
 

 

 

 

 

 

 

University of Southern Denmark

Nitric oxide (NO) in the oxygen minimum zone off Peru

Lutterbeck, Hannah; Arevalo-Martinez, Damian L.; Löscher, Carolin; Bange, Hermann W.

Published in:
Deep-Sea Research. Part 2: Topical Studies in Oceanography

DOI:
10.1016/j.dsr2.2017.12.023

Publication date:
2018

Document version:
Accepted manuscript

Document license:
CC BY-NC-ND

Citation for pulished version (APA):
Lutterbeck, H., Arevalo-Martinez, D. L., Löscher, C., & Bange, H. W. (2018). Nitric oxide (NO) in the oxygen
minimum zone off Peru. Deep-Sea Research. Part 2: Topical Studies in Oceanography, 156, 148-154.
https://doi.org/10.1016/j.dsr2.2017.12.023

Go to publication entry in University of Southern Denmark's Research Portal

Terms of use
This work is brought to you by the University of Southern Denmark.
Unless otherwise specified it has been shared according to the terms for self-archiving.
If no other license is stated, these terms apply:

            • You may download this work for personal use only.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying this open access version
If you believe that this document breaches copyright please contact us providing details and we will investigate your claim.
Please direct all enquiries to puresupport@bib.sdu.dk

Download date: 23. May. 2023

https://doi.org/10.1016/j.dsr2.2017.12.023
https://doi.org/10.1016/j.dsr2.2017.12.023
https://portal.findresearcher.sdu.dk/en/publications/1e94a21d-9586-45d7-9bc5-8e58b19f58ff


Author’s Accepted Manuscript

Nitric oxide (NO) in the oxygen minimum zone off
Peru

Hannah E. Lutterbeck, Damian L. Arévalo-
Martínez, Carolin R. Löscher, Hermann W. Bange

PII: S0967-0645(17)30336-3
DOI: https://doi.org/10.1016/j.dsr2.2017.12.023
Reference: DSRII4383

To appear in: Deep-Sea Research Part II

Received date: 23 August 2017
Revised date: 12 December 2017
Accepted date: 28 December 2017

Cite this article as: Hannah E. Lutterbeck, Damian L. Arévalo-Martínez, Carolin
R. Löscher and Hermann W. Bange, Nitric oxide (NO) in the oxygen minimum
zone off Peru, Deep-Sea Research Part II,
https://doi.org/10.1016/j.dsr2.2017.12.023

This is a PDF file of an unedited manuscript that has been accepted for
publication. As a service to our customers we are providing this early version of
the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting galley proof before it is published in its final citable form.
Please note that during the production process errors may be discovered which
could affect the content, and all legal disclaimers that apply to the journal pertain.

www.elsevier.com/locate/dsr2

http://www.elsevier.com/locate/dsr2
https://doi.org/10.1016/j.dsr2.2017.12.023
https://doi.org/10.1016/j.dsr2.2017.12.023


1 

Nitric oxide (NO) in the oxygen minimum zone off Peru 

Hannah E. Lutterbecka,b, Damian L. Arévalo-Martíneza, Carolin R. Löschera,c, 

Hermann W. Bangea,* 

a
Marine Biogeochemistry Res. Div., GEOMAR Helmholtz Centre for Ocean Research Kiel, 

Düsternbrooker Weg 20, 24105 Kiel, Germany 

b
now at Landesamt für Landwirtschaft, Umwelt und ländlich Räume (LLUR), Hamburger 

Chaussee 25, 24220 Flintbek, Germany 

c
now at Danish Institute for Advanced Study (D-IAS) and Nordcee, Department of Biology, 

University of Southern Denmark, Campusvej 55, 5230 Odense M, Denmark 

*Corresponding author: hbange@geomar.de 

 

Abstract 

Nitric oxide (NO) is a short-lived compound of the marine nitrogen cycle. However, 

measurements of NO in seawater are analytically challenging and our knowledge about its 

oceanic distribution is, therefore, rudimentary. NO was measured in the oxygen minimum 

zone (OMZ) of the eastern tropical South Pacific Ocean (ETSP) off Peru during R/V Meteor 

cruise M93 in February/March 2013. NO concentrations ranged from close to or below the 

detection limit (0.5 nmol L
-1

) in the surface layer to 9.5 nmol L
-1

 in the OMZ. NO 

concentrations increased significantly when oxygen (O2) concentrations dropped below 1-2 

µmol L
-1

. We found positive correlations between NO and NO2
-
 as well as between NO and 

the abundance of archaeal amoA, a marker gene for archaeal nitrifiers. No trends between NO 

and nirS and hzo, marker genes for canonical denitrification and anammox, respectively, were 

found. To this end, we conclude that NO off Peru was mainly produced by archaeal nitrifier-

denitrification at low O2 concentrations in the OMZ.  
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1 Introduction 

Nitric oxide (NO) is an intermediate of various microbial nitrogen turnover processes (see 

Fig. 1) such as denitrification (reduction of nitrate to dinitrogen), nitrification (ammonia 

oxidation to nitrite), anammox (anaerobic ammonia oxidation to dinitrogen), DNRA 

(dissimilatory nitrate reduction to ammonium), N-DAMO (nitrite-dependent anaerobic 

methane oxidation), as well as NO synthesis and detoxification (see overview in (Schreiber et 

al., 2012)).  

Estimates of the turnover times (i.e. life time) of dissolved NO in oxic seawater based on 

scavenging rates are in the range from 3 to 100 s. NO turnover times in the eastern North 

Pacific Ocean, computed as the ratio of NO concentrations to NO production rates, range 

from 1 to 300 min with a median of 20 min (Ward and Zafiriou, 1988). Therefore, 

determination of NO concentrations in the ocean is challenging, and only a few studies about 

its oceanic distribution and the underlying pathways have been published so far: NO 

concentrations and formation rates together with ammonium oxidation rates were measured at 

five stations in the eastern tropical North Pacific Ocean (ETNP) off Baja California (Ward 

and Zafiriou, 1988). No distinct relationship between NO formation and ammonium oxidation 

rates was found (Ward and Zafiriou, 1988). Photochemical production of NO was measured 

in the surface waters of the central equatorial Pacific Ocean at ~170°W (Zafiriou and 

McFarland, 1981; Zafiriou et al., 1980) as well as in the coastal waters of the Seto Inland Sea 

(Japan) (Olasehinde et al., 2010), and the Yellow Sea off Qingdao (Liu et al., 2017). NO is 

also known as a signalling molecule in marine diatoms and bacteria (Nadeem et al., 2013; 

Vardi et al., 2006), and addition of NO to marine phytoplankton cultures affects growth of the 

algae (Liu et al., 2014). 

Here, we present NO concentrations measured during a cruise to the eastern tropical Pacific 

Ocean (ETSP) off Peru. The overall objectives of our study were (i) to investigate the water 

column distribution of NO in the oxygen minimum zone (OMZ) and (ii) to identify potential 

NO production pathways. 
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2 Methods 

2.1 NO measurements 

Measurements of NO in the water column were made at nine stations (Stations A-I, see Fig. 2 

and Tab. 1) during the R/V Meteor cruise M93 to the ETSP off Peru from 6 February to 11 

March 2013. Discrete water samples were taken at selected water depths between the surface 

and 327 m (maximum) by means of a pump-CTD system (Strady et al., 2008), which 

continuously supplied seawater to a custom sampling manifold in the laboratory. Samples 

were collected during the up-cast of each profile. A comparison with discrete NO samples 

taken from Niskin bottles from regular CTD casts showed a significant loss of NO 

(Lutterbeck and Bange, 2015) and were, therefore, discarded. In general, sampling from the 

pump-CTD up-casts took several hours because of the time spent for pumping at the various 

water depths. However, at Stations G-I of the southern transect pump-CTD up-casts were 

completed within 1.5 hours. 

NO concentrations were measured according to the method described in detail in (Lutterbeck 

and Bange, 2015). In brief, the set-up of our system consisted of a chemiluminescence NO 

analyser connected to a stripping unit. Due to some instrumental issues the limit of detection 

(LOD) during the cruise was 0.5 ± 0.25 nmol L
-1

 and thus about two times higher than 

previously reported for the laboratory evaluation of the method (Lutterbeck and Bange, 2015). 

We measured up to six replicates from individual water depths. The mean overall error of the 

NO measurements was ± 21 %. Samples measured within 30 minutes after sampling showed 

no decrease of the NO concentrations. Samples were discarded when the time between 

sampling and measurement exceeded 30 minutes. The use of a pump-CTD may stress and 

even disrupt cells which, in turn, could lead to a stress-induced enhanced NO production and 

release of intracellular NO from broken cells, respectively. This implies that the NO 

concentrations reported here represent the sum of dissolved NO and intracellular NO. 

Samples taken where hydrogen sulphide (H2S) was present (at Station D) were discarded 

because H2S is known to interfere with the NO detection method (Lutterbeck and Bange, 

2015). 
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2.2 Measurements of O2, nutrients, N2O and gene abundance 

O2 was measured with an optode mounted to the pump-CTD. A combined calibration using 

Winkler titration (Grasshoff et al., 1999; Winkler, 1888) and a STOX sensor (Switchable 

Trace amount OXygen,(Revsbech et al., 2009) from the pump-CTD was applied. While the 

conventional LOD of the optode was about 1 µmol L
-1

, STOX sensor measurements during 

M93 revealed O2 concentrations of about 0.01 - 0.05 µmol L
-1

 in the core of the OMZ 

(Thomsen et al., 2016). 

Dissolved nitrate (NO3
-
), nitrite (NO2

-
) and ammonium (NH4

+
) concentrations from the pump-

CTD were determined on board with an autoanalyser (QuAAtro, Seal Analytical) using 

standard colorimetric methods (Grasshoff et al., 1999). The precisions of the nutrient 

measurements were calculated from triplicate samples taken at most of the stations and 

determined to be ± 0.11 μmol L
-1

 for NO3
-
, ± 0.01 µmol L

-1
 for NO2

-
 and ± 0.02 µmol L

-1
 for 

NH4
+
. 

Triplicate samples for N2O determination were collected in 20 mL glass vials which were 

filled by drawing water from the pump-CTD. Immediately after collection, samples were 

preserved by adding 50 µL of aqueous mercuric chloride (HgCl2) solution and were either 

measured on-board or at the Chemical Oceanography department of GEOMAR. A detailed 

description of the sample treatment, analytical setup used for the measurements as well as the 

computation procedures used to obtain N2O concentrations can be found in (Kock et al., 

2016) and references therein. The average precision of the N2O measurements, calculated as 

median standard deviation from triplicate measurements, was ± 0.7 nmol L
-1

 (Kock et al., 

2016). 

In order to investigate the abundance of the amoA, nirS and hzo genes (which are marker 

genes for ammonia oxidation, denitrification and anammox, respectively), samples for nucleic 

acid extraction were taken from regular CTD casts (from the same location as the pump-

CTD). The samples were filtered, flash-frozen in liquid N2 and stored at -80°C as described in 

(Löscher et al., 2014). Nucleic acid extraction was performed using the Qiagen DNA/RNA 

Allprep Kit (Qiagen, Hildesheim, Germany) with modifications as described earlier (Löscher 

et al., 2012). qPCRs for amoA, nirS and hzo were run following our established protocols in 

technical duplicates on a ABI7300 qPCR cycler (Life Technologies) against a standard 

dilution series of a plasmid containing environmental amoA, nirS and hzo sequences (Löscher 

et al., 2014; Löscher et al., 2012). Since the abundance of bacterial amoA was below the 
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detection limit, the amoA data presented here exclusively reflect the abundance of ammonia 

oxidising archaea (i.e. nitrifiers). 

 

3 Results and Discussion 

3.1 NO above the OMZ 

A pronounced drop in O2 to concentrations < 2 µmol L
-1

 marked the upper boundary of the 

OMZ at all stations and was found at water depths between 26 m at coastal Station D and 89 

m at the continental slope Station E (Fig. 3 and Tab. 1). NO concentrations in the oxic water 

column above the upper boundary of the OMZ were close to or below the detection limit of 

0.5 nmol L
-1

 (Fig. 3). Likewise (Ward and Zafiriou, 1988) found that NO was not present in 

samples from above the upper boundary of the OMZ of the ETNP. Our results are comparable 

with NO surface (1 m) concentrations of < 0.07 – 0.5 nmol L
-1

 measured in the Yellow Sea 

off Qingdao (Liu et al., 2017). An enhancement of the NO surface (5 - 10 m) concentrations 

due to photoproduction during daytime was not visible in our NO profiles, although, NO2
-
 

surface concentrations were comparably high (ranging up to 1.4 µmol L
-1

) and some of the 

profiles were sampled during daytime (Tab. 1). This would imply a setting favourable for NO 

photoproduction. However, the rapid reaction of NO with reactive O2 species (Olasehinde et 

al., 2010) -which are expected to occur in comparably high concentrations in tropical waters- 

most probably prevented an accumulation of NO to concentrations beyond the LOD of 0.5 

nmol L
-1

. 

3.2 NO in the OMZ  

A significant increase of the NO concentrations was always associated with a steep decrease 

of O2 concentrations at the upper boundary of the OMZ (Fig. 3). Fig. 4 shows that NO 

concentrations were enhanced when O2 concentrations were below 1-2 µmol L
-1

. This is in 

contrast to the results of (Ward and Zafiriou, 1988) who found highest NO concentrations and 

maximum NO production rates at O2 concentrations between 10 to 100 µmol L
-1

 in the ETNP 

off Baja California. 

The mean NO concentrations in the OMZ ranged from 1.5 ± 0.4 nmol L
-1

 at Station E to 6.3 ± 

1.5 nmol L
-1

 at Station F. No significant differences between the mean NO concentrations in 

the OMZ of the open ocean (Stations A1/A2, B and E: 1.5 – 4.4 nmol L
-1

), shelf break 
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(Stations C, F, G and H: 2.4 – 6.3 nmol L
-1

) and shelf stations (Stations D and I: 1.8 – 2.5 

nmol L
-1

) have been identified and there was no uniform increasing or decreasing trend of the 

NO concentrations within the OMZ at the individual stations. The shapes of the NO profiles 

do not indicate the presence of a significant sedimentary source of NO to the water column. 

NO concentrations in the OMZ were always > 0.5 nmol L
-1

 except for Station D where H2S 

was present in the bottom layer. At this station NO concentrations in the OMZ decreased from 

5.4 ± 2.3 nmol L
-1

 at 26 m to concentrations below the LOD in water depths from 70 m to the 

ocean bottom at 86 m.  

The maximum NO concentration of 9.5 ± 1.4 nmol L
-1

 was measured at Station F in 48 m 

water depth. This is considerably higher than the maximum NO concentration of 0.065 nmol 

L
-1

 reported from the eastern tropical North Pacific Ocean in the only other available study 

with NO depth profiles by (Ward and Zafiriou, 1988). However, our NO concentrations in the 

nanomolar concentration range are plausible given the fact that denitrifying bacteria and 

nitrifying (i.e. ammonia-oxidising) archaea can maintain NO ‘steady state’ concentrations of 

up to 80 nmol L
-1

 in batch culture media (Goretski et al., 1990; Hassan et al., 2016; Martens-

Habbena et al., 2015). Therefore, we conclude that the NO concentrations from the ETSP are 

within the range of its variability reported so far. 

3.3 Relationships between NO and other parameters 

NO together with its potential (direct and indirect) precursors NO2
-
 and NH4

+
 and the 

potential reaction product N2O are shown in Fig. 5 where it is obvious that NO is correlated 

with NO2
-
. No general trends were visible with either NH4

+
 or N2O. 

Stations A1 and A2 were sampled at the same coordinates within 12 h and showed a 

considerable variability of the O2 depth distributions between 50 and 325 m (Fig. 6a). 

Because Station A was located at the edge of an mesoscale eddy (Thomsen et al., 2016), the 

short-time variability in the O2 concentrations was most likely caused by the dynamic 

circulation pattern of the eddy. The range of NO concentrations measured during A2 (0.4 – 

4.1 nmol L
-1

) was larger compared to the NO concentration range measured during A1 (2.6 – 

4.0 nmol L
-1

). The obviously wider range of variability of NO at A2 was driven by the drop to 

lower O2 concentrations which, in turn, implies that very low O2 concentrations either 

enhance NO loss or hamper NO production. This is in agreement with a comparison of the 

NO/NO2
-
 ratios for A1 and A2 which shows that the NO/NO2

-
 ratio is higher at A2 (Fig. 6b). 
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It is known that small-scale variability of O2 in the very low O2 concentration range can cause 

strong changes in metabolic rates (Dalsgaard et al., 2014; Kalvelage et al., 2011; Tiano et al., 

2014). 

The abundance of the amoA gene, which encodes the subunit A of the ammonia 

monooxygenase (the enzyme which oxidises ammonia during nitrification) is shown in Fig. 7. 

Abundances of the nirS and hzo genes, which encode subunits of nitrite reductase and 

hydrazine oxidoreductase of the denitrification and anammox pathways, respectively, were 

also detected but in contrast to amoA did not show any correlation to NO concentrations 

(Fig. 8). Although gene abundances do not reflect enzyme activities, the occurrence of amoA 

indicates potential metabolic activities of nitrifiers in the OMZ at the time of our 

measurements. Indeed, significant nitrification rates have been measured in the same region at 

O2 concentrations close to anoxic conditions and thus under similar conditions as observed 

during this cruise (Kalvelage et al., 2013). 

In summary, our results suggest that the NO distribution in the OMZ off Peru resulted mainly 

from archaeal nitrifiers performing subsequent NO2
-
 reduction under low O2 conditions (so-

called nitrifier-denitrification). There are three arguments which support our suggestion: 1) 

The positive correlation of NO with NO2
-
 which points to NO production by reduction of 

NO2
-
 (Kozlowski et al., 2016b) 2) No clear relationship between nirS and NO could be found, 

which in turn indicates that NO was obviously not produced by NO2
-
 reduction during 

canonical denitrification (please note that the nitrite reductase of nitrifiers is encoded by nirK 

not nirS (Kozlowski et al., 2016a).). 3) We observed a pronounced increase of NO when O2 

concentrations dropped below 1-2 µmol L
-1

. This is well in line with observations from 

experiments with pure cultures of ammonia oxidising archaea increase their NO production 

with decreasing O2 concentrations (Hink et al., 2017; Kozlowski et al., 2016b). 

 

4 Conclusions 

While NO concentrations were generally close to or below the LOD (0.5 nmol L
-1

) in oxic 

waters off Peru, NO concentrations significantly increased to concentrations of up to 9.5 nmol 

L
-1

 when O2 concentrations dropped below 1-2 µmol L
-1

 in the OMZ. While there was no 

obvious relation to the marker genes for denitrification and anammox (nirS and hzo, 

respectively), we observed a positive correlation between NO and NO2
-
 as well as between 

NO and the abundance of archaeal amoA. Thus, we suggest that NO in the OMZ off Peru was 
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mainly produced by archaea performing NO2
-
 reduction to NO (so-called nitrifier-

denitrification) at low O2 concentrations which was previously demonstrated to occur in pure 

cultures as well. 
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Fig. 1: Overview of nitric oxide (NO) and its direct precursors and reaction products during 

various microbial processes (based on (Caranto and Lancaster, 2017; Schreiber et al., 2012)). 

1, NO synthesis and detoxification; 2, nitrification; 3, denitrification; 4, anammox; 5, 

dissimilatory nitrate reduction to ammonium (DNRA) and 6, nitrite-dependent anaerobic 

methane oxidation (N-DAMO). NO3
-
, nitrate; NO2

-
, nitrite; N2O, nitrous oxide; N2, 

dinitrogen; NH2OH, hydroxylamine; N2H4, hydrazine; NH4
+
, ammonium.  

Fig. 2: Locations of stations sampled for NO during R/V Meteor cruise M93 to the ETSP off 

Peru in February/March 2013. 

Fig. 3. NO concentrations (mean ± standard deviation) and O2 concentrations at Stations A-I. 

Ocean bottom is indicated. 

Fig. 4: NO concentrations versus O2 concentrations. The inserted enlargement shows the same 

data set for O2 concentrations < 10 µmol L
-1

. 

Fig. 5: (a), NO versus NO2
-
; (b), NO versus NH4

+
 and (c), N2O versus NO. Open circles stand 

for measurements at O2 < 2 µmol L
-1

. The crosses stand for measurements at O2 > 2 µmol L
-1

 

and the filled triangles stand for measurements at the sulfidic Station D with O2 < 2 µmol L
-1

. 

Please note that not all NO measurements have co-located NH4
+
 and N2O measurements at 

the same water depths and, therefore, the amount of data points shown in (a)-(c) differs. The 

linear correlation in (a) is described by y = 0.55x + 0.57 (r = 0.62, n = 98, significant at the 

99% level). 
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Fig. 6: (a), O2 concentrations < 2 µmol L
-1

 at Stations A1 and A2; (b), NO versus NO2
-
 

concentrations at Stations A1 and A2. Stations A1 and A2 were sampled at the same 

coordinates within 12 h. The linear correlations for A1 and A2 (both significant at the 99% 

level) are described by y = 0.35x + 1.98 (r = 0.87, n = 9) and y = 0.44x + 0.25 (r = 0.85, n = 

10), respectively. 

Fig. 7: Abundance of amoA genes. (a), data from Stations A-C and E-I; (b), data from Station 

D (82 m water depth; sulfidic conditions in the bottom layer). 

Fig. 8: Abundances of archaeal amoA (a), nirS (b) and hzo (c) versus NO 

concentrations. Please note that for scaling purpose the amoA data from 

Station D are not included in (a) and that not all NO measurements have co-

located gene abundance data at the same water depths and, therefore, the 

amount of data points shown in (a)-(c) differs. The linear correlation in (a) is 

described by y = 6*10-6x + 2.1 (r = 0.49, n = 41, significant at the 99% level). 

Table 1: List of stations sampled for NO during R/V Meteor cruise M93. 

Stat. M93 

stat # 

Lat.a / Lon.a, 

°S / °W 

Date / LTb 

in 2013 

Bottom depth, 

m 

Maximum 

sampling depth, 

m 

Depth range with O2 < 2 µM, 

m 

E 347-3 13.73 / 77.10 14 Feb / 08:00 2170 259 89 – 259 

I 376-1 13.72 / 76.57 18 Feb / 07:30 162 157 83 – 157 

H 378-1 13.75 / 76.64 18 Feb / 13:00 224 218 64 – 218 

G 380-2 13.80 / 76.72 18 Feb / 18:45 469 327 84 – 327 

A1 391-4 12.67 / 77.82 20 Feb / 17:15 1655 327 55 – 327 

A2 391-10 12.67 / 77.82 21 Feb / 05:30 1655 322 52 – 322 

B 399-4 12.53 / 77.60 22 Feb / 09:15 822 310 63 – 310 

C 411-6 12.38 / 77.39 24 Feb / 10:15 222 215 48 – 215 

F 441-2 13.53 / 76.79 27 Feb / 17:50 268 252 49 – 252 

D 463-2 12.25 / 77.15 02 Mar / 12:50 82 79 26 – 79c 

a Lat. and Long. stand for latitude and longitude, respectively. 

b LT stands for local time, LT = UTC - 6h. 

b Sulfidic conditions with H2S present in the bottom layer. 
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