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Abstract Denitrification in the ocean is a major sink for
fixed nitrogen in the global N budget, but the process is
geographically restricted to a few oceanic regions, includ-
ing three oceanic oxygen minimum zones (OMZ) and
hemipelagic sediments worldwide. Here, we describe the
diversity and community composition of microbes respon-
sible for denitrification in the OMZ using polymerase chain
reaction, sequence and fragment analysis of clone libraries
of the signature genes (nirK and nirS) that encode the
enzyme nitrite reductase, responsible for key denitrification
transformation steps. We show that denitrifying assemb-
lages vary in space and time and exhibit striking changes in
diversity associated with the progression of denitrification
from initial anoxia through nitrate depletion. The initial
denitrifying assemblage is highly diverse, but succession on
the scale of 3–12 days leads to a much less diverse
assemblage and dominance by one or a few phylotypes.
This progression occurs in the natural environment as well

as in enclosed incubations. The emergence of dominants
from a vast reservoir of rare types has implications for the
maintenance of diversity of the microbial population and
suggests that a small number of microbial dominants may
be responsible for the greatest rates of transformations
involving nitrous oxide and global fixed nitrogen loss.
Denitrifying blooms, driven by a few types responding to
episodic environmental changes and distributed unevenly in
time and space, are consistent with the sampling effect
model of diversity–function relationships. Canonical deni-
trification thus appears to have important parallels with
both primary production and nitrogen fixation, which are
typically dominated by regionally and temporally restricted
blooms that account for a disproportionate share of these
processes worldwide.

Introduction

Diverse assemblages of microbes perform important bio-
geochemical transformations in the ocean such as the
removal of fixed N by denitrification. The ability to
denitrify occurs widely in many different taxonomic
groups, and molecular surveys show that natural denitrify-
ing assemblages usually contain many different phylotypes
[4, 21, 39]. It is often a challenge to identify the microbes
involved in these transformations and to understand the
significance of microbial diversity in contributing to the
rate and distribution of biogeochemical transformations
[19]. Denitrification refers to the process of removal of
fixed nitrogen through canonical denitrification and or
anammox. The term denitrifying bacteria refers to cells
that perform heterotrophic denitrification. We use the term
canonical denitrification to refer to the sequential reduction
of nitrate to nitrite, then nitric and nitrous oxides, and then

Microb Ecol (2009) 58:350–362
DOI 10.1007/s00248-009-9487-y

A. Jayakumar : B. B. Ward (*)
Department of Geosciences, Guyot Hall, Princeton University,
Princeton, NJ 08544, USA
e-mail: bbw@princeton.edu

A. Jayakumar
e-mail: ajayakum@princeton.edu

G. D. O’Mullan
School of Earth and Environmental Sciences, Queens College,
City University of New York,
Flushing, NY 11367, USA
e-mail: gregory.omullan@qc.cuny.edu

S. W. A. Naqvi
National Institute of Oceanography,
Dona Paula, Goa 403004, India
e-mail: naqvi@nio.org



to dinitrogen gas, an anaerobic respiratory process carried
out by heterotrophic microbes.

Denitrification occurs in hemipelagic sediments and in
low oxygen regions of the water column. The three major
oceanic oxygen minimum zones (OMZs) located in the
Arabian Sea, the eastern tropical North Pacific (ETNP) and
the eastern tropical South Pacific (ETSP) contain only 0.1–
0.2% of the total volume of the ocean, but they are important
sources of nitrous oxide (N2O), a potent greenhouse gas to
the atmosphere, and account for about 30% of the oceanic
fixed nitrogen loss as N2 [8]. Canonical denitrification has
long been considered to be the principal pathway by which
fixed nitrogen is removed in these regions. However, recent
discoveries suggest that anaerobic ammonia oxidation
(anammox) is also an important, even dominant, pathway
of N2 production [24, 46].

The Arabian Sea covers only 2% of the surface area of
the oceans, but its OMZ, the thickest found anywhere in the
world, accounts for 40% of the global pelagic N2

production, thereby making a disproportionate contribution
to the marine nitrogen budget [3]. The widespread open-
ocean oxygen deficiency in this region results from a
combination of a high oxygen demand, arising from high
biological productivity in the surface waters, and the
limited supply of oxygen to intermediate waters. In addition
to the perennial open-ocean OMZ, oxygen deficient
conditions also develop seasonally over the continental
shelf of India. Between May and November, upwelling
brings low-oxygen water over this shelf, and the respiration
of locally produced organic matter in conjunction with
strong stratification leads to intense denitrification followed
by sulphate reduction at very shallow depths. An unusual
feature of the coastal OMZ is the accumulation of N2O in
very high concentrations, which drives the highest N2O
flux to the atmosphere reported from the world oceans [30].
Most of the N2O in the coastal system appears to be
produced through canonical denitrification.

Denitrification rates have rarely been measured directly
in the oceanic OMZs [12], but the denitrifying waters are
readily recognized by an accumulation of nitrite (secondary
nitrite maximum (SNM)) and a partial depletion of nitrate
(nitrate deficit). The intensity of these signals is assumed to
correlate with denitrification rates [15]. The objective of
this study was to relate the diversity of the denitrifying and
anammox assemblages to the intensity of denitrification as
indicated by the proxy signals of nitrite and nitrate deficit.
In the Arabian Sea, the SNM is located in the 150–400 m
depth range, where the Winkler oxygen concentration is
<0.1 ml L−1 (the OMZ can span up to the depth interval
from ∼100 to 1,200 m). Although the SNM is assumed to
be the site of most intense denitrification and the OMZ
regions of the Arabian Sea have been well characterized
geochemically, very little is known about the microbes that

are responsible for the observed characteristic chemical
distributions.

We hypothesized that variations in community compo-
sition of denitrifying phylotypes should be related to the
redox state of the water column, characterized in terms of
different stages of denitrification (Table 1). The community
composition and structure is hypothesized to change from a
high diversity assemblage present at the induction of
denitrification into a low diversity, high abundance assem-
blage as denitrification intensifies. Thus, low-diversity
assemblages should dominate in areas associated with high
nitrite concentrations, high nitrate deficits, and thus inferred
regions of high N2 flux, while higher-diversity assemblages
are found in earlier stages of denitrification. We investigat-
ed the composition of denitrifier and anammox assemblages
in the OMZ by analyzing the marker genes nirS and nirK
involved in the denitrification process and the 16S rRNA
gene identified with anammox bacteria. Details of phylo-
genetic analysis of nirK, nirS, and anammox 16S rRNA are
presented elsewhere [21, 22]. On the basis of large-scale
patterns of diversity observed in the sequence and restric-
tion fragment data from individual stations, we now
document the predicted correlation of denitrifier assem-
blage diversity with the progression of denitrification at
both open-ocean and coastal stations in the Arabian Sea.

Materials and Methods

Study Area and Sample Collection

Three open-ocean stations (1, 2, 23) and two coastal stations
(K03, 17) were sampled on ORV Sagar Kanya cruises
SK208 and SK209 in the Arabian Sea between August and
October 2004. Coastal stations (G8 and V4) were sampled
during a cruise on the RV Sagar Sukti in October 2001.
Historical data on cell counts and nitrite concentrations are
included from an earlier cruise, ORV Sagar Sampada
cruise SS150 (November–December 1996). Station loca-
tions are shown in Fig. 1 and given in Table 2.

Table 1 Criteria for assignment of denitrification stage

Stage of
denitrification

Nitrite concentration
(μM)

% of NO3
− reduced

0 0 0
1 0–1 0–35
2 1–2 35–45
3 3–5 45–90
4 >5 90–100
5 0 100% (not SO4

− reducing)
6 SO4

− reducing
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Water-column sampling and temperature/salinity profiling
were carried out using a Sea-Bird Electronics Conductivity–
Temperature–Depth rosette sampling system, Model SBE9,
fitted with Niskin/Go-Flo bottles. Previous work in this area
had identified strong correlations between nitrite, particle, and
oxygen concentrations [29, 33]), so we used nitrite concen-
tration as a proxy to define the depth extent of the OMZ.
Water samples from an initial cast were quickly analyzed for

nitrite content (manual spectrophotometry). Samples for
further analysis were then collected to bracket the core of
the OMZ. Nutrient analyses were carried out onboard ship
using a Skalar auto analyzer [16], and dissolved oxygen
(DO) concentrations were determined by the titrimetric
Winkler method [7] on discrete water samples from the
complete depth profile.

Bag Incubations

To monitor denitrifier community composition associated
with the progression of denitrification and the resulting
changes in concentration of dissolved inorganic nitrogen
(DIN) species, we carried out bag incubations during cruises
SK208 and SK209. Four samples from the core of the OMZ
at stations K03, 1, 2, and 17 were collected using aseptic,
trace metal clean techniques without atmospheric contami-
nation and incubated in trace metal clean airtight plastic
laminate bags at close to in situ temperatures (24°C—Station
K03 and 15°C—stations 1, 2, and 17) with no additions of
any substrates or other treatments. Small aliquots of water
samples were drawn from these bags with airtight syringes
once daily, and nitrate, nitrite, nitrous oxide, and cell
numbers were measured in the bag samples by the methods
used for whole water samples (above). Samples for DNA
were collected from the incubation bag at station K03 after
32 and 60 h of incubation and from bags incubated at stations
1, 2, and 17 after 208, 310, and 159 h, respectively.

Microbial Abundance

Samples from SS150, preserved in formalin (2% v/v final
concentration) were enumerated for microbial abundance
using 4′,6-diamidino-2-phenylindole staining and epifluor-
escence microscopy [37]. Samples collected on SK209 were
preserved in glutaraldehyde (2% v/v final concentration),

Table 2 Station locations and hydrographic and nutrient data for stations from which clone libraries were made

Sample Sample depth
(m)

Station depth
(m)

Lat °N Long
°E

Stage S T (oC) [NO3
−]

(μM)
[NO2

−]
(μM)

DO
(μM)

Oceanic
1 230 3,900 17.00 68.00 3 35.39 14.16 17.37 5.04 3
2 276 2,600 19.8 64.60 1 35.97 16.44 20.62 1.05 3
23 249 3,900 15.00 64.00 2 35.71 16.67 18.36 2.39 3
Coastal
17 175 200 18.40 57.60 0 35.86 16.50 23.59 0.04 3
V4 0 85 15.58 73.10 5 36.04 28.70 0.00 0.00 167
V4 83 85 15.58 73.10 1 35.39 19.50 17.80 1.90 20
G8 40 65 15.41 73.36 4 35.57 20.14 0.40 6.70 2
G8 57 65 15.41 73.36 4 35.31 19.90 3.50 7.30 5
K03 21 50 14.40 74.00 0 36.19 24.00 23.98 0.20 54

Stage stage of denitrification as defined in the text and in Table 2, DO dissolved oxygen concentration measured colorimetrically

17

2

23

1
G8

K03

STATIONS

V4

0.5   M NO2

_

India

Pakistan

Oman

Figure 1 Study region in the Arabian Sea. Station locations for
cruises SS150 in 1996; SK208 (closed circles station K03) and SK209
(closed circles stations 1, 2, 17, and 23) in September–October 2004,
and for Sagar Sutki October 2001 (closed diamonds stations G8 and
V4) are shown. Dotted line denotes the region where [NO2

−] exceeds
0.5 μM in the oxygen minimum zone region. Stations 1 and 2 were
occupied on both SS150 and SK209
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and cell density was estimated by flow cytometry using
Syto 13 dye (Invitrogen) and a Benton Dickinson FACSort
with a 488 nm laser.

Nucleic Acid Manipulations and Diversity Analysis

During cruises SK208 and SK209, particulate material from
5–10 L seawater was collected onto Sterivex capsules
(0.2 μm filter, Millipore, Inc., Bedford, MA, USA) with a
peristaltic pump. Particulate material from 4 L of seawater
from the bag incubations was collected by filtration onto
Sterivex capsule filters. Immediately after filtration, the
capsule filters were quick frozen in liquid nitrogen and
stored at −80°C until the DNA could be extracted.

DNA extraction techniques, polymerase chain reaction
(PCR) conditions for nirS and nirK, the construction and
analysis of clone libraries, and restriction fragment length
polymorphism (RFLP) methods have been described
previously [21, 38]. For this study, clone libraries were
constructed from five environmental samples and four
incubation samples (Table 3). Primers designed for the
major anammox groups (AMX 368F and AMX820R) [41]
were used to amplify anammox 16S rRNA genes. Clones
were randomly selected from the libraries and sequenced
using an ABI 310 Genetic Analyzer without additional
screening. All the clone libraries were constructed from

initial (natural) samples except for the latter two time points
from Station K03 and final time points from stations 1 and
17, which were constructed from samples taken from the
incubation bags at the times indicated (Table 3). Sequences
were edited and assembled using Sequencher 4.1 (Gene
Codes Corporation, Ann Arbor, MI, USA). Phylogenetic
analysis was performed using DNA alignments for the 16S
rRNA anammox sequences and for nirS and nirK sequen-
ces for diversity and operational taxonomical unit (OTU)
analysis. DNA sequences were translated into amino acid
sequences and used for phylogenetic analysis of nirS and
nirK genes. Multiple alignments were created in Clustal X
[47], and neighbor-joining trees were produced using
distance matrix methods (PAUP 4.0, Sinauer Associates).
Bootstrap analysis was used to estimate the reliability of
phylogenetic reconstruction (1,000 replicates). Twenty-one
of the 307 nirS nucleotide sequences were aligned separately
because of greater divergence, but these sequences were
confirmed to be nirS based upon translated amino acid
sequences and were included in further analyses. nirS
sequences from the coastal Arabian Sea [21] are also
included in the diversity analysis. To estimate the level of
identity with the published sequences, all sequences gener-
ated in this study were compared to the National Center for
Biotechnology Information (http://www.ncbi.nlm.nih.gov/)
database sequences using BLAST search.

Table 3 Details of nirS, nirK, and anammox clone sequence data and diversity indices from the OMZ of the Arabian Sea

Sample Time
(h)

Stage nirS nirK Anammox 16S rRNA

Station # of
Seqs

# of
OTUs

J H′ # of
Seqs

# of
OTUs

J H′ # of
Seqs

# of
OTUs

J H′

Oceanic 175 13 110 15 58 7
1 0 3 42 8 0.75 1.56 37 6 0.97 1.75 24 5 0.97 1.75
2 0 1 63 9 0.84 1.85 36 10 0.87 2.00 18 5 0.87 2.00
23 0 2 70 9 0.89 1.95 37 11 0.94 2.24 16 4 0.94 2.24
Coastal 132 32 168 16 NA
17 0 0 ND 38 9 0.57 1.25 NA
V4 – 0a 0 5 26 2 0.52 0.36 NA NA
V4 –
83a

0 1 34 19 0.94 2.76 NA NA

G8 –
40a

0 4 36 13 0.76 1.94 NA NA

G8 –
57a

0 4 36 12 0.81 2.00 NA NA

K03 0 0 ND 72 9 0.88 1.94 NA
K03 32 4 + + 46 3 0.31 0.34 NA
K03 60 4 + + 12 2 0.41 0.29 NA
Total 307 43 278 25

ND PCR amplification attempted, but no product was detected; NA PCR amplification was not attempted on these samples; + PCR amplification
was successful, but clone libraries were not constructed; J Pielou’s J index of dominance; H′ Shannon–Wiener index of diversity; V4 station 4 off
Vengurla, India; G8 station G8 off Goa, India
a Numbers that follow the Station Number indicates the sample depth
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The nirS and nirK OTUs were calculated from the
combined station database using the furthest neighbor
algorithm in the DOTUR software package [40]. Unique
OTUs were defined to include DNA sequences with >90%
identity to each other for nirS and nirK. For anammox 16S
rRNA, the OTU definition was 99% identity. OTU
frequencies (Pi) were normalized to the number of clones
from the sample that were sequenced from the library, such
that Pi = number of sequences from a library belonging to
OTUi divided by the total number of clones sequenced
from the library. Shannon–Wiener (H′) and Pielou’s J (J)
indices were calculated in Excel for each gene at each site
using the equations H′ = −∑ Pi (log Pi) and J = H′/(log
average OTU richness), respectively [27]. Dominance is
quantified as 1−Pielou’s J. Beta diversity is reported as the
total combined richness for the group of sites divided by the
average richness for the sites.

Restriction fragment length polymorphism analysis was
used to supplement clone library sequence data for
characterizing the changes in diversity during bag incuba-
tions initiated with samples from stations 1, 2, and 17.
Representatives of each RFLP pattern generated from the
clone libraries were partially sequenced to confirm that the
fragments did indeed represent nirK or nirS sequences, but
not all clones corresponding to each of these RFLP patterns
were sequenced from both ends. Rarefaction statistics [17]
were computed using the software Analytic Rarefaction
1.3TM [18] and OTUs were defined on the basis of distinct
RFLP patterns.

Accession numbers are reported here for the nirK
(EU069625–EU069754) and the anammox 16S rRNA
(EU069755–EU069813) sequences. Detailed phylogenetic
analysis and accession numbers for the members of the
clusters of nirS and nirK amino acid sequences will be
presented elsewhere [22].

Results

Stages of Denitrification

Using nutrient and hydrographic criteria, we have assigned
discrete stages of denitrification to water column conditions
representing the progressive development of denitrification
(Table 1, Fig. 2a). Based on the chemical features that
characteristically develop during the mineralization of
organic matter, a numerical index was assigned to denote
the stages in the progression of oxidized N species
associated with denitrification using nitrite concentration
and nitrate removed (calculated according to [8]). In an oxic
environment, nitrate coexists with dissolved oxygen (stage 0).
When DO is depleted (<5 μM) and suboxia develops
(stage 1), denitrifiers take over the remineralization

process, reducing nitrate and thereby producing traces of
nitrite, nitrous oxide, and molecular nitrogen as interme-
diate and terminal products. As low oxygen conditions
persist over time, nitrite initially accumulates, sometimes
with a transient accumulation of nitrous oxide (stage 2),
but nitrite is subsequently reduced (stage 3), and eventu-
ally most of the nitrate is converted to nitrite and further to

Figure 2 The stages of denitrification. a Cartoon representing relative
concentrations of nitrate, nitrite, and molecular nitrogen as a function
of stage of denitrification. b Variation in H′ with stage of
denitrification. Data include nirK (open triangles) and nirS (open
diamonds), coastal [21] and open ocean (SK209), and samples from
both bag incubations and in situ conditions. c Dominance index for all
samples in b
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N2O or N2 (stage 4). As complete anoxia occurs, all
oxidized forms of nitrogen are reduced to N2 (stage 5).
Stage 6 signifies the occurrence of sulfate reduction and is
common in marine sediments but is rarely reached in
water column environments. Hydrographic data for the
stations under investigation are presented in Table 2, along
with their assignment to a stage of denitrification.

Bacterial Abundance and Stage of Denitrification

Microbial cell abundance maxima typically occurred within
the SNM (Fig. 3). Cell abundance is also related to
denitrification stage (Fig. 4a, b). Scatter in these data sets
is partly due to the unimodal distribution of nitrite
concentration over the progression of denitrification, i.e.,
nitrite disappears again at the very late stages of denitrifi-
cation and also due to intrusion of Persian Gulf water into
the OMZ water of the Arabian Sea, thus mixing two water
masses with different cell number–nitrite relationships. In
addition, the assignment of stages is somewhat complicated
because it combines the net result of the history of the water
and in situ microbial activity.

Diversity of Denitrifying Bacteria in the OMZ Based
on Key Denitrification Genes, nirK and nirS

All samples were successfully amplified with primers
designed for the gene encoding bacterial 16S rRNA,

verifying that amplifiable DNA was obtained from all
samples. nirK could be amplified from all seven samples
from which amplification was attempted, including all the
incubated samples, while nirS could be amplified only from
the three open-ocean samples and six of the eight coastal
samples (samples representing the later stages of denitrifi-
cation; Table 3). nirK analysis was not attempted for the
stations reported by Jayakumar et al. [21].

Phylogenetic trees were constructed from nirK (seven
samples from both coastal and open-ocean stations; 278
sequences) and nirS (three open-ocean samples, stations 1, 2,
and 23; 175 sequences) gene fragments from the clone
libraries made from SK208 and SK209 samples collected in
Jayakumar et al. 2004 [22]. The present analysis relies on
OTUs defined from this collection of sequences plus those
obtained from the coastal stations previously from samples
V4-0, V4-83, G8-40, and G8-57 in October 2001 [21]
(Table 3). The patterns are further supported by nirS and
nirK RFLP data collected from bag incubations (stations 1
and 17) and by the sequence analysis from the bag
incubations at station K03.

Figure 3 Depth distribution of water column chemistry associated with
OMZ/denitrification and cell abundances at station 1 (17° N, 68° E) in
1996 (SS150). Plus signs nitrate, open triangles nitrite, closed circles
microbial abundance, open diamonds dissolved oxygen

Figure 4 a Microbial abundance (in situ samples) from cruise SS150
(November 1996, Arabian Sea) plotted as a function of stage of
denitrification. b Microbial abundance from cruise SK209 (October
2004, Arabian Sea) plotted as a function of stage of denitrification.
Data are from both in situ samples and bag incubations
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The open-ocean environment harbored less nirS diversi-
ty (13 OTUS total, 11 OTUs specific to oceanic libraries;
beta diversity=1.5) than the coastal environment (32 OTUs
total, 30 OTUs specific to coastal libraries; beta diversity=
2.8) despite a slightly larger sequencing effort in the open-
ocean samples (Table 3). Only two OTUs representing 10%
of the total nirS sequences collected were detected in both
environments. The distribution of OTUs was more uniform
for nirK (open ocean=15 OTUs total, nine OTUs specific
to open-ocean libraries, beta diversity=1.7; coastal=16
OTUs total, ten OTUs specific to coastal libraries, beta
diversity=1.7). Only six OTUs representing 45% of the
total nirK sequences were detected in both coastal and
open-ocean samples, indicating that the two environments
harbor substantially different communities for both nirS and
nirK. The details of the phylogenetic diversity are presented
elsewhere [22].

The overall estimates of diversity presented here
(Table 3) are probably underestimates because no PCR
primers can be relied upon to detect or amplify all possible
related genes. The patterns we observed are therefore
considered within the constraints of the clone libraries and
may apply with variable accuracy to the natural assem-
blage. Nonetheless, consistent methodology has been
applied throughout allowing a robust relative comparison
of samples within the constraints of the primer sets and
with the caveat that not all primers amplify with same
efficiency and the sample matrix can inhibit PCR with
some primers and not others.

Progression of Denitrification

A wide range of environmental conditions, representing
different stages of denitrification, was encountered in the
open-ocean and coastal Arabian Sea stations (Table 2). The
open-ocean stations generally represented the earlier stages,
while later stages were found at the coastal stations. Station
1 represented the latest stage (stage 3) found among the
open-ocean stations, and it had intermediate levels of
dominance in both nirK and nirS in the ambient sample
(Table 3). Coastal station V4 had progressed through
complete nitrite + nitrate removal (stage 5, Table 2)
and exhibited strong dominance among nirS phylotypes
(Table 3). It represents a very late stage in denitrification,
perhaps even “post denitrification,” despite the presence of
oxygen. The total absence of nitrate and nitrite reflects the
history of this water as recently upwelled to the surface
(thus replenishing its DO concentration), having recently
undergone denitrification in contact with shelf sediments,
and any residual nitrate having been consumed by
phytoplankton at the surface. The seasonal development
of denitrification in these shelf waters, accompanied by
very high nitrous oxide fluxes, has been documented [30].

In addition to sampling an environmental gradient that
represents the progression of denitrification, we also
explicitly followed the progressive development of denitri-
fication in incubations of natural samples in airtight bags
from stations K03, 1, and 17. No substrate additions were
made to these bags, so the developments depended entirely
upon the initial conditions. In both the Eastern Tropical
North Pacific and the Eastern Tropical South Pacific OMZ
waters, no changes in dissolved inorganic nitrogen concen-
trations or cell number occurred over >8 days in control
bags with no additions of any substrates [50]. In the
Arabian Sea, however, denitrification occurred in the bags
soon after incubations were initiated, even when no carbon
was added. These results show that there was sufficient
organic carbon available in the Arabian Sea during the
sampling period to fuel denitrification, while both the
ETNP and ETSP were apparently carbon limited at the time
of the experiments [50].

The initial sample from station 17 had the characteristics of
stage 0 (Table 2) but underwent complete denitrification
during the incubation, based on the near total consumption of
NO3

− within 6 days. Over this period, the RFLP diversity of
nirK genes in the incubation decreased dramatically (Fig. 5).
Similar decrease in diversity of nirK genes was observed in
the incubated samples from station 1, as seen in the
rarefaction curves in Fig. 5. In both incubations, the initial
sample had 12 OTUs, and that number decreased to about
five OTUs in the later stages of denitrification.

Stage 0 was also represented by station K03 (shelf
region off Karwar; Table 2). Transformations occurred
rapidly in this incubation, probably due to the high in situ
organic matter content of waters in this region because of

Figure 5 Rarefaction curves of RFLP-defined OTUs for nirK clone
libraries from station 1 (closed circles, open circles) and 17 (closed
diamonds, open diamonds) before (initial water sample; closed
symbols) and at the end (open symbols) of the incubation (208 h for
station 1; 159 h for station 17)
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Figure 6 Phylogenetic tree for nirK sequences obtained from a bag
incubation experiment at station K03 (cruise SK208, October 2004)
with sequences from all three time points (T0 no stars; T1=32 h,
single asterisks; T2=60 h, double asterisks). The nirK tree was based
on DNA sequences of approximately 470 bp. Bootstrap values

determined from 1,000 iterations are shown for nodes with >50%
support. Sequences from cultivated strains are shown in italics and a
few closely related database sequences are also included for reference.
The pie charts represent the distribution of OTUs (fraction of the
clone library) at each time point
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the high primary productivity during this season [30]. The
phylogenetic distribution of nirK genes shows that the
diversity present in the initial time point decreased
dramatically as denitrification progressed in the bag
(Fig. 6). After 2.5 days, 40 out of 43 clones (93%) were
identical at the amino acid level. The diverse nirK
community present initially (H′=1.94) underwent succes-
sion as denitrification intensified in the incubation, leading
to a community dominated by one OTU (H′=0.29). The
nirS community responded similarly in the incubation: nirS
could not be amplified from the initial sample, so nirS data
from this experiment were not included in the diversity
analysis. nirS was, however, detected in the later timepoints
from the incubation; the nirS clone library generated from
the end point of this same incubation was dominated (67%
of total) by one nirS clone.

Community succession also occurred in incubations of
open-ocean water. Water incubated from station 1,
initially stage 3, underwent nearly complete denitrifica-
tion within 8 days (Fig. 7), and cell number increased to a
maximum coinciding with the reduction of nitrate and the
transient appearance of nitrous oxide. Initial nitrite in the
bags was slightly different from the ambient water column
concentration (Table 2) because the bags were filled from
a subsequent cast. By the end of the bag incubation at
station 1, the shape of the nirK rarefaction curve had
changed in a manner very similar to the change observed
at station 17 (Fig. 5), indicating a large reduction in
diversity. In the bag, succession led to the establishment of
strong dominance in which one phylotype (99% identical
at the amino acid level) comprised 52% of the final clone
library.

Many of the nirS OTUs (128 of 175 sequences) occurred
at all three OMZ stations, but the dominant OTUs varied
geographically. Thus, different stages of denitrification
appear to be accompanied by different community compo-
sitions in the open-ocean OMZ. Similarly, even though
some of the same phylotypes were present in both the open-
ocean and coastal OMZ, the dominant OTUs differed. At
the DNA level, the dominant nirK OTU from the coastal
zone (from incubation experiments) had only 71% identity
to the dominant OTU from station 1, where the closest
match to cultured strains were Roseovarius sp. 217 (75%
identity) and Rhodobacterales bacterium HTCC2654 (80%
identity), respectively. Similarly for nirS, the dominant
OTU in the open ocean had only 76% identity to the
dominant sequence from the coastal zone, where the closest
match was to a cultivated strain, the anammox bacterium
Kuenenia stuttgartiensis (45% identity), for the open ocean
and Magnetospirillum magneticum AMB-1 (72% identity)
for the coastal zone.

Anammox Diversity

Very little variation in community composition and diver-
sity was detected in the anammox assemblage on the basis
of 16S rRNA analysis (Table 3). All 58 Arabian Sea
anammox sequences, from three clone libraries (stations 1,
2, and 23), were >98% identical, i.e., only one OTU was
detected with an identity cutoff of 98%. With an OTU
definition of 99% identity, a total of seven OTUs could be
distinguished, but the two most abundant OTUs in the
clone library contained 42 of the clones. Three of the OTUs
were present at all three open-ocean stations. Although
there is variation among groups, the conventional identity
for a species definition is 97% identify in 16S rRNA
sequence, so the anammox sequences here define a very
homogenous group.

The primers employed here were designed to detect the
main wastewater anammox genera, Brocadia anammoxidans
and K. stuttgartiensis, but only Scalindua was detected, and
only one phylotype of Scalindua could be distinguished. The
small sequence difference between these primers and those
“specific” for Scalindua was apparently not sufficient to
distinguish them or to discriminate against an abundant
phylotype. It is also possible, however, that not enough is
known about the extent of anammox bacterial diversity to
make truly universal primers, leading to an underestimation
of the anammox bacterial diversity.

Discussion

We hypothesized the following scenario of changes in the
heterotrophic microbial community structure associated

Figure 7 DIN concentrations and cell numbers in 10-L bag
incubation experiment from Arabian Sea station 1 (2004). Data are
averages of three replicate incubations with no carbon additions.
Nitrate (closed diamonds), nitrite (open diamonds), nitrous oxide
(open circles), cell number (plus signs)
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with stages in the induction and intensification of denitri-
fication following the transition from oxic to anoxic
conditions (Table 1). At stage 0, several different species
of denitrifiers are present, albeit in low numbers, and the
population is dominated by organisms that do not possess
nirK or nirS genes. The overall diversity is high, but
denitrifiers comprise a small part of the community. As the
oxygen concentration falls below the threshold for the onset
of denitrification (1–4 μM; [9, 11], conditions become
more favorable for denitrifiers and less favorable for
obligate aerobes. Hence, both the absolute and relative
abundance of denitrifying cells increase. Competition for
carbon substrates, and perhaps NO3

−, among denitrifiers
becomes important, and selection starts to play a role in
determining the growth success of any particular denitrify-
ing type. In the later stages of denitrification (>3) where
cell number is the highest, differential selection leads to a
decrease in OTU diversity and an increase in dominance of
one or a few types of denitrifying organisms.

The coincidence of a microbial cell number maximum
with the subsurface particle maximum, the SNM, and the
nitrate deficit is a common feature in all three major OMZ
regions of the world oceans [14, 32, 36, 43]. Based on
particle size distributions and microbial cell abundance,
Spinrad et al. [43] concluded that most of the small
particles causing the transmission minimum (beam attenu-
ation measured with a transmissometer) in the ETSP were
indeed bacterial cells. The subsurface particle maximum
also coincides with the maximum in the activity of the
respiratory electron transport system (and particulate pro-
tein [43]. These earlier data suggest a relationship between
cell numbers and denitrification activity as inferred from
nitrite concentration in the OMZ.

The oxygen-depleted environment of the OMZ is not
conducive for the growth of aerobic heterotrophs, e.g., the
SAR11 cluster which comprises up to 26% of the bacterial
assemblage of the open-ocean realm [28]. Denitrifying
bacteria, however, use canonical denitrification as a
respiratory process that couples electron transport to the
stepwise sequential reduction of nitrogen oxides during
heterotrophic growth on organic matter. Thus, due to its
redox state, the OMZ environment is selective for deni-
trifying bacteria, and we hypothesize that the cell number
maxima associated with the SNM in the OMZ are
composed disproportionately of denitrifying cells compared
to the assemblage in surface waters. Cell abundances in the
OMZ approach the levels usually found in surface waters,
up to 10-fold higher than is normal for equivalent depths in
non-OMZ regions (Figs. 3, 4) [43]. Since denitrifying
bacteria are expected to account for less than 10% of the
total cells in non-OMZ regions but probably constitute the
vast majority cells of the OMZ, denitrifiers may be as much
as 100-fold more abundant in the OMZ than outside it.

Along with the increase in cell number at later stages of
denitrification, we documented consistent changes in nirS
and nirK diversity. The pattern consists of high diversity of
denitrifying organisms in the initial stages of denitrification
and dominance by a few phylotypes after the intensification
of the process both in experimental incubations and under
natural (in situ) conditions. The in situ stations spanned the
environmental gradient representing the progression of
denitrification in both coastal and open-ocean waters
(Fig. 2b, c). These patterns are observed for both nirS and
nirK populations (Table 3, Fig. 2b, c). For both genes,
initially low nitrite concentration is associated with high
diversity of denitrifiers, while high nitrite concentration is
accompanied by low diversity. Independent evidence
(Figs. 3 and 4 and cited above) supports the correlation
between high nitrite/low diversity and high cell abundance.
In both the environment and in incubations, a bloom
occurs, but the particular organism that blooms varies in
both space and time.

The “bottle effect” is a familiar artifact that should be
suspected in interpreting the results from the long-term
incubations and their relevance to the natural environment.
Confinement, even in relatively large volume bottles (3 L),
can lead to changes in community composition in shallow
coastal waters [13]. Thus confinement alone could be
suspected in somehow enhancing the ability of the
assemblage to grow and denitrify even without nutrient
enrichment in the 10-L bags. Failure of the communities to
grow and denitrify in the ETNP and ETSP incubations in
the absence of nutrient additions, however, argues that
containment alone is not sufficient to induce changes in cell
number and DIN in OMZ water [50]. Similarly, long
periods of no growth or other response were also observed
for incubated samples from the Baltic Sea [5]. Denitrifica-
tion commenced only when additional carbon was added to
the incubations, which is consistent with our hypothesis
that episodic denitrification is driven by variable carbon
input from overlying waters. Thus, while the bag conditions
cannot be said to represent the natural environment, the
patterns of DIN and diversity changes parallel those
observed at similar stages of denitrification in the environ-
ment. Temporal variability in denitrification was hypothe-
sized to explain its apparent absence in waters where
anammox, but not denitrification, was easily detected by
15N incubation methods [46]. This might imply that
denitrification occurs in the environment in a batch
culture-like mode, when organic carbon is injected into
subsurface OMZ waters from localized or episodic blooms.

Implications of the Change in Community Structure

The bulk of nitrogen loss is expected to occur during the
mid to late stages (2 to 4) of denitrification. These stages
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are recognized by their typical chemical signatures. The
SNM, which occurs in the region bounded by 12–22° N and
62–72° E in the Arabian Sea, is a hot spot for intense turnover
of nitrogen species. The largest nitrate deficit and greatest N2

excess occur within the SNM [12], as does the fastest
turnover of nitrous oxide [34, 35]. These hot spots support
the highest cell numbers but have the lowest denitrifier
diversity. Thus, the bulk of N loss in OMZs is likely to
occur when the denitrifying community is in a bloom-like
state, characterized by high biomass (e.g., Fig. 7), decreas-
ing diversity and increasing dominance (i.e., stages 2–5 in
Fig. 2). Because OMZs contribute disproportionately to the
global N loss, these few dominant OTUs, responding to the
pulsed organic matter supply to the OMZs, should be
responsible for a significant fraction of global nitrogen loss.
Just as nitrogen fixation in the surface ocean is thought to
be strongly influenced by low-diversity bloom events (e.g.,
the Trichodesmium blooms) [6], we suggest that subsurface,
low-diversity denitrification bloom events may also be
important in counter balancing the global N cycle.

Loreau et al. [26] pointed out that, because the bulk of
ecosystem processes are due to microorganisms, it is
important to understand the applicability of diversity–
function theory to microbial systems. Two theoretical
models, sampling effect and niche differentiation, offer
different explanations for the role of diversity in maximiz-
ing community and ecosystem function [48] and predict
different levels of diversity after succession under con-
ditions approaching equilibrium. The niche differentiation
model [49] predicts that multiple species will be maintained
as long as each has a competitive advantage due to a
resource, combination of resources, or environmental
conditions creating a niche where each species is a superior
competitor. In this case, maintaining high levels of diversity
leads to maximum function because habitat space can be
efficiently subdivided and biological diversity allows
optimization of this heterogeneity. In the sampling effect
model [1, 20, 49], the probability of including a dominant
competitor increases with diversity. A very diverse assem-
blage provides the background reservoir from which
environmental conditions can select the most “fit” biolog-
ical unit. Under stable conditions, this model predicts that
diversity will approach a monoculture of the dominant
competitor and function will increase towards an asymptote
equal to the functioning of that monoculture or blooming
microorganism. The fast growth of bacteria and relative
homogeneity of the water column environment may make
the sampling effect model more appropriate to describe the
importance of diversity over short time and small spatial
scales. The present data, in which OTU richness and
evenness decrease sharply with succession, are consistent
with the sampling effect. It has also been suggested that
diversity–function relationships should display less response

saturation when applied to highly dynamic populations such
as bacteria [42], allowing rapid functional optimization. At
a regional scale, the sampling effect model may be less
applicable. Although most late-stage denitrification samples
showed very low diversity and high dominance (Fig. 2)
consistent with the sampling effect, the dominant OTU was
variable in both space and time, consistent with the niche
differentiation model acting on larger spatial and temporal
scales. Therefore, high levels of landscape-level (gamma)
diversity are extremely important for providing the initial
reservoir of diversity on which selection can act to create
blooms that dominate ecosystem processes over the shorter
temporal and spatial scales. In the case of oceanic nitrogen
fixation and denitrification, these microbial blooms appear
to have a large role in the global fluxes.

Canonical Denitrification Versus Anammox

Denitrifier community dynamics documented here indicate
that nitrate deficits, and presumably removal of fixed
nitrogen, is associated with denitrifying bacteria in the
oxygen minimum zones, but the relative importance of
denitrifiers versus anammox bacteria in this removal process
remains unclear. Unlike both nirK and nirS type denitrifiers,
the phylogenetic composition of the anammox assemblage
did not vary among stations or stage of denitrification
(Table 3). Quantitative analysis, e.g., by quantitative PCR,
of these groups is a necessary next step in addressing the
question of their relative abundance.

Although denitrifying organisms are facultative anae-
robes that can denitrify at low oxygen concentrations [23],
in the Arabian Sea OMZ, vigorous denitrification, as inferred
from the accumulation of nitrite, does not seem to occur above
a sharply defined threshold DO concentration of <1 μM
[29, 31]. The anaerobic ammonium oxidation process is also
reported to be reversibly inhibited at DO>1 μM [44],
but environmental incubations indicate that anammox toler-
ates and is active at much higher oxygen concentrations [25].
Denitrifiers, however, can switch to aerobic growth at high
oxygen concentrations, while anammox have no known
aerobic capabilities. Thus, sensitivity of the two types of
organisms to ambient DO levels may influence their survival
and distribution. The minimal reported doubling time for
anammox bacteria is about 11 days [44], while for
denitrifiers it is much less. Hence, in a system dominated
by episodic carbon input, denitrifiers appear to have an
advantage over anammox by virtue of their faster growth; the
computed doubling time for the microbial assemblage (based
on total cell counts) in our bag experiments ranged from 59
to 156 h [50]. The cell growth we observed in the bag
incubations could not have occurred for cells with a
generation time of 11 days. We detected diversity changes
for both nirS and nirK, and the latter was not present in the
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genome of uncultured anammox bacterium K. stuttgartien-
sis. Moreover, some depths within the open-ocean and
coastal OMZs are supersaturated with nitrous oxide [2].
Based on culture experiments and insights from the only
known anammox genome, K. stuttgartiensis, there is no
evidence that anammox is involved in N2O biogeochemistry
[45]. The correlation between high cell numbers, denitrifier
diversity patterns, and late-stage denitrification implies that
denitrifying bacteria dominate the biomass of the OMZ
when denitrification is occurring and that denitrifying
blooms are responsible for episodic high fixed N loss.
Quantification of denitrifier genes explicitly will be neces-
sary to test this hypothesis further.

Concluding Remarks and Speculations for Future Work

This study shows that diverse denitrifying assemblages are
common in OMZ waters and shows that diversity is
correlated with the stages of denitrification. The growth in
cell number [50] and decrease in diversity that are
characteristic of OMZs in active stages of denitrification
suggest that the removal of fixed nitrogen may occur via
episodically enhanced growth of denitrifying organisms in
the core of an OMZ. These hot spots are driven by the
episodic blooms of surface phytoplankton, which supply
organic matter flux to subsurface waters. The resulting
“blooms” of denitrifiers are analogous with N-fixing
blooms in surface waters and may even regulate N fixation
by controlling fixed N availability in upwelled surface
waters [10]. Although low-diversity events may be respon-
sible for the bulk of N loss, the dominant OTUs are variable
in space and time, suggesting that background microbial
diversity (landscape level diversity) provides a vital
reservoir from which selection can optimize the succes-
sional process to match environmental conditions. What
factors influence the dominance of one phylotype from the
more diverse regional gene pool remains to be investigated.
Increased capacity for rapid, pulse-driven growth combined
with tolerance of variable environmental conditions by
denitrifiers relative to anammox organisms, allows for
episodic denitrifier blooms that are responsible for large-
scale removal of fixed nitrogen and trace gas transforma-
tions. We suggest that low-diversity, bloom-forming,
microbial assemblages are a common feature of globally
important fluxes in the N cycle, including new production
by phytoplankton, N fixation in the surface water of the
ocean gyres, and also denitrification in subsurface oxygen
minimum zones.
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