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A B S T R A C T

The diversity of nitrogen-based dissimilatory metabolisms in anoxic waters continues to increase with additional
studies to the marine oxygen deficient zones (ODZs). Although the microbial oxidation of nitrite (NO2

–) has been
known for over a century, studies of the pathways and microbes involved have generally proceeded under the
assumption that nitrite oxidation to nitrate requires dioxygen (O2). Anaerobic NO2

– oxidation until now has been
conclusively shown only for anammox bacteria, albeit only as a limited sink for NO2

– in their metabolism
compared to the NO2

– reduced to N2. Here, using direct experimental techniques optimized for replicating in situ
anoxic conditions, we show that NO2

– oxidation is substantial, widespread, and consistent across the ODZs of the
eastern tropical Pacific Ocean. Regardless of the specific oxidant, NO2

– oxidation rates are up to an order of
magnitude larger than simultaneous N2 production rates for which these zones are known, and cannot be ex-
plained by anammox rates alone. Higher rates of NO2

– oxidation over reduction in anoxic waters are paradoxical
but help to explain how anammox rates can be enhanced over denitrification in shallow anoxic waters
(σθ<26.4) at the edge of the ODZs but not within the ODZ core. Furthermore, nitrite oxidation may be the key
to reconciliation of the perceived imbalance of the global fixed nitrogen loss budget.

1. Introduction

The inventory of fixed, i.e. biologically available, nitrogen (N) limits
the productivity of much of the world’s oceans, and in turn significantly
feeds back on Earth’s climate through its coupling to the carbon cycle.
The loss of fixed N occurs exclusively at O2 concentrations less than 1%
of saturation (Codispoti, 2007; Dalsgaard et al., 2014; Babbin et al.,
2014). In ocean waters, this regime is restricted to the functionally
anoxic O2 deficient zones (ODZs) of the eastern tropical Pacific (ETP)
and the Arabian Sea. Together these regions comprise less than 0.1% of
the ocean’s volume but account for the entirety of water column fixed N
loss (Codispoti, 2007). The pathways responsible for this loss – deni-
trification and anammox – are mediated by microorganisms subsisting
anaerobically, at O2 concentrations< 10 nmol L-1 (Revsbech et al.,
2009).

Attribution of the relative importance of N2 production processes,
i.e., denitrification vis-à-vis anammox, has been the subject of intense
debate since the discovery of anammox in the marine environment

nearly 20 years ago (Thamdrup and Dalsgaard, 2002; Dalsgaard et al.,
2003; Lam et al., 2009; Ward et al., 2009). In ODZs, NO3

–, the most
oxidized and abundant fixed N species, is reduced to inert N2 gas via
either (i) heterotrophic denitrification through intermediate NO2

– and
gaseous species, or (ii) anammox whereby autotrophic organisms use
NO2

– to oxidize ammonium, which is released in situ as a byproduct of
heterotrophy. An overall balanced loss, that is, a denitrification to
anammox ratio such that ammonium production by organic N re-
mineralization stoichiometrically balances ammonium consumption by
anammox, might be a system level constraint (Dalsgaard et al., 2012;
Babbin et al., 2014), but this consistency of ~70% denitrification is
rarely observed at the sub-liter scale of individual measurements. In-
stead, anammox is frequently found to dominate the nitrogen loss
budget, e.g., (Hamersley et al., 2007; Lam et al., 2009), but the source
of the ammonium necessary for this metabolism remains a mystery.

Experimental evidence from the Eastern Tropical South Pacific ODZ
suggests a rapid cycling between NO3

– and NO2
–, with iodate as a po-

tential NO2
– oxidant (Peters et al., 2016; Babbin et al., 2017).
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Moreover, NO3
– reduction and NO2

– oxidation rates have both been
observed to be much faster than those of N2 production, implying ni-
trate reduction does not proceed all the way to N2 gas, e.g., (Füssel
et al., 2011; Kalvelage et al., 2013; Babbin et al., 2017). NO2

– may be
the overlooked critical intermediate for balancing the observed ana-
mmox and denitrification rates in the ODZs. The denitrification
pathway has classically been considered as the full and linked stepwise
reductions from NO3

– to NO2
–, NO, N2O, and N2. In cultures and was-

tewater reactors, however, denitrifying organisms capable of full NO3
–

reduction to N2O and N2 tend to initially reduce NO3
– to NO2

–, allowing
NO2

– to build up before expressing the genes for further NO2
– reduction

(Betlach and Tiedje, 1981). Additionally, reports from multiple ODZs
show in situ NO3

– reduction rates to be much faster than NO2
– reduc-

tion (Lam et al., 2009, 2011; Füssel et al., 2011; Kalvelage et al., 2013).
This metabolic imbalance on NO2

– implies there is a pathway for NO2
–

consumption other than denitrification and anammox.

2. Nitrite oxidation within ODZs

Evidence for one such nitrite sink, NO2
– oxidation, has been pre-

sented in the ETP from the few studies that have investigated it directly
using tracer techniques (Lipschultz et al., 1990; Füssel et al., 2011;
Kalvelage et al., 2015; Peng et al., 2015, 2016). NO2

– oxidation remains
largely ignored when calculating the N budget in ODZs, however. The
data indicate fast rates for the ODZs, on order of 100 nmol L-1 d-1, but
they are limited and may be biased by selective sampling and experi-
mental complications. While those data are intriguing, they are almost
entirely confined to the overlying oxygenated waters, with few mea-
surements in the anoxic core and even fewer at the anoxic boundary
(Lipschultz et al., 1990; Beman et al., 2013; Peng et al., 2016). Resol-
ving the inconsistency across studies, specifically whether NO2

– oxi-
dation peaks in the boundary waters at the interface between the
oxygenated and anoxic depths or within the core of the ODZ, necessi-
tates more measurements at higher vertical resolution.

Studies analyzing natural abundance N and O isotope ratios also
imply significant NO2

– oxidation in the ETP, especially at the bound-
aries (Sigman et al., 2005; Casciotti et al., 2013; Buchwald et al., 2015;
Peters et al., 2016). While these types of measurements do not suffer
from the same artifacts as tracer incubations, natural abundance iso-
topes provide integrated measures that do not require NO2

– oxidation to
occur in situ in the absence of O2. In fact, proposals regarding the dy-
namic injection of O2 into anoxic depths (Casciotti et al., 2013) or trace
O2 levels (Tsementzi et al., 2016; Bristow et al., 2017) have been in-
voked to explain the NO2

– oxidation implied by the isotopic evidence.
Although NO2

– oxidizers have been considered to be obligately aerobic
(Lees and Simpson, 1957), the actual oxidation reaction does not re-
quire molecular O2; even in aerobic cultures, the additional oxygen
atom in NO3

– is derived from water (DiSpirito and Hooper, 1986).
Here we address several issues outlined above – the sparse data, the

lack of consensus regarding the magnitude and vertical distribution of
NO2

– oxidation rates within the ODZ, and the absence of a reasonable
mass balance on the fixed N budget by exploring all possible anaerobic
NO2

– consumption pathways, both reduction to N2 and oxidation to
NO3

– using data from multiple expeditions in the ETP. We further link
these nitrite oxidation data to a compendium of depth-resolved ana-
mmox and denitrification rates to show the relationship between nitrite
oxidation and the enhancement of anammox rates over denitrification.

3. Methods

3.1. Sample collection and onboard rate incubations

Sampling and incubations were conducted onboard the R/V Thomas
G. Thompson cruise TN278 in March and April 2012 in the ETNP, and
onboard the RVIB Nathaniel B. Palmer cruise NBP1305 in June and July
2013 in the ETSP using methods as previously described (Babbin et al.,

2014, 2015). Water from 8 depths at 2 stations each in the Eastern
Tropical North and South Pacific (ETNP and ETSP, respectively; Fig. 1)
was carefully collected to resolve vertical profiles of anammox, deni-
trification, and nitrite oxidation through the anoxic layer. Water from 4
depths each at multiple additional stations in both basins was further
collected for only anammox and denitrification rates. The top of the
ODZ, where the most intense cycling and fastest microbial rates occur
(Kalvelage et al., 2013; Babbin et al., 2014), was sampled at the highest
resolution. Targeted depths were sampled using Niskin bottles within
the oxycline and core of anoxic waters from each station (Table 1). The
core, functionally anoxic, ODZ was identified as the depths where the
Seabird SBE43 Clark-style O2 electrode achieved its minimal signal and
no vertical gradient in O2 was observed, and confirmed by STOX
electrode measurements on the CTD (Tiano et al., 2014; Garcia-Robledo
et al., 2017). Seawater was mostly collected from anoxic depths using
techniques developed to remove O2 contamination (Thamdrup and
Dalsgaard, 2002; Ward et al., 2009; Babbin et al., 2014; De Brabandere
et al., 2014), amended with isotope tracer, aliquoted into fifteen 12 mL
sample vials (Exetainer, Labco, UK), purged with helium, and incubated
near in situ temperature (10°C) in the dark. At time intervals of 8–12 h,
triplicate samples were preserved with a 50 μL injection of 7 mol L-1

zinc chloride. Bubbling samples with helium also notably removes the
trace intermediate gases in denitrification (NO and N2O), but because
their concentrations are so low (Ward and Zafirou, 1988; Babbin et al.,
2015; Ji et al., 2015), they would be reestablished within a couple

Fig. 1. Station map of sampling locations. Locations from which samples were
collected for only N2 production at 4 depths are shown by the open circles;
those sampled at 8 depths for N2 production and NO2

– oxidation are shown by
filled circles. Color contours represent the oxygen saturation percentage of the
depth layer centered about 200 m, from World Ocean Atlas 2018 (Garcia et al.,
2018).

Table 1
Characteristics of sampling sites.

Station ETNP
coastal

ETNP
offshore

ETSP
coastal

ETSP offshore

Latitude / Longitude 20° 00′ N
106° 00′ W

16° 31′ N
107° 06′ W

20° 40′ S
70° 41′ W

13° 57′ S
81° 14′ W

Depth chl. max (m) 15 105 20 40
Top ODZ (m) 40 115 80 175
Chl. max (μg/L) 29 3.6 1.8 1.4

Location, depths of chlorophyll (chl) maximum and onset of oxygen deficient
zone (ODZ; O2<10 nmol L-1), and concentration of chlorophyll at the chlor-
ophyll maximum are provided for each of the 4 study sites.
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hours.
Exacting care was taken in the preparation of the incubation vials.

First, Niskin bottles were sampled directly into borosilicate flasks with
precision ground glass stoppered caps designed to eliminate gas ex-
change and widely used for dissolved oxygen analysis and the storage of
certified inorganic carbon reference standards for years. The bottles
were overflowed with seawater, filled laminarly from the bottom for a
minimum of four volume transfers. Bottles were stored at 10°C for at
most 1 hour prior to the start of the incubations. The bottles were
opened in a portable N2-filled glove bag that was flushed and evacuated
three times before a final fill. Each individual Exetainer vial was flushed
directly before filling with sample. Positive pressure was maintained at
all times in the bag by maintaining a slow bleed of gas into the bag. The
Exetainer caps with septa were stored in an anaerobic GasPak culturing
vessel (Becton, Dickinson and Co., USA) flushed with helium and va-
cuumed three times, and also filled with oxygen-reactive catalyst to
remove contaminant oxygen for at least 1 month. The chamber was
only opened in a N2-flushed globe bag following the same protocol as
the incubations. After Exetainer vials were filled and capped, they were
purged on an ultrahigh purity helium line for 5 minutes, amounting to
50 volume transfers. Carbon system parameters were confirmed to have
minimal effect on pH over this short purge time due to the slow equi-
libration kinetics of the carbonate system compared with dissolved
oxygen.

For the 4-depth stations, the rates of N2 production were determined
via a set of five contemporaneous incubation amendments: (A) 15NO2

–

alone, (B) 15NO2
– + 14NH4

+, (C) 15NH4
+ alone, (D) 15NH4

+ + 14NO2
–,

and (E) (15N)2O. These were designed to provide distinct rates of ana-
mmox (from the labeled ammonium and nitrite treatments) and deni-
trification (from the nitrite and nitrous oxide treatments) while also
ensuring the organisms were not limited for other nitrite substrates
(Ward et al., 2009; Bulow et al., 2010). The amendments for all com-
pounds other than the 46N2O was 3 μmol L-1 whereas the 46N2O
amendment was 30 nmol L-1 (Babbin et al., 2015).

For the 8-depth stations, the rates of NO2
– transformation to both N2

and NO3
– by the in situ microbial community were quantified over

36–48 hour incubations using the stable isotope tracer 15NO2
–. Given

that NO2
– reduction to N2 requires very low O2 concentrations (Babbin

et al., 2014; Dalsgaard et al., 2014), the detection – in the same vials –
of 15N2 and 15NO3

– derived from 15NO2
– assured that any potential

NO2
– oxidation occurred with minimal contamination by O2. Further,

immediately and consistently linear NO3
– production (Fig. 2) indicated

the microbes were well adapted to and operating under anaerobic
conditions in situ. Our experiments were contaminated by the same
15NO3

– artifact seen previously (Sun et al., 2017), but this artifact does
not interfere with our rate determinations. Based on the initial 15NO3

–

measurements for our different depths and stations, we were able to
estimate a “contamination” artifact of ~2%, i.e., 2% of the 15NOX

– pool
is not removed by sulfamic acid (Supplementary Fig. 1). This con-
tamination has several potential sources: incomplete removal of NO2

–,
contamination in the NO2

– tracer stock, and/or equilibration between
NO3

– and NO2
– at the beginning of the experiment (Brunner et al.,

2013; Kemeny et al., 2016). While the initial labeling in the 15NO3
– pool

swamped the natural abundance signal (Fig. 2), this offset affects all
vials within an incubation set equally as they all begin from the same
mixed stock and seawater. The offset thus has no effect on the slope of
15NO3

– production over the time course, only the intercept (which is
not part of the rate calculation equation). Previous NO2

– oxidation
measurements that assume no initial labeling can be revisited and
corrected, however, based on their own in situ NO3

– and NO2
– con-

centrations, and stock solutions (akin to Supplementary Fig. 1).

3.2. Isotope analysis for nitrogen cycling rates

Production of 15N2 from tracer additions was measured as pre-
viously, using standard gas chromatography/isotope ratio mass

spectrometry methods (Europa 20/20) (Babbin et al., 2014). After mass
spectrometer analysis of the gaseous products, 15NO3

– production in the
same vials was determined using the denitrifier method (Sigman et al.,
2001). In order to remove the remaining 15NO2

– in the incubation vials,
concentrated sulfamic acid was added directly to the vials and allowed
to react for 1 hour before restoring the pH to neutral with sodium hy-
droxide (Granger and Sigman, 2009). A volume of sample was injected
into N2-purged vials containing the washed cell suspensions of the de-
nitrifier Pseudomonas aureofaciens such that 20 nmol NO3

– were quan-
titatively converted to 10 nmol N2O for measurement on an Isoprime
100 isotope ratio mass spectrometer.

3.3. Comparison of ETSP metagenome with Methylomirabilis oxyfera
genome

A previously published metagenome (Ganesh et al., 2014) from the
ETSP was compared with the quinol nitric oxide reductase paralogs
identified by Ettwig et al. (2012) as possible nitric oxide dismutases
using the National Center for Biotechnology Information (NCBI) stan-
dard nucleotide basic local alignment search tool (BLASTn) algorithm
(http://blast.ncbi.nlm.nih.gov/) (Table 2). The proteins identified by
Ettwig et al. (2012) were DAMO1889, DAMO2434, and DAMO2437,
but they found DAMO1889 to be expressed only in low amounts,
whereas the other two were among the most abundant gene transcripts
and translated proteins in their M. oxyfera enrichment culture (Ettwig
et al., 2012).

4. Results and discussion

4.1. Relative magnitudes of anammox and denitrification rates

Across the two occupations, 72 independent anammox and deni-
trification rates were determined from 14 stations (9 in the ETNP and 5
in the ETSP) via a combination of five different tracer amendments. The
rates of anammox and denitrification determined from each of the
amendment types are not significantly different from each other, or

Fig. 2. Production of 15NO3
– from 15NO2

– tracer incubations with time. The
linear production of heavy nitrate is shown for two depths (50 m, purple; 100
m, green) from the ETNP coastal site. The intercept initial label exceeding
1000‰ indicates a methodological offset (Fig. S1), albeit one that affects all
samples equally given that each of the 15 vials sampled over time (representing
1 incubation) began with the same in situ and amended tracer concentrations.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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offset systematically (Babbin, Ph.D. thesis). As such, the mean and
standard deviation of the rates determined from the compendium of
tracer additions is used in this analysis, with denitrification determined
from the 15NO2

–±14NH4
+ and 46N2O experiments and anammox from

the 15NH4
+± 14NO2

– and 15NO2
–±14NH4

+ experiments.
Interestingly, because of no systematic offset between rates amended
with and without unlabeled tracer, this set of incubations shows that
anammox and denitrification were not limited by nitrite or ammonium
at the time of sampling.

The rates of fixed nitrogen loss tended to be<10 nmol L-1 d-1, with
the fraction of nitrogen loss attributed to anammox, as seen previously
by other workers, generally higher than the predicted 30% (Fig. 3).
However, a difference can be observed between the data from the
shallowest depths and those within the core of the ODZ: in the core,
defined by σθ>26.4, the fraction of anammox is not significantly dif-
ferent from the 30% expected partition, with the ETNP and ETSP, re-
spectively exhibiting 39± 5% (se) and 41± 3% anammox. In the
upper ODZ, however, anammox is enhanced, accounting for 52± 4%
and 76± 8% in the ETNP and ETSP, respectively. Indeed, the shallow
depths host substantially greater anammox relative to denitrification
than their deeper counter parts (t statistic< 0.025). Interestingly, the
shallowest samples, those outside of the canonical ODZ based on
oxygen concentrations, exhibit enhanced denitrification over anammox
albeit at very low rates (Fig. 4). This observation runs counter to the
generally accepted paradigm that anammox is less inhibited by oxygen
than denitrification (Babbin et al., 2014; Dalsgaard et al., 2014). This
result might be explained by denitrification occurring in particle mi-
croenvironments (Ganesh et al., 2014; Bianchi et al., 2018), especially
as these depths coincide with an observed accumulation of ammonium.
Strikingly. across the full dataset, the variation in the fraction of N2 loss
attributed to anammox is due to the deviation in the rate of anammox
rather than that of denitrification (Fig. 5).

4.2. Simultaneous measurements of NO2
– oxidation and reduction rates

The depth-resolved profiles of NO2
– oxidation rates observed at all

four sites are remarkably consistent (Figs. 6–9). The shallowest samples,
within the slightly oxygenated oxycline (visible in Figs. 6, 8), exhibit
low rates before peaking in the uppermost anoxic layer. The micro-
organisms contained in the shallow oxycline community are con-
sistently exposed to O2 concentrations ≥ 10% saturation, which is
sufficient to allow many known obligate aerobic reactions to occur
(Martens-Habbena et al., 2009; Tiano et al., 2014). These organisms are
undoubtedly suited for life at some O2 concentration greater than zero,
and once the available O2 was removed methodologically, they could
not oxidize NO2

–, even if another oxidant was available.
The highest rates of NO2

– oxidation occurred in samples collected at
the shallowest anoxic depths and reached up to 200 nmol L-1 d-1. NO2

–

oxidation rates were up to an order of magnitude greater than the rates
of NO2

– reduction to N2, which also peaked in the shallowest anoxic
depths. These biological processes ultimately depend on organic matter
flux derived from surface productivity (Kalvelage et al., 2013; Babbin
et al., 2014, 2015) because the NO2

– is supplied by in situ heterotrophy
(i.e. NO3

– respiration). During sampling, the coastal and ETNP sites
exhibited higher chlorophyll concentrations, implying greater primary
production, than the offshore and ETSP sites (Table 1), corresponding
with the observed relative magnitudes in peak nitrite oxidation rates.
Within the core of the ODZs, rates were lower, averaging 5.6±1.4 (se)
nmol L-1 d-1 across all stations, but generally still detectable. At the only
site (coastal ETSP) where samples were collected from the bottom of the
ODZ, the rates were again high at the lower oxic/anoxic boundary
(Fig. 7). These substantial NO2

– oxidation rates generally cannot be
supported by NO2

– oxidation conducted by anammox bacteria in their
fixation of carbon by conventional stoichiometries (Strous et al., 1998).
Our data show anammox accounts for< 10% of any NO2

– oxidation
rate measurement, averaging 3.4% (Supplementary Table 1). Careful
consideration of the methodology minimizes O2 as a controlling factor

Table 2
Putative NO dismutase BLAST hits from the ETSP.

Query ID Subject sequence ID Depth (m) Size fraction (μm) Identity % Alignment length E value Score

DAMO 2437 gnl|SRA|SRR961675.5239.2 110 > 1.6 74.40 418 3.57E-63 248
gnl|SRA|SRR961677.203001.2 200 > 1.6 75.54 278 1.98E-47 196
gnl|SRA|SRR961675.74899.2 110 > 1.6 75.91 303 6.90E-47 194
gnl|SRA|SRR961677.22435.2 200 > 1.6 72.52 302 2.25E-40 172
gnl|SRA|SRR961677.53775.2 200 > 1.6 72.43 301 2.75E-39 168
gnl|SRA|SRR961673.6006.2 110 0.22 – 1.6 71.58 285 3.13E-32 145
gnl|SRA|SRR961677.202537.2 200 > 1.6 77.63 152 3.58E-25 122
gnl|SRA|SRR961677.107476.2 200 > 1.6 74.87 191 3.58E-25 122
gnl|SRA|SRR961673.49819.2 110 0.22 – 1.6 68.27 353 3.58E-25 122
gnl|SRA|SRR961673.194309.2 110 0.22 – 1.6 71.31 237 4.36E-24 118
gnl|SRA|SRR961673.191578.2 110 0.22 – 1.6 73.63 182 2.75E-20 105
gnl|SRA|SRR961673.218407.2 110 0.22 – 1.6 73.48 181 9.59E-20 104
gnl|SRA|SRR961677.86164.2 200 > 1.6 77.52 129 3.35E-19 102
gnl|SRA|SRR961677.93218.2 200 > 1.6 78.45 116 1.42E-17 96.9
gnl|SRA|SRR961676.114339.2 200 0.22 – 1.6 72.11 147 1.09E-12 80.6
gnl|SRA|SRR961673.110894.2 110 0.22 – 1.6 76.92 104 1.09E-12 80.6

DAMO 2434 gnl|SRA|SRR961675.5239.2 110 > 1.6 76.01 421 7.34E-72 277
gnl|SRA|SRR961675.74899.2 110 > 1.6 76.80 306 6.03E-54 217
gnl|SRA|SRR961677.203001.2 200 > 1.6 75.54 278 1.97E-47 196
gnl|SRA|SRR961677.22435.2 200 > 1.6 72.19 302 9.56E-39 167
gnl|SRA|SRR961677.53775.2 200 > 1.6 72.09 301 3.34E-38 165
gnl|SRA|SRR961673.6006.2 110 0.22 – 1.6 73.43 286 1.16E-37 163
gnl|SRA|SRR961677.107476.2 200 > 1.6 77.55 196 2.57E-33 149
gnl|SRA|SRR961673.194309.2 110 0.22 – 1.6 70.89 237 1.85E-22 113
gnl|SRA|SRR961673.191578.2 110 0.22 – 1.6 73.08 182 1.17E-18 100
gnl|SRA|SRR961673.218407.2 110 0.22 – 1.6 72.93 181 4.07E-18 98.7
gnl|SRA|SRR961676.114339.2 200 0.22 – 1.6 72.86 140 3.13E-13 82.4
gnl|SRA|SRR961676.17622.2 200 0.22 – 1.6 71.17 163 3.81E-12 78.8
gnl|SRA|SRR961673.110894.2 110 0.22 – 1.6 75.47 106 4.64E-11 75.2

BLAST hits from the NCBI database using the sequences from Ettwig et al. (2012) putative dismutase sequences against the Ganesh et al. (2014) ETSP metagenome.
Significant hits are defined as E-value<10-10 and Score> 75.
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in the incubations and supports that the NO2
– oxidation rates we ob-

serve here likely result from anaerobic metabolisms. NO2
– oxidation

observed in the equatorial Pacific is thus different than that recently
observed in the similar, but not quite anoxic Bay of Bengal (Bristow
et al., 2017).

4.3. Observations supporting alternative pathways other than canonical
aerobic NO2

– oxidation

Whereas all known nitrite oxidizing organisms are obligate aerobes,
we hypothesize alternative oxidants have a role in generating the rates
observed here. This assertion derives from a methodical consideration
of multiple observations from this study and from previous work, and
does not exclude a role for oxygen in this process.

(1) We observed linear time courses of 15NO3
– production, whereas an

initial acceleration or final deceleration in production would be
expected if the samples were initially contaminated with O2 and the
contaminant is consumed without replenishment. This is especially
true given the ~0.2–1 μmol L-1 half saturation coefficient for NO2

–

oxidation kinetics (Bristow et al., 2016; Sun et al., 2017). Each of
the 15 time points (Fig. 2) results from a single incubation vial,
arguing against random contamination during handling.

(2) Reduced NO2
– oxidation rates in the shallowest samples (which in

situ are more exposed to O2) compared to those from the ODZ core,
indicate that when O2 was removed ex situ for incubation, aerobic
nitrifiers could not function. Differential contamination of each
sample from different depths is highly unlikely.

(3) O2 contamination cannot explain the previously reported en-
hancement of NO2

– oxidation by the addition of iodate (Babbin
et al., 2017). Amending samples with iodate would not affect the O2

utilization rate and thus the microbes themselves are primed to
harness alternative oxidants to oxidize NO2

–.
(4) The final helium purge prior to incubation reduces the N2 in the

vials by upwards of 99% based on mass spectrometer measurements
(not shown). Assuming the same dynamics for O2 despite the faster
equilibration kinetics of O2 compared with N2 (Wanninkhof, 1992;
Keeling et al., 1998), even a liberal contamination of 1 μmol L-1 of
O2 during sampling would result in less than 10 nmol L-1 con-
tamination in the incubations.

(5) Recent experiments from the ETNP, amending O2 back into purged
samples from the shallowest anoxic ODZ waters, showed a marked
inhibition of NO2

– oxidation, even with a 30 nmol L-1 O2 amend-
ment (Sun et al., 2017). This inhibition suggests an alternate
pathway for nitrite oxidation without oxygen.

Fig. 3. Relationship between anammox and denitrification rates. The
measured anammox and denitrification rates from both basins are
shown, with shallow boundary samples (σθ<26.4) plotted in orange
and those in the core (σθ>26.4) in teal. Contours demarking fraction
of anammox, from 10% to 90% are shown. The core samples tend to be
closer to ~30% anammox (teal contour), whereas the shallower sam-
ples exhibit enhanced anammox, up to ~80% (orange contour). The
open circle indicates rates exceeding the shown scale but is scaled
appropriately to reflect the ratio of anammox to denitrification. (For
interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Fig. 4. Effect of depth and oxygen on fraction anammox. The proportion of
fixed nitrogen loss attributed to anammox varies with respect to potential
density and dissolved oxygen concentrations. Top panel: Relative amount of
anammox compared to denitrification is shown as a function of potential
density. A spline interpolant is shown through the data, with anammox ex-
hibiting its largest relative rate in the shallow ODZ depths. Bottom panel: The
fraction of anammox decays with increasing oxygen concentrations> 1 μmol L-
1, albeit with limited sampling resolution. Given the differences in Seabird
SBE43 electrodes between the two ships, and the limited ability of these sensors
to resolve the lowest oxygen data, the minimum oxygen measured on each
cruise was substracted from all the data (1.54 and 2.09 μmol L-1 for the ETNP
and ETSP, respectively).
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4.4. Potential oxidants of NO2
– under low to no oxygen

The consistent profiles at all four stations suggest that the upper
oxic/anoxic boundary (and perhaps the lower one as well) represents a
niche environment for microbes to oxidize NO2

– with little to no
oxygen. We can suggest several potential oxidants and mechanisms, but
all require further investigation. In this zone NO2

– is actively supplied

via NO3
– reduction and diffusion from the core of the ODZ. As observed

at the coastal ETSP site where contemporaneous NO3
– reduction to

NO2
– experiments were conducted, NO3

– reduction rates were generally
larger, up to 120 nmol L-1 d-1, making them fully capable of supporting
all NO2

– oxidation and reduction rates (Babbin et al., 2017). Potential
oxidants at the ODZ boundaries may be supplied from the adjacent oxic
water (Casciotti and Buchwald, 2012; Babbin et al., 2017). Iodate,

Fig. 5. Relative importance of anammox and denitrification in setting the fraction of anammox. The relative proportion of anammox is determined by the deviation
in the rate of anammox much more than the rate of denitrification. Indeed, there is no statistical relationship between denitrification and the fraction of anammox
despite the denitrification rate being necessary for the calculation. In other words, enhanced fraction of anammox is due to greater rates of anammox rather than
lower rates of denitrification.

Fig. 6. Depth profiles from the ETNP coastal station. (A) Oxygen (black dashed line), nitrite (blue) and nitrate (red) concentrations are shown. (B) Nitrite oxidation
rates (C) N2 production rates (green) and the percentage of N2 production attributed to anammox (grey). Horizontal grey lines denote suboxic/anoxic boundaries of
the ODZ. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Depth profiles from the ETSP coastal station. (A) Oxygen (black dashed line), nitrite (blue) and nitrate (red) concentrations are shown. (B) Nitrite oxidation
rates (C) N2 production rates (green) and the percentage of N2 production attributed to anammox (grey). Horizontal grey lines denote suboxic/anoxic boundaries of
the ODZ. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Depth profiles from the ETNP offshore station. (A) Oxygen (black dashed line), nitrite (blue) and nitrate (red) concentrations are shown. (B) Nitrite oxidation
rates (C) N2 production rates (green) and the percentage of N2 production attributed to anammox (grey). Horizontal grey lines denote suboxic/anoxic boundaries of
the ODZ. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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which is present at approximately 0.5 μmol L-1 concentrations (Nozaki,
1997; Farrenkopf and Luther, 2002) in the oxygenated ocean but dis-
appears in the ODZ, is one likely oxidant, and each iodate reduced to
iodide can oxidize up to 3 NO2

– molecules with favorable energetics.
Recent work has demonstrated the ability of iodate to stimulate NO2

–

oxidation by anaerobic ETSP communities (Babbin et al., 2017). These
two fluxes, of NO2

– and of an oxidant, collude to provide both a sub-
strate and an oxidant for NO2

– oxidizers. Oxygenic Prochlorococcus spp.
could supply O2 to support NO2

– oxidation (Garcia-Robledo et al.,
2017), but these cells are highly confined to layers with sufficient light
for photosynthesis and our incubations were conducted in the dark. The
rapid cycling between NO2

– and NO3
– may also be catalyzed by the

nitrite oxidoreductase enzyme responding to low O2 stress as suggested
by a recent study in the Southern Ocean (Kemeny et al., 2016), al-
though this reaction would be ephemeral without an active resupply of
oxidative power.

Within the ODZ core, however, despite significant NO3
– reduction

supplying NO2
–, the external oxidant supply is at a minimum, and an-

other mechanism is necessary to explain the observed anaerobic NO2
–

oxidation rates. There are no obvious oxidants present at a high enough
concentration to oxidize NO2

– within the ODZ core (Casciotti et al.,
2013) even when accounting for anammox. For the anammox meta-
bolism, the ratio of NO2

– oxidation to NO2
– reduction is ~0.1, meaning

the observed NO2
– oxidation rates are in great excess of the NO2

– oxi-
dized in support of anammox autotrophy (Strous et al., 1998; Oshiki
et al., 2016). It is possible the oxidant is NO2

– itself. The net dismuta-
tion reaction, 2H+ + 5NO2

– ➔ N2 + 3NO3
– + H2O, is energetically

favorable under in situ conditions, releasing ~60 kJ per mol of NO2
–

(Fig. 10). Our data from the core of the anoxic water exhibit an average
ratio of NO2

– oxidation/reduction of 1.5± 0.4 (se) (N = 21; Supple-
mentary Table 1), consistent with the 1.5 expected from the proposed
dismutation equation.

Such a dismutation mechanism has been proposed as one of two
missing links in N cycling on the basis of discrepancies between

observations and first principle energetic predictions (van de Leemput
et al., 2011). We hypothesize that such a dismutation mechanism may
consist of three successive reaction steps that are all known to be bio-
logically catalyzed, and two of which—NO disproportionation and
NO2

– oxidation by O2—have been shown in the eastern tropical Pacific.
Indeed, putative genes for NO disproportionation to N2 and O2 have
been found to be transcriptionally active within the anoxic core of the

Fig. 9. Depth profiles from the ETSP offshore station. (A) Oxygen (black dashed line), nitrite (blue) and nitrate (red) concentrations are shown. (B) Nitrite oxidation
rates (C) N2 production rates (green) and the percentage of N2 production attributed to anammox (grey). Horizontal grey lines denote suboxic/anoxic boundaries of
the ODZ. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Thermodynamic favorability of nitrite dismutation reaction. The cal-
culated Gibbs free energy for the full reaction 2H+ + 5NO2

– ➔ N2 + 3NO3
– +

H2O is shown in colors and contours for a range of NO2
– and NO3

– con-
centrations in situ. Calculations are done for a N2 concentration of 500 μmol L-1

and a pH of 8.
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ETNP ODZ but absent above and below (Padilla et al., 2016).
The only known NO2

– dismutase in curated protein databases is
derived from the parasitic insect Rhodnius prolixus (He and Knipp, 2009;
Knipp and He, 2011), which utilizes this pathway to create nitric oxide
(NO) to dilate the red blood cells of its host (Eq. 1). Not surprisingly
given the genetic dissimilarity between insects and bacteria, this gene
was not found to be similar to any in the bacterial metagenome of the
ETSP ODZ using BLAST tools currently available (Ganesh et al., 2014).
Nevertheless, if NO were produced by NO2

– dismutation, the NO pro-
duct may in turn disproportionate into N2 and O2 (Eq. 2), as has been
theorized (Ettwig et al., 2010). Comparing sequences from a depth-re-
solved ETSP metagenome (Ganesh et al., 2014) and the two putative
NO dismutases in the methanotroph Methylomirabilis oxyfera genome,
DAMO2434 and DAMO2437, (Ettwig et al., 2012) results in 13 and 16
significant hits, respectively (E-value< 10-10, Score> 75) for both
genes, but only from the anoxic depths and not the water above or
below the ODZ core (Table 2). Significant concentrations of both gene
transcripts were also reported in the ETNP, again only within the anoxic
core and peaking in the center of the ODZ (Padilla et al., 2016). Finding
these genes and active transcripts within the anoxic ODZ core implies
some anaerobic organisms related to M. oxyfera can actively dis-
proportionate NO into N2 and O2, although the magnitude of this rate
remains to be determined. The ETNP study attempted to link this O2

production with the oxidation of methane to remove the generated O2,
but genes for methane oxidation were not found. NO2

–, however, is
readily oxidized with O2 to NO3

–; and NO2
– oxidizing bacteria and the

known gene, nitrite oxidoreductase, are both abundant in ODZs
(Ganesh et al., 2014; Buchwald et al., 2015; Kalvelage et al., 2015).
Such intracellular O2 generation from NO disproportionation coupled
to NO2

– oxidation (Eq. 3) complements observations from two field
studies that found that very low O2 concentrations reduce NO2

– oxi-
dation rates only slightly (Füssel et al., 2011; Kalvelage et al., 2013).
Combined, the net reaction of these three steps (Eq. 4) is the proposed
dismutation mechanism predicted on first principles (van de Leemput
et al., 2011):

+ → + +
− + −NO H NO NO H O3 2 22 3 2 (1)

→ +NO N O2 2 2 (2)

+ →
− −NO O NO2 22 2 3 (3)

+ → + +
− + −NO H NO N H O5 2 32 3 2 2 (4)

We note that a similar schematic can also be constructed via the
catalytic recycling between Mn (II) and Mn (IV) (Luther, 2010; Luther
et al., 1997, 2018). Dissolved manganese exists in approximately 1
nmol L-1 concentrations in the ETSP (Resing et al., 2015), and both the
oxidization of Mn (II) by nitrate and the reduction of Mn (IV) by nitrite
are energetically favorable under observed ODZ pH and chemical
concentrations. The net reaction catalyzed by Mn would result in the
same net dismutation reaction as Eq. 4.

5. Implications of NO2
– oxidation in anoxic systems

More data are required to pinpoint the exact oxidants and me-
chanisms by which nitrite could be oxidized anaerobically in the
oxygen deficient zones. Regardless of the pathway(s) by which NO2

–

oxidation occurs, however, the fact that the rates are so consistently
high at the boundaries of the ODZs has implications for how fixed N is
lost from the environment and therefore for marine biogeochemistry as
a whole. Instead of being regions dominated by successive NO3

– and
NO2

– reduction to N2, ODZ boundaries apparently act as “NOx
– engines”

whereby NO3
– and NO2

– are rapidly cycled (Fig. 11). The cycling is
fundamentally fueled by an organic matter energy source for NO3

– re-
duction. Microbial communities utilize organic matter supplied from
surface primary production to reduce NO3

– and an oxidant mixed in
from the edges to re-oxidize NO2

– back to NO3
–. N2 production still

occurs within these regions of course, but much more slowly than the
rapid recycling between oxidized N species. This coupled cycling results
in a net release of ammonium via remineralization of organic N from
sinking biomass, especially at the oxic/anoxic interface. This ammo-
nium, which does not accumulate to measurable levels, in turn en-
hances the production of N2 via anammox relative to denitrification,
and explains the disparate (and unexpected) observations of anammox
dominance in the Pacific ODZs (Dalsgaard et al., 2003; Hamersley et al.,
2007; Lam et al., 2009; Kalvelage et al., 2013; Bianchi et al., 2014). The
rate depth profiles show exactly this: NO2

– oxidation rates and the
contribution of anammox to N2 production resemble each other closely,
such that anammox exceeds 75% of total N2 production in the same
boundary regions where NO2

– oxidation is highest (Figs. 6-9). The re-
lative importances of anammox and denitrification in setting the frac-
tion of anammox (Fig. 5) also point to the dominant control being ni-
trite oxidation rates: denitrification is not affected by nitrite oxidation
and thus is not systematically changed even when anammox increases
due to the greater ammonium flux. This implies that denitrification is
indeed not limited by NO2

– availability, and is consistent with more
N2O production from NO3

– without exchange with the ambient NO2
–

pool (Ji et al., 2015).
These data corroborate the implication by natural abundance iso-

tope studies that more than half of the nitrate reduced to nitrite in
anoxic marine systems may be regenerated by nitrite re-oxidation ra-
ther than reduced fully to N2 gas (Granger and Wankel, 2016). This
nitrite is well in excess of what anammox can supply stoichiometrically.
Natural abundance studies also imply denitrification and nitrite oxi-
dation co-occur in the environment, which we have directly demon-
strated with simultaneous measurements of NO2

– reduction to N2 and
oxidation to NO3

– in the same incubation vials (Buchwald et al., 2015;
Granger and Wankel, 2016; Peters et al., 2016).

Fast anaerobic N cycling between bioavailable forms compared to
N2 production has implications for global primary productivity and
ocean fertility (Ward, 2013), especially if the volume of ODZs changes
into the future (Stramma et al., 2008; Codispoti, 2010; Deutsch et al.,
2014). Significant NO2

– oxidation shifts our view of the dominant
metabolisms in the ODZs from a loss of fixed N to a cycling between
bioavailable forms. Biogeochemical models currently require para-
meterization that artificially lowers respiration rates in ODZs in order to
prevent complete NO3

– consumption (Su et al., 2015). With the rapid
recycling mechanism between NO3

– and NO2
– shown by our data, high

remineralization rates in ODZs are permitted without complete NO3
–

drawdown.
A perhaps wider-reaching implication of decoupling denitrification

between the NO3
– and NO2

– reduction steps and NO2
– re-oxidation re-

turning NO2
– to NO3

– is with respect to the calculation of the global
marine N budget. The global marine N loss budget is calculated through
combination of geochemical measurements of both concentrations and
isotopes, and relies on a number of assumptions. Water column deni-
trification is calculated from a deficit in fixed N relative to phosphorus
and from direct measurements of rates (Codispoti et al., 2001; Deutsch
et al., 2001; Ward et al., 2009; Chang et al., 2010, 2012). Sedimentary
denitrification, however, must be inferred using isotope balance with
known fractionation factors because of the heterogeneity of sedimen-
tary processes across the global seafloor (Brandes and Devol, 2002;
Sigman et al., 2009). Significant NO2

– oxidation in the ODZ water
column would alter the modern marine N budget calculation. Some
estimates suggest that the oceans would be fully devoid of fixed N
within a few thousand years due to excess denitrification over N2

fixation (Codispoti, 2007), but such budgets rely heavily on choosing a
fractionation factor for denitrification to balance observed natural
abundance isotopes (Brandes and Devol, 2002). Because NO2

– oxidation
occurs with a large inverse isotope effect (Casciotti, 2009) and criti-
cally, the contribution of anaerobic NO2

– oxidation to overall N cycling
varies substantially with depth, a single choice of ODZ fractionation
factor based on water column data may not be appropriate. Treating the
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ODZ as a single box can obscure the true isotopic balance imparted by a
complex and variable set of metabolisms. Data from some culture stu-
dies would lower the fractionation factor for denitrification (Kritee
et al., 2012), which would in turn reduce the globally calculated de-
nitrification rate. NO2

– oxidation, especially at the boundaries, in-
creases the heavy isotopic composition of NO3

– and could allow re-
conciliation of culture data with environmental samples by increasing
the net observed fractionation factor.

NO2
– oxidation in the environment, both in the ODZs and other

anoxic systems, merits further exploration, but our data provide a
starting point for such studies to investigate what factors control what
transformations and which microorganisms are involved. The exact
distribution and mechanisms of nitrite oxidation in ODZs remains to be
fully elucidated. The relative roles of the multiple oxidizing com-
pounds, i.e, O2, IO3

–, NO2
– (dismutation), and Mn4+ (via catalytic re-

cycling) remain to be explored through a series of directed experiments
with depth and across the regions. Moreover the organisms responsible
for these transformations must be isolated and cultured to gain a clear
understanding of the specific mechanistic steps. Such research avenues,
across the multiple ODZs, will provide the necessary data to explain the
paradox of rates of nitrite oxidation exceeding reduction under anoxic
conditions. Substantive NO2

– oxidation not only acts to further com-
plicate the known N cycling reactions in ODZs, but also changes our
understanding of the dominant metabolisms in these dynamic regions
and how the microbial community interacts to control geochemistry.
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