A3 1.4 � 1011 (2.5 � 1010) 2.8 � 105 (2.0 � 104) 1.4 � 106 (8.7 � 104) 2.0 10.0 5.0
A5 1.0 � 1011 (1.3 � 1010) 4.1 � 105 (4.5 � 104) 1.9 � 106 (1.0 � 105) 4.1 19.0 4.6
B2 4.2 � 1010 (1.7 � 109) 1.4 � 105 (8.0 � 103) 1.8 � 106 (1.5 � 105) 3.3 42.9 12.9
C4 1.0 � 1011 (1.3 � 1010) 8.7 � 105 (2.3 � 104) 2.1 � 106 (1.9 � 105) 8.7 21.0 2.4
D1 1.4 � 1010 (2.0 � 109) 2.0 � 104 (8.7 � 102) 3.5 � 105 (3.9 � 104) 1.4 25.0 17.5
D5 5.8 � 1010 (1.5 � 109) 1.8 � 105 (5.1 � 103) 6.7 � 105 (4.0 � 104) 3.1 11.6 3.7
Dx 2.0 � 1011 (5.4 � 1010) 1.3 � 105 (1.3 � 104) 5.9 � 106 (5.9 � 105) 0.7 29.5 45.4
Y1 2.8 � 1011 (2.6 � 1010) 3.8 � 105 (2.1 � 104) 2.7 � 106 (2.7 � 105) 1.4 9.4 7.1

a Standard errors are indicated in parentheses.
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rRNA gene abundance was moderately negatively correlated
with sediment porewater NO2

�-N (see Table S4).

DISCUSSION

Anammox bacterial diversity in coastal marine environ-
ments. Anammox bacteria are ubiquitous in O2-limited envi-
ronments (see references 5, 29, 32, and 50 and references
therein). Most of the 16S rRNA gene-based studies indicate
that the diversity of anammox bacteria in marine environments
is quite low, with domination by strains in the “Ca. Scalindua”
lineage (22, 25, 30, 34, 40, 51, 54, 59, 75). There is speculation
that the detected low diversity may be an experimental artifact
due to low or biased PCR primer coverage and specificity (2, 8,
43). In contrast, two more-recent studies suggested that anam-
mox bacteria from other lineages in addition to “Ca. Scalin-
dua” can also be detected in marine environments by using
novel PCR strategies or complex PCR primer sets (2, 8). A
systematic primer evaluation study indicates that most of the
PCR primers targeting the 16S rRNA genes do not cover all
the known anammox bacterial lineages and that hzo might
provide a better target to improve coverage (43). The hzo
gene-based approach indeed detected diverse anammox bac-
terial lineages from Jiaozhou Bay, while the “Ca. Scalindua”
16S rRNA gene primers confirm the previously found high
microdiversity of the “Ca. Scalindua” anammox bacteria in
marine environments (75). Our hzo gene primers provide a
simpler PCR method to target the major anammox bacterial
lineages than the 16S rRNA gene primers used in previous
studies (2, 8).

Diverse anammox bacterial phylotypes were found in the
sediments of Jiaozhou Bay based on both the 16S rRNA and
hzo gene sequences (Fig. 1 and 2). In addition to the common
“Ca. Scalindua” guild, anammox bacteria affiliated more or
less closely to the “Ca. Jettenia,” “Ca. Brocadia,” “Ca. Anam-
moxoglobus,” and “Ca. Kuenenia” guilds were also detected
from the sediments of Jiaozhou Bay (Fig. 2). Similarly, non-
“Ca. Scalindua” anammox bacteria were detected in coastal
marine sediments of Japan; however, no anammox activities
were detected (2), suggesting that the detected DNA might
have originated from dormant or dead anammox bacteria.
Anammox bacteria related to the “Ca. Brocadia” and “Ca.
Kuenenia” lineages were also found at low-salinity sites in the
Cape Fear River estuary, where a nearby WWTP might pro-
vide the actual source of these bacteria found in estuarine
sediments (8).

Anammox bacteria in the “Ca. Jettenia,” “Ca. Brocadia,”
“Ca. Anammoxoglobus,” and “Ca. Kuenenia” lineages are
usually associated with wastewater processing systems, fresh-
water, or diverse terrestrial environments (27, 31-33, 77). It is
possible that some anammox bacteria are more resistant to
stressful and adverse environmental changes than others (5),
which may explain that anammox bacteria belonging to pre-
dominantly nonmarine cohorts can survive in marine environ-
ments at low numbers without detectable anammox activity
(2). Our findings confirm those of other studies (2, 8) that
detected anammox bacteria in the “Ca. Jettenia,” “Ca. Broca-
dia,” “Ca. Anammoxoglobus,” and “Ca. Kuenenia” lineages in
coastal marine sediments, where they can exist either auto-
chthonously (residential to the coastal environments) or allo-

chthonously (transported to the coastal environments through
river runoffs and wastewater effluents) (9). “Ca. Scalindua wag-
neri” was originally discovered in a WWTP (60); however,
coastal sediment bacteria affiliated with this clade appear to be
the main cohort of active anammox bacteria in the Japan Yodo
River estuary (2), indicating that “Ca. Scalindua wagneri”-like
bacteria may have a broad niche adaptation in both manmade
and natural environments.

In addition to several novel subclusters in the “Ca. Scalin-
dua” lineage (Fig. 1), our current study also identified a few
novel clusters related to the rarely detected non-“Ca. Scalin-
dua” lineages in marine environments (Fig. 2). One of these
clusters, the anammox bacteria novel clade II, appears to be
unique to the marine sediments of Jiaozhou Bay, or it was not
yet detected anywhere else. This finding suggests that the di-
versity of environmental anammox bacteria may have been
underestimated in previous studies.

Anammox bacterial ecophysiology in response to changes in
coastal marine environments. Quantification of the “Ca. Scal-
indua” 16S rRNA and anammox bacterial hzo genes indicates
that the hzo gene abundance was higher than the abundance of
“Ca. Scalindua” anammox bacterial 16S rRNA genes (Table
1). This is reasonable, since (i) the hzo gene primers have a
broader coverage for the anammox bacteria than the 16S
rRNA gene primers, which target only the “Ca. Scalindua”
group, and (ii) there may be multiple hzo gene copies but only
one 16S rRNA gene copy in anammox bacteria, as shown by
the sequenced genome of “Candidatus Kuenenia stuttgartien-
sis” (65). In light of these considerations, our data suggest that
the “Ca. Scalindua” lineage bacteria may account for the ma-
jority of the sediment anammox bacteria at some of the
Jiaozhou Bay sampling sites (Table 1).

Anammox activity requires the simultaneous presence of
ammonium and nitrite, which may be found at or near the
aerobic-anaerobic interface of sediments (37). NO2

�-N is of-
ten limiting in eutrophic coastal sediments with excess
NH4

�-N and organic matter (48). Our environmental geo-
chemical analyses indicate that NH4

�-N is rarely limiting in the
Jiaozhou Bay sediments (see Table S1 in the supplemental
material) and that availability of NO2

�-N most likely is the
limiting factor that controls the abundance and activity of the
in situ anammox bacteria (48, 55). Indeed, a strong positive
correlation of the sediment anammox bacterial abundance as
revealed by the “Ca. Scalindua” 16S rRNA gene abundance
with sediment porewater NO2

�-N is found (see Table S4). A
previous study found a strong correlation between “Ca. Scal-
indua” abundance and anammox activity in the African coast
Benguela upwelling system (40). Thus, the anammox activity
might also be controlled by sediment NO2

�-N in the eutrophic
sediments of Jiaozhou Bay, since the in situ “Ca. Scalindua”
anammox bacteria might actively consume nitrite and their
population size and anammox activity might be regulated by
sediment NO2

�-N. Strong correlations between anammox po-
tential and in situ availability of NO2

�-N were also found in
other estuarine sediments (48, 68, 69), indicating NO2

�-N to
be a key regulator of anammox in these environments. The
correlation of NO2

�-N with the “Ca. Scalindua” anammox
bacterial assemblages (Fig. 5a) indicates that the composition,
community structure, and distribution of the sediment anam-
mox bacterial assemblages in Jiaozhou Bay might also be reg-
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ulated by sediment porewater NO2
�-N. These data indicate

that the “Ca. Scalindua” lineage bacteria may be not only the
major component of the sediment anammox microbiota but
also the one responsible for the in situ anammox activity, reg-
ulated by sediment porewater NO2

�-N. These data also imply
that the “Ca. Scalindua” lineage bacteria might control sedi-
ment porewater NO2

�-N levels by actively consuming it.
Both the UniFrac environmental clustering and PCoA anal-

yses revealed considerable heterogeneity of the sediment ana-
mmox bacterial assemblages in Jiaozhou Bay (Fig. 3 and 4).
Analyses of both target genes (16S rRNA and hzo) indicate
that the anammox bacterial assemblage of station D1 is distinct
from those of the other stations. CCA analyses indicate that
the environmental factor OrgC/OrgN might contribute signif-
icantly to the uniqueness of the anammox bacterial assemblage
at station D1 (Fig. 5). An anticlockwise eddy was found in the
north of Huangdao at station D1 (46), which might make the
in situ hydrological conditions more stagnant than those of
the other nearby stations in Jiaozhou Bay. This may reduce
material transport and water exchange between station D1
with the Yellow Sea outside Jiaozhou Bay. Station D1 also had
the highest sediment OrgC/OrgN in Jiaozhou Bay (see Table
S1 in the supplemental material). High OrgC/OrgN is usually
associated with old or recalcitrant organic matter and may
serve as a signature of long organic matter detention or ter-
restrial input intensity (38). The high OrgC/OrgN might also
be caused by oil contamination from the nearby crude oil
refining plants on the western coast of Jiaozhou Bay (see Fig.
S1). Thus, the unique sediment anammox bacterial assemblage
of station D1 (Fig. 3, 4, and 5) detected in the current study
might be a result of a unique in situ hydrological, geochemical,
or pollution condition. This is consistent with a previous study
that also identified station D1 as unique in regard to its nirS-
encoding denitrifying bacterial assemblage in the sediments of
Jiaozhou Bay (12).

One of the sedimentological variables with a significant im-
pact on anammox bacterial community structure, sediment
median grain size (Fig. 5b), may depend on in situ hydrological
conditions, such as currents, tides, waves, upwelling, lateral
transport, water mixing, and the intensity and dynamics of
these activities. These hydrological activities influence sedi-
ment composition, organic matter content, O2 content, pore-
water redox state, and nutrient composition and concentration
(19) and thus the sediment anammox microbiota. This is in
agreement with recent reports on the influence of sedimento-
logical parameters on the structure and distribution of bacte-
rial and archaeal assemblages implicated in sediment N cycling
(12, 13, 19).

Our current study identified NO2
�-N and a few other geo-

chemical and sedimentological factors, such as sediment OrgC/
OrgN and median grain size, as potentially the key regulators
of the sediment anammox bacterial composition, community
structure, abundance, distribution, or potential activity in the
eutrophic Jiaozhou Bay. Our previous studies also identified
porewater NO2

�-N as contributing significantly to the compo-
sition, structure, and distribution of the sediment ammonia-
oxidizing Betaproteobacteria community (13) and sediment
OrgC/OrgN as contributing significantly to the community
structure and spatial distribution of the nirS-encoding denitri-
fying bacterial assemblages in Jiaozhou Bay (12). N cycling in

eutrophic coastal sediments is very complicated. Nitrate reduc-
tion as part of denitrification and ammonification processes, as
well as nitrification, may contribute nitrite at different levels for
anammox, depending on the specific environmental conditions
and the availability of N compounds (41, 42, 55). Competition
or collaboration for nitrite may occur between anammox and
denitrification (55). The in situ nitrite supply or consumption
may also be influenced by hydrological and geochemical pro-
cesses at the seawater-sediment interface and the sediment
oxic-suboxic-anoxic interfaces. The relative contribution of the
various nitrite production or consumption processes is still
poorly understood and needs to be further investigated in this
coastal bay. Our previous studies indicate that the Jiaozhou
Bay innermost stations A5 and Y1 were severely eutrophic and
polluted and that stations A3 and C4 were also eutrophic and
polluted to a certain degree (12–15, 71). Our current study
correlates these findings with the fact that these sites, more or
less, have distinct anammox bacterial assemblages (Fig. 3, 4,
and 5). Our results suggest that anthropogenic activities may
have an impact on the coastal anammox microbiota and activ-
ity in Jiaozhou Bay.
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