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Abstract

Anaerobic ammonia oxidation (anammox) as an important nitrogen loss pathway has been reported in marine
oxygen minimum zones (OMZs), but the community composition and spatial distribution of anammox bacteria in the
eastern tropical North Pacific (ETNP) OMZ are poorly determined. In this study, anammox bacterial communities in
the OMZ off Costa Rica (CRD-OMZ) were analyzed based on both hydrazine oxidoreductase (hzo) genes and their
transcripts assigned to cluster 1 and 2. The anammox communities revealed by hzo genes and proteins in CRD-OMZ
showed a low diversity. Gene quantification results showed that hzo gene abundances peaked in the upper OMZs,
associated with the peaks of nitrite concentration. Nitrite and oxygen concentrations may therefore colimit the
distribution of anammox bacteria in this area. Furthermore, transcriptional activity of anammox bacteria was
confirmed by obtaining abundant hzo mRNA transcripts through qRT-PCR. A novel hzo cluster 2x clade was
identified by the phylogenetic analysis and these novel sequences were abundant and widely distributed in this
environment. Our study demonstrated that both cluster 1 and 2 anammox bacteria play an active role in the CRD-
OMZ, and the cluster 1 abundance and transcriptional activity were higher than cluster 2 in both free-living and
particle-attached fractions at both gene and transcriptional levels.
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Introduction

For a long time, aerobic nitrification and anaerobic
denitrification were thought to be the only major pathways for
ammonium oxidation and nitrogen (N) loss in the marine N
cycle. Anaerobic ammonium oxidation (anammox) as a
biologically mediated process, however, was discovered in the
wastewater treatment systems in the 1990s [1,2]. More
recently, the detection of widely distributed anammox bacteria
in natural ecosystems has greatly changed our previous
understanding of N sink in the N cycle [3]. It has been
estimated that anammox was responsible for 19 to 35% of the
N removal in the Golfo Dulce, Costa Rica [4]. More recent
studies showed that anammox is the dominant process of N
loss, with no denitrification activities detected, in the Benguela
upwelling system [5], the Black Sea [6] and the Peruvian

oxygen minimum zone [7]. In total, anammox could contribute
30 to 50% to the marine N loss [4,8]. The ubiquitous
distribution of anammox bacteria in various oxygen-depleted
ecosystems [3], as well as its potentially coupling relationships
with denitrification [4], nitrification [6] and dissimilatory nitrate
reduction to ammonium (DNRA) [9,10] , further emphasizes the
critical role of anammox in the global N budget.

As autotrophic members in the bacteria order
Planctomycetales [11], five Candidatus genera of anammox
bacteria have been identified, including Candidatus Brocadia
[12], Candidatus Kuenenia [13], Candidatus Scalindua [14],
Candidatus Anammoxoglobus [9] and Candidatus Jettenia [15].
Previously, only species in the genus Candidatus Scalindua
were detected in the marine environment, but recently the
discovery of Candidatus Kuenenia sequences in the deep-sea
hydrothermal vents [16] and in the eastern tropical South
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Pacific water columns [17] further highlights the importance of
study on the largely uncharacterized anammox bacterial
communities in marine ecosystems. The 16S rRNA gene
based primer or probe analysis has greatly extended our view
of anammox bacteria from the artificial bioreactors to various
natural environments, such as marine/freshwater sediments
and water columns [5,18-20]. However, specific 16S rRNA
gene primers do not capture the whole diversity of the
anammox bacteria and allow assured linkage between bacteria
identity and their metabolic capacity [21]. Molecular methods to
detect functional gene markers based on the hydrazine
oxidoreductase (HZO), the key enzyme catalyzing the oxidation
of the important intermediate hydrazine (N2H4) to dinitrogen
(N2), were then developed and three hzo gene clusters (cluster
1, 2 and 3) have been identified [22]. Recently, estimation of
anammox diversity by hzo genes has been argued to be
complex due to the presence of 8 hzo genes in the genome of
Candidatus Kuenenia stuttgartiensis [21,23]. Another gene
encoding hydrazine synthase (hzs), which is more specific to
anammox bacteria, were therefore selected to analyze
anammox bacterial communities in nature [21,24,25]. But there
are so far only 164 hzsA and 136 hzsB sequences available in
the NCBI database. Also most hzs gene sequences recovered
are affiliated into Kuenenia, Jettenia and Brocadia clades
[24,25]. Considering that most anammox bacteria in marine
waters belong to Scalindua clade, we believe that hzo genes
are still good markers for phylogenetic analysis of anammox
bacteria in marine environments. The HZO assigned to cluster
1 were successfully purified from anammox environmental
culture KSU-1 and their function in oxidizing N2H4 has been
experimentally confirmed [26]. Very recently, another two HZO
proteins, which are now also named as hydrazine
dehydrogenase, were purified from the anammox bioreactors
with catalytic function being characterized [27]. The HZO
assigned to cluster 2 was observed to be able to oxidize N2H4

to N2 but at a much lower rate compared with cluster 1 HZO
[27]. The primers targeting hzo cluster 1 have been used to
detect the functional anammox bacterial community in marine
sediments [20,28-30]. However, very few studies, especially for
hzo gene sequences related to cluster 2, have been reported in
marine water columns [31], especially oxygen minimum zones
(OMZs) where a substantial proportion of N loss occurs [3].

Marine OMZs, characterized by stably depleted oxygen
concentrations (e.g. < 20 μM), usually occur in intermediate
waters of the open ocean [32], including the eastern tropical
Pacific and Atlantic oceans, as well as the Arabian Sea in the
Indian Ocean [33,34], in association with the upwelling systems
[5,35]. Although global OMZs occupy only a small portion
(~0.1%) of the ocean, their role in affecting the biogeochemical
cycles, especially N cycle, has been recognized [3,32,33]. The
release of ammonium and nitrite through incomplete
denitrification and deficient dissolved oxygen in the OMZs
support the growth of anammox bacteria, making OMZs an
important environment for marine N loss. The Costa Rica
Dome (CRD), located in the Eastern Tropical North Pacific
(ETNP) with a diameter of approximately 300 km, is one of the
eastern boundary upwelling systems [36-38]. The permanent
upwelling fertilizes the surface layers and the high biomass

sinks to subsurface layers consuming the dissolved oxygen by
aerobic respiration, therefore generating a stable OMZ
between 400 to 700 m [36]. Compared with other well-studied
marine oxygen deficient systems, such as the Eastern Tropical
South Pacific (ETSP) and Arabian Sea [7,31,39,40], anammox
community and activity in the CRD-OMZ (ETNP) are still not
well known. Very recently, abundant ladderane fatty acids, the
specific biomarker for the anammox bacteria, were detected in
CRD-OMZ, indicating the occurrence of the anammox bacteria
and their potential significant contribution to the N loss in this
unique environment [41]. Therefore, studying anammox
bacterial communities in CRD-OMZ may help us to understand
their ecological role in the biogeochemical cycling in oxygen-
depleted waters.

In this study, community compositions of both hzo cluster 1
and cluster 2 anammox bacteria in CRD-OMZ were
investigated by analysis of clone library. The abundance of hzo
gene and its transcriptional activity in the two size fractions was
quantified by quantitative PCR. Our study provided the first
insight into the diversity of anammox bacteria communities in
CRD-OMZ, and it was the first attempt to study the hzo cluster
2 sequences in the environments as well.

Materials and Methods

Sample collection and environmental conditions
Sampling was conducted at three stations in the OMZ off

Costa Rica coast during the FLUZiE cruise in June and July
2010 (Figure 1). No specific permissions were required for
sampling in these locations. All of the three stations are located
in the region of the Costa Rica Dome (CRD) with an annual
mean thermocline depth of 35 and 40 m (20°C isotherm depth)
according to previous study [37]. Seawater samples together
with hydrographical data were collected by a conductivity-
temperature-depth (CTD) rosette system (Sea-Bird Electronics)
with attached Niskin bottles. The dissolved oxygen
concentration was measured by a Seabird oxygen sensor
attached to the CTD and the range of the OMZ was then
determined. For DNA isolation, 1 liter seawater from four to
eight depths inside and outside of the OMZs at each station
was filtered onto a 2 μm and then a 0.2 μm pore size
polycarbonate filter (47 mm, Millipore) with a low vacuum
pressure. The same procedure was conducted for RNA sample
collection, except that the filters were immersed in RNAlater
solution (Ambion) immediately after the filtration. All of the
filters were flash frozen and stored at -80°C until further
analysis. Nitrite concentrations were measured on board using
the Greiss-Ilosvay colorometric method on a UV-VIS
spectrophotometer [42]. The ammonium samples were
measured on board using a fluorometric method for low
concentration samples described in Holmes et al. [43]. The
detection limits for nitrite and ammonium concentrations were
0.1 and 0.03 μM, respectively.

DNA and RNA extraction
Genomic DNA was extracted from the filters with the

PureLink Genomic DNA Kits (Invitrogen, Carlsbad, CA)
following the protocol designed with the lysozyme lysis buffer.
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Briefly, filters were cut into small pieces and incubated in ~200
μl lysozyme digestion buffer (25 mM Tris-HCl, 2.5 mM EDTA,
1% Triton X-100 and 20 mg/ml fresh lysozyme) at 37 °C for 30
min. Proteins were digested from the lysates by incubating with
proteinase K (1 mg/ml) and genomic lysis/binding buffer
(supplied in the kit) at 55 °C for 30 min. The lysates were then
thoroughly mixed with 200 μl absolute ethanol and the genomic
DNA was purified by the spin column within the kit. After 2
times washing with buffer, the extracted DNA was eluted into
100 μl TE butter and stored in -80°C.

Total RNA was extracted from the Millipore filters with the
TRIzol plus RNA purification kit (Invitrogen, Carlsbad, CA).
Briefly, the RNAlater immersing the filters was removed before
the preparation with TRIzol Reagent, because the residual
RNAlater would inhibit the dissociation of nucleoprotein
complexes and subsequently reduce the generation of the
RNA. The filters were incubated in a 2 ml microcentrifuge tube
with 1 ml TRIzol Reagent at room temperature for 5 min. After
adding 200 μl chloroform, the tube was shaken by hand for 15s
and incubated at room temperature for 3 min. The sample was
centrifuged at 12000 g for 15 min at 4 °C and the supernatant
was then collected and mixed with an equal volume of 70%
ethanol. RNA was then purified with the column following the
protocols and finally eluted in 50 μl elution buffer came with the
kit. DNA and RNA concentrations were measured on a
NanoDrop 1000 Spectrophotometer (Thermo Scientific).

Phylogenetic analysis of anammox bacterial
communities

Gene fragments of hzo cluster 1 were amplified from DNA
samples using the primer set of hzoF1 (5'-
TGTGCATGGTCAATTGAAAG-3') and hzoR1 (5'-
CAACCTCTTCWGCAGGTGCATG-3'), according to the
protocol described in Li et al. [29]. Gene fragments of hzo
cluster 2 from the DNA samples were amplified using the
primer set of hzocl2aF1 (5'-GGTTGYCACACAAGGC-3') and
hzocl2aR2 (5'-ATATTCACCATGYTTCCAG-3'), according to
the protocol described in Schmid et al. [22]. Nuclease-free
water was used as negative control in each reaction. To
minimize the PCR errors, more than 3 reactions for each
sample with various amount of DNA template were pooled
together. The positive amplicons of hzo cluster 1 (ca. 740 bp)
and hzo cluster 2 (ca. 790 bp) from each DNA sample were
confirmed by electrophoresis on a 1.5% agarose gel and

Figure 1.  Location of sampling stations in Costa Rica
Dome (CRD).  
doi: 10.1371/journal.pone.0078275.g001

purified using the Gel band purification kit (GE Healthcare, UK)
and then ligated into pMD 18-T vector with the cloning kit
(TaKaRa, Japan). Correct insertions were checked by direct
PCR amplification of randomly selected clones using M13
forward and reverse primers and 15 clones per library were
sequenced on a 3730xl DNA Analyzer (Applied Biosystems,
Foster City, CA).

Obtained hzo gene sequences were translated into amino
acid sequences using Bioedit [44]. The cutoff value of 1%
sequence distance was applied to define the operational
taxonomic unit (OTU) using the DOTUR [45]. With the
representative sequence of each OTU and the top-hit HZO
protein sequences from the GenBank by a protein blast
(pBLAST) search, a neighbor-joining tree was constructed
using MEGA 4.0 [46] with bootstrap analysis with 1000
replicates.

Quantification of hzo cluster 1 and cluster 2 gene
sequences

To quantify anammox hzo gene abundances, primers of
hzoF1 and hzoR1 for hzo cluster 1, and hzocl2aF1 and
hzocl2aR1 (5'-TYWACCTGGAACATACCC-3') for hzo cluster 2
were applied into quantitative PCR (qPCR). As the primer set
hzocl2aF1 and hzocl2aR2 applied for phylogenetic analysis of
hzo cluster 2 community has a low annealing temperature
(48°C), the other reverse primer hzocl2aR1 designed by
Schmid et al. [22] was used for the qPCR analysis of hzo
cluster 2 sequences. This primer sequence has been checked
to be identical with the target region of all of the sequences
recovered with the other primer set used in this study. Standard
curves were determined by analyzing 10-fold serial dilutions of
linear plasmids with the target gene inserts and were
constructed with linear regression of CT values plotted against
the initial gene copy number on a log scale. QPCR was
performed in triplicates in a final volume of 20 µl reaction with 2
µl of extracted DNA (~2-5 ng) from environmental samples, 1×
SYBR Premix Ex Taq (TaKaRa, Japan), 1× ROX reference dye
II and 200 nM each of the forward and reverse primer on a
7500 Fast Real-Time PCR system (Applied Biosystems, Foster
City, CA), with PCR conditions of 95 °C for 30 s, followed by 40
cycles of 95 °C for 5 s, 56 °C for 20 s for hzo cluster 1 (53 °C
for hzo cluster 2) and 72 °C for 40s. Fluorescence was
detected at the PCR extension step at 72 °C. Amplification
specificity was determined under a condition of gradual
increase in temperature from the annealing temperature to 95
°C in each post-amplification melting curve to confirm that only
the target band was generated in each positive reaction. A
sample inhibition test was conducted with the addition of 2µl of
randomly selected samples to the plasmid reaction and no
sample inhibitory effect was detected. The gene copy number
was calculated from the CT value applied to the regression
formula generated from the standard curve.

cDNA synthesis and quantitative reverse transcription
PCR

Before cDNA synthesis, purified total RNA was treated with
DNase I to eliminate DNA contamination. Total RNA (up to 200
ng) was then reverse transcribed to cDNA using the
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SuperScript III first strand cDNA synthesis kit (Invitrogen,
Carlsbad, CA). The reaction consisted of 8 μl of RNA treated
with DNase I (Amp Grad, Invitrogen), 1 μl of random primers,
1× RT buffer, 5 mM MgCl2, 0.5 mM each deoxynucleoside
triphosphate (dNTP), 10 mM dithiothreitol, 1 U RNaseOUT and
1 U SuperScript III reverse transcriptase (RT). A parallel
reaction without SuperScript III RT was used as RT-PCR
negative control (non-RT control). RNA was reverse
transcribed at 50 °C for 50 min and the reaction was terminated
at 85 °C for 5 min. Residual RNA was removed by addition of 2
U RNase H at 37 °C for 20 min. Two microliter cDNA (1.5 to
8.0 ng) was used for quantitative reverse transcription PCR
(qRT-PCR) with the same protocol as mentioned above for
qPCR. Both non-RT control and non-template control were
always used as a negative control.

Statistical analyses
All of the statistical analyses were conducted at the cutoff

value of 1% on amino acid level. The Shannon and Simpson
diversity indices, as well as the species richness estimator
Chao and abundance-based coverage estimator (ACE), were
calculated by the DOTUR [45]. The percentage of the
community coverage was calculated by the Good’s coverage:
Coverage = [1-(n1 / N)] ×100, where n1 is the number of unique
(single-clone) OTUs and the N is the total number of
sequences. The Unifrac (http://bmf2.colorado.edu/unifrac/
index.psp) weighted principal coordinates analysis (PCoA) was
applied to analyze the representative HZO sequences in each
OTU to understand the compositional difference of anammox
communities among different samples [47]. The significance of
the compositional difference among samples was tested by the
P-test and Unifrac significance test.

Nucleotide sequence accession numbers
All of the obtained sequences were deposited in GenBank

with the accession number JN228055 to JN228086 and
JN790154 to JN790185.

Results

Hydrographic conditions and OMZ determination
Similar hydrographic characteristics of the water columns

were shown at the three stations (Figure 2). Salinity increased
and temperature decreased sharply at the depth of 30-40 m,
corresponding to the upwelling front, where a stable
thermocline was generated. Dissolved oxygen concentration
decreased from the surface until a secondary peak appeared at
around 200 m depth, and then decreased again to a very low
value, where the OMZs of around 300 m thick were formed
below 300 m. A subsurface peak of ammonium and nitrite
concentrations in the euphotic zone was observed and nitrite
concentration reached its maximum of 0.98-1.50 μM within the
OMZ. Below the nitrite peak, ammonium began to accumulate
with nitrite concentration dropped to the background value
(Figure 3). Based on the profiles of dissolved oxygen and
nutrients, water layers outside the OMZ (above and below the
OMZ) and the core OMZ layer (dissolved oxygen ≤ 1.0 μM)

could be clearly defined. Inside the core OMZ layer, the region
between the upper OMZ boundary (oxic-suboxic boundary) and
the layer of the nitrite peak was defined as the upper OMZ; the
region between the layer of nitrite peak and lower OMZ
boundary was defined as the lower OMZ.

hzo gene cluster 1 and cluster 2 community diversity
and compositions

In order to reveal the community diversity and compositions
of hzo cluster 1 and cluster 2 in the CRD-OMZ, 5-6 samples for
each gene cluster among different depths (including upper &
lower OMZs and the oxic-suboxic boundaries) and different
stations were selected for cloning analysis. Overall, 92 hzo
cluster 1 sequences and 70 hzo cluster 2 sequences were
obtained from the three stations in CRD-OMZ (Table 1). The
recovered hzo sequences showed high sequence similarities
for cluster 1 (94.1-100%) and cluster 2 (96.7-100%). The
deduced amino acid sequences in each cluster were
96.3-100% (cluster 1) and 97.2-100% (cluster 2) identical to
one another. At the 1% sequence cutoff on amino acid level,
both hzo cluster 1 and cluster 2 communities in the whole
environment were represented in 9 OTUs, with the community
coverage values of 96.7% and 97.1%, respectively. For each
specific sample, 13 to 16 sequences were recovered from each
clone library. Among them, one to four OTUs were identified
with similar diversity indices and species richness estimators
(Table 1). The library coverage values ranged from 78.6% to
100%. The weighed PCoA showed that there were no apparent
clustering patterns among samples (Figure S1). No significant
differences were detected between the HZO communities from
different depths and stations by both Unifrac significance test
(P = 1.000) and P-test (P = 1.000).

In contrast to the highly similar community compositions in
each gene cluster, lower hzo (57.0-59.4%) and HZO
(45.2-47.1%) sequence similarities were shared between
cluster 1 and cluster 2, and they were separated into two
distinct clades in the phylogenetic tree (Figure 4). The topology
of phylogenetic tree was supported by different algorithms of
maximum parsimony and neighbor joining methods. The
obtained HZO cluster 1 sequences were affiliated into the
Candidatus Scalindua clade. Although the obtained cluster 2
sequences were amplified with the primers previously designed
for hzo cluster 2a, they were distinct (< 60% of amino acid
sequence similarity) from the existing cluster 2a sequences
and any other known HZO sequences in the database,
therefore we named them hzo cluster 2x clade in our study.

Quantification of hzo gene sequences and their
expression

To better understand the relationship between the 2 hzo
gene types and their spatial distribution patterns, the
abundances of hzo cluster 1 and cluster 2x sequences from
two size fractions (> 2.0 μm and 0.2- 2.0 μm) were estimated
by qPCR. Two independent standard curves were constructed,
with the regression slopes of -3.75 (cluster 1) and -3.56 (cluster
2x), respectively, and high coefficients (R2 ≥ 0.99). Both non-
template control and non-RT control had Ct values at least 10
cycles higher than the most diluted plasmid containing the
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Figure 2.  Hydrographic conditions of the sampling stations.  Shadow layers indicate the core of the oxygen minimum zones
(OMZs) characterized by dissolved oxygen concentration lower than 1.0 μM.
doi: 10.1371/journal.pone.0078275.g002

Figure 3.  Vertical distributions of nitrite (NO2
-) and ammonium (NH4

+) in the water columns of the sampling stations in
Costa Rica Dome (CRD).  
doi: 10.1371/journal.pone.0078275.g003
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target gene. The post-amplification melting curve analysis
clearly showed that there was no target gene contamination in
reagents and no DNA contamination in cDNA samples. The
abundances of the two gene clusters in the fraction of 0.2- 2.0
μm showed similar distribution patterns at all 3 stations (Figure
5); both of them peaked in the upper OMZs, then decreased
with depth and became undetectable below the OMZs. The
exact depths of the gene abundance peaks varied among
different stations, with peak depths of 350, 500 and 400 m
detected at station 1, station 3 and station 5, respectively,
corresponding to the peaks of nitrite concentrations at each
station (Figures 3 and 5). The maximum gene abundances of
the hzo cluster 1 ranged from 7.2 × 106 to 1.3 × 107 copies L-1

among the 3 stations and the cluster 2x maximum abundances
varied from 3.5 × 106 to 5.2 × 106 copies L-1. Comparatively, the
abundance of hzo cluster 1 was 1.4 to 3.0 times higher than
that of cluster 2x, except one deep water sample fCRD09
(Table 2). The hzo gene abundance of anammox bacteria in
the > 2.0 μm fraction, especially for cluster 2x, can only be
quantified in a few samples, mainly in the upper OMZs. The
gene abundances in the larger size fraction samples were ~100
to 2000 times lower than the smaller size fraction (< 2.0 μm)
samples at the same layer of all samples measured (Table 2).
The abundance ratios of hzo cluster 1: cluster 2x in larger size
fraction ranged from ~2 to 10, which were comparable to the
ratios of the smaller size fraction samples.

In addition, hzo gene transcriptional activity was measured in
the upper OMZs of the 3 stations where the highest hzo gene
abundance was recorded. The abundances of hzo cluster 1
and cluster 2x cDNA measured by qRT-PCR were 2.9 × 105 to
1.6 × 106 copies L-1 and 1.0 × 105 to 6.9 × 105 copies L-1,
respectively. The cDNA abundances for both gene types were
~5 to 45 times lower than the corresponding gene abundances.
The ratios of cluster 1 versus cluster 2x ranged from 0.9 to 4.8.

Discussion

Low diversity of anammox HZO community in CRD-
OMZ

Although the sampling size in this study (averaged 15
sequences per sample) for phylogenetic analysis is not very
large, the high library coverage values as well as the
rarefaction analysis (Figure S2) suggest that most of the HZO
community diversity were sufficiently captured and at least the
dominant anammox bacteria types were represented. Both the
diversity indices and richness estimators indicated low diversity
of anammox community in this environment. A low diversity of
anammox communities has previously been detected at the
16S rRNA gene level in marine OMZ waters [48,49]. The low
diversity observed in this and other studies might be due to the
availability and diversity of organic matter exported from the
euphotic zones. Bryant et al. [50] suggested that more
homogeneous organic matter in marine OMZs reduced the
various niches available for microbes and therefore led to
declining diversity. Anammox activity has been found to be
strongly correlated with the sinking of organic matter in ETSP-
OMZ [40]. Organic carbon as an important environmental factor
shaping the anammox bacterial community composition has
also been reported in marine sediments [28], which retain high
amount of organic matter and support higher diversity of
anammox communities.

The cluster 1 HZO sequences obtained from marine water
columns in our study shared 98% to 100% similarity to
sequences recovered from marine sediments. But precise
identification of our novel cluster 2x sequences seems not
possible due to the lack of available HZO cluster 2 sequences.
Two reasons might explain the limited number of published
cluster 2 sequences. First, the function of cluster 2 HZO is not
as well characterized as cluster 1, and their role in anammox

Table 1. Community composition and diversity analysis of oxygen minimum zone (OMZ) samples in Costa Rica Dome
(CRD) based on hydrazine oxidoreductase gene deduced amino acid sequences (HZO). Operational taxonomic units
(OTUs) were defined at the 1% sequence cutoff value.

Types Samplea Station Depth (m) Categoryb No. of clones No. of OTUs Shannon Simpson ACE Chao Coverage (%)
HZO cluster 1 fCRD07 Sta. 1 350 Upper OMZ 15 4 1.06 0.36 6.2 5.0 86.7
 fCRD41 Sta. 3 500 Upper OMZ 15 3 0.88 0.41 3.6 3.0 93.3
 fCRD71 Sta. 5 350 Upper boundary 15 2 0.69 0.47 2.0 2.0 100
 fCRD72 Sta. 5 400 Upper OMZ 16 4 1.16 0.31 4.6 4.0 93.8
 fCRD73 Sta. 5 500 Lower OMZ 15 3 0.80 0.49 3.8 3.0 93.3
 fCRD75 Sta. 5 650 Lower boundary 16 4 1.28 0.26 4.0 4.0 100
 Total    92 9 1.74 0.21 12.0 12.0 96.7
HZO cluster 2 fCRD07 Sta. 1 350 Upper OMZ 13 1 0 1.00 1.0 1.0 100
 fCRD41 Sta. 3 500 Upper OMZ 14 3 1.01 0.33 3.0 3.0 100
 fCRD72 Sta. 5 400 Upper OMZ 14 4 0.75 0.60 4.7 4.0 78.6
 fCRD73 Sta. 5 500 Lower OMZ 15 3 0.99 0.35 3.0 3.0 100
 fCRD75 Sta. 5 650 Lower boundary 14 3 0.76 0.53 4.0 3.0 92.9
 Total    70 9 1.66 0.24 10.7 9.3 97.1
aThe lowercase letter ‘f’ in the sample names means free living bacteria (size fraction between 0.2-2.0 μm).
bCategory names were defined in the first paragraph in the result.
doi: 10.1371/journal.pone.0078275.t001

Anammox Bacteria in Oxygen Minimum Zone

PLOS ONE | www.plosone.org 6 October 2013 | Volume 8 | Issue 10 | e78275



process is still not well known [27,51]. Second, there is so far
very few well developed primers targeting the cluster 2 [22]. To
better understand the taxonomic identity of the anammox
bacteria in this environment, 20 anammox bacteria 16S rRNA
gene sequences were also recovered from the core OMZs

(Figure S3). All of them were closely related to sequences from
Arabian Sea and Chilean OMZs [49,52] and affiliated into the
Candidatus Scalindua arabica clade. Previous studies showed
that a similar phylogeny was shared between anammox cluster
1 hzo and 16S rRNA gene sequences [9,22] , but such a

Figure 4.  Neighbor-joining phylogenetic tree constructed with anammox bacteria hzo-deduced amino acid sequences
from the oxygen minimum zone (OMZ) in Costa Rica Dome (CRD).  The sequences in bold were obtained in the present study.
The sequences were grouped at a 1% cutoff value using DOTUR and only one sequence was selected to represent the operational
taxonomic unit (OTU). The number in the brackets followed the sequence name indicated the number of the clones recovered.
Bootstrap resampling was performed 1000 times and only its values higher than 50% are shown. The scale bar presents the
number of amino acid substitutions per site.
doi: 10.1371/journal.pone.0078275.g004
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Figure 5.  Vertical profiles of hzo cluster 1 and cluster 2x gene abundances in the smaller size fraction (0.2-2.0 μm) among
different stations in Costa Rica Dome (CRD).  Shadow layers show the core of the oxygen minimum zone (OMZ) characterized
by dissolved oxygen concentration lower than 1.0 μM.
doi: 10.1371/journal.pone.0078275.g005

Table 2. Summary of hzo gene and transcript abundances from oxygen minimum zone (OMZ) in Costa Rica Dome (CRD).

Station Sample Depth hzo gene abundance (< 2.0 μm) hzo gene abundance (> 2.0 μm) hzo transcripta

  (m) (gene copies L-1) (gene copies L-1) (cDNA copies L-1)

   hzocl-1 hzocl-2x hzocl-1 : hzocl-2x hzocl-1 hzocl-2x hzocl-1 : hzocl-2x hzocl-1 hzocl-2x hzocl-1 : hzocl-2x
Sta.1 CRD06 250 8.9E+03 5.9E+03 1.5 UD UD —    
 CRD07 350 9.2E+06 3.5E+06 2.6 1.8E+04 2.0E+03 8.8 1.6E+06 6.9E+05 2.3
 CRD08 500 4.4E+06 1.5E+06 3.0 5.9E+03 UD —    
 CRD09 700 1.6E+04 2.7E+04 0.6 UD UD —    
Sta.3 CRD38 300 1.8E+03 UD — UD ND —    
 CRD40 400 2.1E+06 8.6E+05 2.4 6.8E+03 ND —    
 CRD41 500 1.3E+07 5.2E+06 2.5 2.0E+04 ND — 2.9E+05 3.2E+05 0.9
 CRD42 600 3.2E+06 2.2E+06 1.4 2.2E+04 ND —    
 CRD43 700 4.7E+05 3.1E+05 1.5 2.6E+03 ND —    
 CRD44 1000 UD UD — UD ND —    
Sta. 5 CRD69 300 UD UD — UD UD —    
 CRD71 350 3.1E+06 1.1E+06 2.9 3.4E+03 8.8E+02 3.9    
 CRD72 400 7.2E+06 4.4E+06 1.6 6.0E+04 5.8E+03 10.3 4.9E+05 1.0E+05 4.8
 CRD73 500 5.8E+06 2.7E+06 2.2 2.0E+03 1.1E+03 1.8    
 CRD74 550 3.5E+06 1.8E+06 2.0 UD UD —    
 CRD75 650 5.5E+05 2.4E+05 2.3 UD UD —    
 CRD76 700 9.7E+04 4.6E+04 2.1 UD UD —    
 CRD77 800 UD UD — UD UD —    
aqRT-PCR analysis was conducted on hzo transcripts of free-living anammox bacteria fraction (< 2.0 μm) only at the depth where hzo gene peak was detected at each
station. UD, under the detection limit; ND, not determined.
doi: 10.1371/journal.pone.0078275.t002
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relationship has not been tested for cluster 2 sequences. Extra
efforts are required to further identify these novel cluster 2x
sequences.

Oxygen and nitrite co-limiting distribution of anammox
bacteria

The abundance of hzo cluster 1 sequences measured in this
study is ~100 times lower than that obtained in the Arabian Sea
OMZ [31]. However, the ratio of hzo cDNA versus hzo gene
abundances in Arabian Sea is lower than 10-7, but the ratio is
around 0.02 ~0.2 in our study. This indicated that the hzo
transcriptional activity in CRD-OMZ is much higher than in the
Arabian Sea. The distributions of both types of hzo sequences
are limited in the core of the OMZ, where oxygen concentration
is lower than 1 μM (Figure 4). Associating with the low oxygen
content, there is a ~200 m thick water layer with elevated nitrite
concentration (> 0.2 μM). The abundances of the two clusters
have a very significant correlation with the nitrite concentration
in the OMZ (Figure S4; Spearman’s rho correlation: r = 0.78, p
< 0.001 for cluster 1 and r = 0.85, p < 0.001 for cluster 2x).
Previous studies show that oxygen-nitrite co-limit the
distribution of anammox bacteria in the Black Sea [5], Arabian
Sea [31] and eastern tropical north Pacific [41]. One station
(Station 8; 9°00’N, 90°00’W) in Rush et al. [41] is quite close to
our station 5 (9°21’N, 87°40’W) in the present study and they
also observed an apparent anammox ladderane lipids peak
around 400 m associated with a nitrite peak (1.13 μM).
Therefore, in this study, nitrite concentration as the substrate
for anammox process may also be the limiting factor affecting
the distribution of anammox bacteria in the oxygen deficient
waters.

In the Namibian upwelling system, Woebken and colleagues
found that the anammox bacteria Candidatus Scalindua spp.
were potentially organized into aggregates or attached to
particles associated with other bacterial and archaeal partners
[49]. In our study, gene quantification of the two size fraction
samples (separated by 2.0 μm) may also help us to understand
the lifestyle of anammox bacteria in this environment. The
sharply more abundant (~100 to 2000 folds, Table 2) hzo
sequences in the smaller size fraction strongly indicates that
more than 99% of anammox bacteria in CRD-OMZ might be in
free-living lifestyle. And those hzo sequences detected in the
larger size fraction might be from cells left on some large
particles during filtration.

Potential source and function of the novel cluster 2x
sequences

To check whether the novel hzo cluster 2x sequences are
functional or just non-coding gene fragments in the genome,
the deduced amino acid sequences were aligned with other
known HZO sequences (Figure S5). The novel HZO
sequences contain all of the structurally and functionally
important amino acid residues conserved in other known HZO
sequences, including the active heme-banding motifs C××CH
(Heme 5, 6, 7, 8) and the axial ligands His residues (His 2’, 5’,
7’, 8’), as well as the functional amino acids Asp267, His268
and Tyr467, among which the Tyr467 represents the oxidative
catalysis as the key function of the enzyme [53]. In addition,

highly abundant cluster 2x transcripts were detected,
suggesting their potential function in this environment.

The metagenomic identification of hzoA/hzoB gene
fragments from the anammox species KSU-1 [26] and eight
hzo gene fragments in the genome of Candidatus Kuenenia
stuttgartiensis [22,23] suggested the possibilities of multi-
copies of hzo gene and coexistence of hzo genes from different
clusters in one anammox bacterial genome. However, without
further evidence, we cannot make a clear conclusion whether
or not these novel cluster 2x sequences recovered were from
the same species as cluster 1.

Kartal et al. [27] recently found that one hzo cluster 2
sequence in K. Stuttgartiensis cells could oxidize
hydroxylamine to nitric oxide (NO) at a much higher rate than
the N2H4 oxidation as the key function of HZO. Therefore the
cluster 2x sequences detected in this study might also function
in the hydroxylamine oxidation. The coupling relationship
between anammox and nitrification has been suggested in the
Black Sea suboxic zone, where microaerobic nitrification may
occur [6]. Also, abundant amoA gene, which encodes the alpha
subunit of the enzyme Ammonia Monooxygenase for oxidizing
ammonium to hydroxylamine as the first step of nitrification,
were detected in the OMZs in Arabian Sea [31] and eastern
tropical South Pacific [54,55]. However, very few studies
reported the hydroxylamine oxidation in marine OMZs.
Therefore these novel cluster 2x sequences might be
homologous gene encoding hydroxylamine oxidase (HAO) and
function as hydroxylamine oxidation to provide nitrite for the
anammox process. However, as NO2

- is at the central position
of N cycle to link nitrification, denitrification, anammox and
DNRA, its flux and turnover in marine OMZs is highly dynamic
and complex. Our study contributes to the first step to study the
hzo cluster 2 in anammox bacteria; but the function of these
novel sequences and their relationship with anammox process
requires further studies.

In summary, in contrast to the ETSP and Arabian Sea OMZs
where anammox process has been well studied, our study
provided the first insight into the composition and distribution of
the anammox bacterial communities in the CRD-OMZ in ETNP.
The anammox bacterial communities in this study showed
relatively low diversity and their distribution was always limited
in the core of the OMZ and correlated well with nitrite
concentration. The novel cluster 2x sequences were found
quite abundant and they co-occurred with cluster 1 sequences
in CRD-OMZ, but their source and function in this special
environment remains unclear.
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Figure S2.  Rarefaction analysis of the six HZO cluster 1
and five HZO cluster 2 clone libraries.
(DOC)

Anammox Bacteria in Oxygen Minimum Zone

PLOS ONE | www.plosone.org 9 October 2013 | Volume 8 | Issue 10 | e78275
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