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Summary



iv

H ighly productive marine upwelling re-
gions that are located along continental 
boundaries play a critical role in the glob-

al ocean nitrogen budget. These eutrophic and oxygen 
depleted waters, referred to as oxygen minimum 
zones (OMZs) account for 30-50% of global ocean 
fixed nitrogen loss. Anammox has been shown to be 
the main contributor to this nitrogen loss. Further 
OMZ nitrogen loss can be supported by an active, 
but overlooked, microbial sulfur cycle mediated by 
activities of sulfide-oxidizing nitrate-reducing bacte-
ria. Sulfide-driven denitrification is most prevalent 
in highly sulfidic shelf waters. New evidence has 
emerged that such a coupled nitrogen-sulfur cycle 
also contributes to offshore denitrification in waters 
detached from benthic processes. Moreover, rates of 
anammox and denitrification activity exhibit a high 
degree of spatial and temporal variability, particularly 
in the open ocean OMZ (Chapter 1). The physi-
cal and microbiological controls on this variability 
in nitrogen loss processes have remained poorly 
constrained. This thesis work aims to elucidate the 
dynamics that govern the activity and distribution of 
anammox and sulfide-oxidizing denitrifying bacteria 
in OMZs using a comprehensive range, genomic, 
cultivation, biogeochemical and single-cell methods 
studied within the framework of OMZ hydrodynam-
ics. We specifically explored nitrogen loss regulation 
in the Eastern Tropical South Pacific (ETSP) and the 
Bay of Bengal (BoB) OMZs; areas that are bellwethers 
of global climate change and anthropogenic induced 
eutrophication. 

The monsoonal driven upwelling in the BoB 
maintains moderate to high levels of primary pro-
duction in surface waters resulting in low oxygen 
concentrations in the subeuphotic zone. Despite 
these low oxygen concentrations (< 2 μM), the BoB, 
exhibits no clear evidence of nitrogen loss. For the 
first time, we investigated nitrogen loss processes 
and the factors regulating anammox activity in these 
waters using a combination of molecular methods, 
15N-labelled stable isotope incubation experiments 
and geochemical tools (Chapter 2). Using a highly 
sensitive STOX sensor, we find that the BoB contained 
submicromolar oxygen concentrations, and indeed, 

supported low but consistent rates of anammox ac-
tivity. Moreover, oxygen manipulation experiments 
revealed that anammox and nitrite oxidation activities 
could co-exist at low-levels of oxygen. This overlap 
of aerobic and anaerobic processes combined with 
the lack of nitrite accumulation in the BoB, suggested 
that oxygen concentrations supported nitrite oxidiza-
tion that restricted the amount of nitrite available for 
anammox. Thus, oxygen, was indirectly limiting fixed 
nitrogen loss in the BoB. However, a slight increase 
in organic matter induced by anthropogenic eutro-
phication, could remove these last traces of oxygen 
causing the BoB to become a major sink of inorganic 
nitrogen, analogous to other OMZs. 

The highly productive ETSP region, in con-
trast, maintains substantial organic matter rain rates. 
Therefore, broad areas of the water column are “func-
tionally anoxic”, i.e. oxygen concentrations fall below 
10 nM. The functionally anoxic water column in 
combination with enhanced organic matter export 
and reminerlization sustain elevated rates of nitrogen 
loss by anammox as well a widespread community 
of sulfide-oxidizing denitrifying bacteria. However, 
these processes display a high degree of heterogene-
ity suggestive that complex regional oceanography 
underlines ETSP nitrogen loss. 

Mesoscale eddies, found ubiquitously in OMZs, 
have the potential to be important features shaping 
the distribution and activity of nitrogen loss processes. 
Eddies have been suggested to enhance vertical nu-
trient transport stimulating primary productivity 
and thereby organic matter export. In Chapter 3 we 
investigated the impact of mesoscale eddies on anam-
mox and denitrification activity in the offshore ETSP 
region using 15N-labelled incubation experiments. We 
find that anammox dominated nitrogen loss within 
the eddies, but varied across these features. Rates of 
anammox were highest along the eddy periphery 
coinciding with where the highest depth-integrated 
chlorophyll concentrations were observed, suggest-
ing that the high organic matter export along the 
periphery likely sustained enhanced nitrogen loss. 
The enhanced primary productivity and nitrogen 
loss along the eddy periphery was driven by  eddy-
induced submesoscale vertical transport processes. 
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The ubiquity of eddies, in addition to the heteroge-
neity of anammox rates, indicated that such features 
regulate regional offshore  primary production and 
thereby nitrogen loss.  

Mesoscale eddies, not only drive the vertical 
transport of nutrients, but the strong eddy-induced 
annular velocities, mediate lateral advection. In 
Chapter 5 we demonstrated using oceanographic 
and molecular techniques that eddy formations in 
near-shore  waters co-transports elemental sulfur 
and sulfide-oxidizing denitrifying bacteria from the 
coast into open ocean waters. In accordance, offshore 
waters influenced by cross-shelf transport sustained 
enhanced denitrification rates. Sulfidic OMZ shelf 
waters, which supported abundant populations of 
gamma- and epsilon-proteobacteria including SUP05 
and Arcobacter, represented large inventories of el-
emental sulfur and  active sulfide-oxidizing nitrate-
reducing bacteria. 

Although SUP05 and Arcobacter co-occurred 
in sulfidic shelf waters, their distribution, activity, 
and ecophysiology in offshore ETSP waters varied, 
and were the subject of further investigation in 
Chapters 5 and 6. Employing cultivation, genomic, 
biogeochemical and single-cell techniques, we find 
that both SUP05 and Arcobacter have the capacity 
to oxidize sulfide and to reduce nitrate to N2. For 
growth, SUP05 performed autotrophic CO2 fixa-
tion, while Arcobacter was solely reliant on organic 
matter growing best in the presence of sulfide and 
nitrate. These findings reveal that  both chemolitho-
autotrophy and chemolithoheterotrophy may play an 
important role in near-shore eutrophic, sulfide-rich 
upwelling environments promoting the detoxifica-
tion of sulfidic shelf waters and the removal of fixed 
nitrogen. However, Arcobacter’s requirement for la-
bile organic matter restricted it to the highly sulfidic 
and eutrophic Peruvian shelf waters, whereas SUP05 
bacteria were also abundant and active in offshore 
waters advected from the coast by the mesoscale 
eddy. SUP05’s ability to survive in offshore waters 
void of sulfide was enabled by its capacity to use co-
transported elemental sulfur. Eddy-driven cross-shelf 
transport combined with SUP05’s capacity to use el-
emental sulfur and denitrify, feasibly underpin reports 

of offshore OMZ sulfur cycling and nitrogen loss 
driven by denitrification. 

Employing an interdisciplinary approach, this 
thesis work demonstrates that regional mesoscale 
dynamics are important in shaping the distribution 
and activity of key organisms involved in OMZ anam-
mox and denitrification. Work here also highlights 
the importance of oxygen dynamics as an indirect 
regulator of nitrogen loss in OMZs and the suscep-
tibility of areas such as the Bay of Bengal, to global 
change and anthropogenic induced eutrophication.

R egionen mit Auftrieb von nährstof-
freichem Tiefenwasser entlang der 
kontinentalen Küstenlinien sind hoch 

produktiv und spielen eine zentrale Rolle im glo-
balen Stickstoffhaushalt des Ozeans. Diese nährstof-
freichen, aber sauerstoffarmen Gewässer werden auch 
als Sauerstoffminimumzonen (OMZs-von (engl.) 
Oxygen Minimum Zones) bezeichnet und tragen 30-
50% zum globalen Stickstoffverlust der Wassersäule 
bei. Es stellte sich heraus, dass hauptsächlich die an-
aerobe Oxidation von Ammonium (Anammox) 
für diesen Stickstoffverlust verantwortlich ist. 
Ausserdem wird der Stickstoffverlust in OMZ 
Gewässern durch einen aktiven, jedoch oft ver-
nachlässigten, mikrobiellen Schwefelkreislauf be-
günstigt, der die Aktivität von Sulfid-oxidierenden, 
Nitrat-reduzierenden Bakterien begünstigt. Die 
durch Sulfid angetriebene Denitrifizierung ist in 
stark sulfidischen Schelfgewässern sehr verbre-
itet und neuen Erkenntnissen nach könnte solch 
ein gekoppelter Stickstoff-Schwefel Kreislauf die 
küstennahe Denitrifizierung in den von benthisch-
en Prozessen getrennten Wassermassen antreiben. 
Gemeinsam mit Anammox kann der gekoppelte 
N-S Kreislauf zum Verlust von gebundenem 
Stickstoff in OMZs beitragen. Dennoch weisen 
die Anammox- und Denitrifizierungsraten starke 
räumliche sowie zeitliche Variabilität auf, besonders 
in den OMZs auf offener See; der grössten Senke 
von gebundenem Stickstoff (Kapitel 1). Aufgrund 
der Komplexität der regionalen Ozeanographie sind 
bisher die Faktoren, die die Aktivität und Verteilung 
von Stickstoffverlustprozessen regulieren, in OMZ 
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Gewässern weiterhin schlecht verstanden. 
Das Ziel dieser Arbeit ist es, die Prozesse zu 

verstehen, die die Verteilung von Anammox und 
Sulfid-oxidierenden, Nitrat-reduzierenden Bakterien 
in OMZs beherrschen. Zu diesem Zweck wurden 
ozeanographische, gnomische, kultivierungs und bio-
geochemische Methoden sowie Einzelzell-Techniken 
angewandt. Insbesondere wurde Stickstoffverlust 
Regulierung im südöstlichen tropischen Pazifik 
(ETSP-von (engl.) Eastern Tropical South Pacific) und 
im Golf von Bengalen (BoB-von (engl.) Bay of Bengal) 
analysiert; Regionen die besonders vom globalen 
Klimawandel und anthropogener Eutrophierung 
betroffen sind. 

Die Zirkulation im BoB wird durch Monsun-
getriebenen Auftrieb bestimmt. Die Primärproduktion 
ist dadurch in den Oberflächenwassern sehr hoch. 
Dies senkt die Sauerstoffkonzentrationen unter der 
euphotischen Zone erheblich. Trotz dieser nied-
rigen Sauerstoffkonzentrationen (< 2 μM) gibt 
es im BoB keine Anzeichen auf Stickstoffverluste. 
In dieser Arbeit werden zum ersten Mal 
Stickstoffverlustprozesse sowie die Faktoren, die die 
Anammox Aktivität in diesen Gewässern bestimmen 
mit einer Kombination aus molekularen Methoden, 
Inkubationsexperimenten mit dem stabilen Isotop 
von N (15N) und geochemischen Methoden er-
forscht (Kapitel 2). Mithilfe eines hochsensitiven 
STOX Sensors konnten wir herausfinden, dass der 
BoB submikromolare Sauerstoffkonzentrationen 
sowie niedrige, aber beständige Raten an 
Anammox Aktivität aufweist. Zudem konnten wir 
in Sauerstoffmanipulations-Experimenten zeigen, 
dass Anammox und Nitrit-Oxidation Aktivitäten 
unter den niedrigen Sauerstoffkonzentrationen ko-
existieren können. Die Überschneidung von aeroben 
und anaeroben Prozessen sowie ein Mangel an Nitrit 
Akkumulation im BoB lassen darauf schliessen, dass 
die Sauerstoffkonzentrationen Nitrit Oxidation indi-
rekt begünstigen und somit die für Anammox verfüg-
bare Menge an Nitrit verkleinern. Sogar ein kleiner 
Anstieg an organischem Material (zum Beispiel durch 
anthropogenen Eutrophierung) könnte die letzten 
Spuren von Sauerstoff beseitigen und der BoB könnte 
somit, analog zu anderen OMZs, eine bedeutende 

Senke für anorganischen Stickstoff werden.
Im Gegensatz dazu werden in der hoch produk-

tiven ETSP Region hohe Niederschlagsraten an or-
ganischem Material beobachtet, was weite «funktional 
anoxische» Bereiche in der Wassersäule hervorruft, 
in denen Sauerstoff unter 10 nM fällt. Diese funk-
tional anoxische Wassersäule, in Kombination mit 
erhöhtem Transport von organischem Material 
und Remineralisierung, erhalten erhöhte Raten an 
Stickstoffverlust durch Anammox sowie eine weite 
Ausbreitung von vermeintlich Sulfid-oxidierenden, de-
nitrifizierenden Bakterien aufrecht. Neben großskali-
gen Zirkulationsmustern können mesoskalige Wirbel 
(welche allgegenwertig in OMZs sind) die Verteilung 
sowie die Aktivität von Stickstoffverlustprozessen 
regulieren. Es wird vermutet, dass diese Wirbel den 
vertikalen Transport von Nährstoffen verstärken 
und somit die Primärproduktion und den folgenden 
Transport von organischem Material anregen können.

In Kapitel 3 haben wir den Einfluss von me-
soskaligen Wirbeln auf die Verteilung und Aktivität 
von Anammox und die Denitrifizierungs Aktivität 
in der küstenfernen ETSP Region mithilfe von 15N 
Inkubationsexperimenten untersucht. Wir legen dar, 
dass Anammox den Stickstoffverlust in den Wirbeln 
dominiert, jedoch räumlich variiert.  Anammoxraten 
waren entlang der Aussengrenze des Wirbels am 
höchsten. Diese Beobachtung geht mit den höchsten 
tiefenintegrierten Chlorophyll Konzentrationen ein-
her, was vermuten lässt, dass der hohe Transport von 
organischem Material entlang der Aussengrenze der 
Wirbel den verstärkten Stickstoffverlust aufrechter-
hält. Diese Ergebnisse sind insgesamt konsistent mit 
einem durch Wirbel induzierten, sub-mesoskaligen, 
vertikalen Transport-Mechanismus, der an den 
Kanten der Wirbel tätig ist. Die Allgegenwärtigkeit 
von Wirbeln zusätzlich zu der Heterogenität von 
Anammox zeigte, dass solche Wirbel den regionalen 
küstenfernen Stickstoffverlust regulieren. 

Mesoskalige Wirbel bestimmen nicht nur den 
vertikalen Transport von Nährstoffen. Wenn sie ent-
lang der Küste entstehen führen sie zu einer later-
alen Advektion von Chlorophyll und Nährstoffen 
seewärts. In Kapitel 5 zeigten wir durch ozeanogra-
phische und molekulare Methoden, dass durch die in 
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Wirbeln hervorgerufene Advektion von elementarem 
Schwefel und Sulfid-oxidierenden, denitrifizierende 
Bakterien von der Küste in den Ozean transportiert 
werden. Sulfidische OMZ-Schelfwasser, die eine 
große und aktive Population von Gamma- und 
Epsilon-Proteobakterien wie SUP05 und Arcobacter 
unterstützen, repräsentierten große Bestände von 
elementarem Schwefel und Sulfid-oxidierenden, 
Nitrat-reduzierenden Bakterien. 

Obwohl Arcobacter und SUP05 in sulfidischen 
Schelfgewässern gleichzeitig auftraten, variierte ihre 
Verteilung, Aktivität und Ökophysiologie in küsten-
fernen ETSP Gewässern, was in den Kapiteln 5 und 
6 näher beleuchtet wird. Durch die Anwendung 
von kultivierungs, gnomischen, biogeochemischen 
und Einzelzell-Techniken konnten wir herausfin-
den, dass sowohl SUP05 als auch Arcobacter die 
Fähigkeit besitzen, Sulfid zu oxidieren und Nitrat zu 
N2 zu reduzieren. Für ihr Wachstum führt SUP05 
autotrophe CO2 Bindung durch, während Arcobacter 
einzig von organischem Material abhängig ist und 
am Besten im Beisein von Sulfid und Nitrat wächst. 
Diese Befunde zeigen, dass Litho- Heterotrophie eine 
wichtige Rolle in küstennahen, eutrophen, sulfid-
reichen Auftriebsregionen spielt, was die Entgiftung 
in sulfidischen Schelfwassern und den Verlust von ge-
bundenem Stickstoff durch einen Zusammenschluss 
von chemolithoautotrophoben und chemolithohet-
erotrophoben Bakterien fördert. Arcobacters Bedarf 
an labilem organischen Material beschränkt es jedoch 
auf die stark sulfidischen und eutrophen Peruanischen 
Schelfwasser, während SUP05 Bakterien ebenfalls 
in küstenfernen Wassermassen aktiv sind, die von 
der Küste durch mesoskalige Wirbel advehiert wur-
den. Die Fähigkeit von SUP05 in küstenfernen und 
schwefelarmen Gewässern zu überleben wurde 
durch seine Fähigkeit, den mittransportierten el-
ementaren Schwefel zu benutzen ermöglicht, was 
wahrscheinlich die gemessenen Raten an küsten-
ferner Denitrifizierung unterstützt. Der durch Wirbel 
betriebene Schelftransport in Kombination mit der 
Fähigkeit von SUP05, den elementaren Schwefel 
zu benutzen und zu denitrifizieren, untermauert 
Berichte über einen küstenfernen Schwefelkreislauf 
und Stickstoffverlust welche durch Denitrifizierung 

in OMZs angetrieben wird. 
Mit einem interdisziplinären Ansatz zeigt 

diese Arbeit, dass mesoskalige und sub-mesoskalige 
Dynamik die Verteilung und Aktivität von Anammox 
die Denitrifizierung in OMZ Gewässern beeinflusst. 
Diese Arbeit hebt ausserdem die Bedeutung der 
Sauerstoffdynamik als einen indirekten Regulator 
von Stickstoffverlust in OMZs, sowie die Anfälligkeit 
von Regionen wie dem BoB auf den Klimawandel 
und anthropogene Eutrophierung hervor. 
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Distribution of anammox and denitrification activity 
in oxygen minimum zones



Distribution of anammox and denitrification

CH
APTER 1

4

I n the modern ocean, the conveyor-belt circu-
lation controlled by a combination of wind-
driven and thermohaline currents maintains an 

oxygenated ocean, with the exception of eutrophic re-
gions called oxygen minimum zones (OMZs). OMZs, 
at an O2 cutoff of < 20 μmol kg-1, make up less than 1% 
of the global ocean volume (1) (Fig. 1). Water column 
oxygen dynamics are controlled by the physical pro-
cesses that ventilate OMZ waters and by the biological 
processes that both produce and consume dissolved 
oxygen (2). Nutrient upwelling along continental mar-
gins drives high primary productivity in surface wa-
ters of OMZs. Consequently, the enhanced downward 
flux of organic matter and its remineralization due 
to respiratory processes draws down water column 
oxygen concentrations, yielding deficits in dissolved 
oxygen relative to productive, often oversaturated 
surface waters. Such subeuphotic zone oxygen deficits 
are seen in many of the world’s productive oceans (2, 
3). In OMZs, however, such as in the Eastern Tropical 
South Pacific (ETSP), the Eastern Tropical Northern 
Pacific (ETNP), the Eastern Tropical South Atlantic 
(ETSA), the Arabian Sea and the Bay of Bengal (Fig. 
1), high rates of organic matter export combined with 

poor regional ventilation exacerbates this deficit (4). 
Consequently, oxygen concentrations within OMZs 
often fall below the detection limit (<1-10 nM O2) of 
even the most sensitive oxygen sensors (5, 6). These 
zones are defined as ‘functionally anaerobic/anoxic’ 
(7). Though, notably, vertical mixing processes, can 
periodically introduce oxygen into the OMZ (6-9). 

The high productivity of surface waters associ-
ated with OMZs supports some 17% of global fish 
catches (10). The deeper waters within OMZs, in 
contrast, generally preclude Eukaryotic life, except 
for such organisms that carry special low-oxygen 
adaptions (11). Nevertheless a diverse assemblage of 
microorganisms thrives in the absence of dissolved 
oxygen. These microorganisms may use the alterna-
tive terminal electron acceptor nitrate, leading to the 
microbial conversion of fixed inorganic nitrogen to 
its more inert form, N2 gas (denitrification). If nitrate 
becomes depleted, microbial sulfate reduction be-
comes favorable (12). OMZ shelf sediments, which 
experience high rates of organic matter deposition, 
are dominated by sulfate reduction (13-17). The end-
product of sulfate reduction – hydrogen sulfide – may 
be released into the overlying anoxic water column, 

Fig. 1. Distribution of chlorophyll and major oxygen minimum zones. A ten-year surface chlorophyll compos-
ite; the image is courtesy of NASA ocean color. Abbreviated OMZ names are as follows: ETNP; Eastern  Tropical  

and BoB; the Bay of Bengal. The minimum O2 value of 20 μmol kg-1 (dotted line) is used to delineate the boundary 
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where it accumulates in bottom waters. Such “sulfidic 
events” are not only toxic to eukaryotic life, but may 
accelerate water column fixed nitrogen loss due to 
denitrification (18-20). 

Canonical denitrification, either chemolithoau-
totrophic or heterotrophic, was for many years consid-
ered to be the main nitrogen loss process contributing 
to the fixed nitrogen deficit relative to the expected 
Redfield N:P stoichiometry in OMZs (21, 22). Not 
until the emergence of a modified 15N-stable isotope 
technique in the early 2000’s (23) was the alterna-
tive nitrogen loss pathway, anammox (Anaerobic 
Oxidation of Ammonium with Nitrite), discovered 
in marine sediments and water columns (23-25). 
Later, anammox was shown to dominate in OMZs 
(26-35) – fulfilling a key missing link in the N-cycle. 
OMZs, together account for some 30-50% of global 
oceanic nitrogen loss, despite comprising only a minor 
fraction of the ocean volume (21, 36). 

OMZs have been expanding over the past 
50-years as indicated by time series measurements of 
dissolved oxygen (37), with many models projecting 
that this trend continues into the Anthropocene epoch 
in response to increasing human activity (38, 39). 
Global warming will lower the solubility of oxygen in 
water (37, 40). Furthermore, increased anthropogenic 
nutrient inputs (introduced by fluvial or by atmo-
spheric deposition), stimulates primary productivity 
and organic matter respiration in the water column 
(41-43). Both vehicles could accelerate trends toward 
lowered oxygen concentrations, turning OMZs into 
even larger sinks of fixed nitrogen (44, 45). How these 
systems respond to climate change will, however, vary 
depending on the OMZ. 

OMZ hydrodynamics and nitrogen loss

Eastern boundary upwelling OMZs, such as the 
ETNP, ETSP, and ETSA (Fig. 1), are maintained by 
regional trade winds that drive Ekman transport 
along the continental margin (4). In the ETSP region, 
for example, the perennial coastal upwelling of cold 
nutrient loaded waters, driven by the Peru-Chile 
undercurrent, sustains some of the highest rates of 
primary production in the ocean (10) (Fig. 2a, b). 

The organic matter export combined with the long 
residence time (1-10 years (31, 46)) maintains a ~700 
m thick OMZ (47), with a core reporting oxygen 
concentrations of <1-10 nM (6, 7). The functionally 
anoxic ETSP waters in combination with the high 
organic matter export supports 25% of global water 
column nitrogen loss (46, 48), making it a significant 
player in the marine nitrogen budget. 

Located in the north Indian Ocean is the Bay of 
Bengal and Arabian Sea OMZs (Fig. 1). The upwelling 
in these regions is driven by the southwesterly sum-
mer monsoon winds that promote moderate to high 
chlorophyll a concentrations in surface waters (Fig. 
1), and subside during intermonsoon periods (49, 
50). Like the ETSP region, the Arabian Sea sustains 
broad functionally anoxic zones (30), and significant 
nitrogen loss (albeit roughly half of the nitrogen loss 
as compared to the ETSP region) (46). In contrast, the 
weaker winds in the Bay of Bengal appear to curtail 
vertical upwelling, and thus, reduce primary produc-
tivity and subsequent oxygen consumption (51). The 
Bay of Bengal, therefore, reports low but persistent 
oxygen concentrations (< 2 μM O2) that are, at or just 
above, the detection limit of conventional oxygen sen-
sors (52). Geochemical estimates of nitrogen loss are 
scarce in the Bay of Bengal, but the few measurements 
that exist indicate no clear evidence of nitrogen loss (3, 
53, 54), possibly because the geochemical indicators 
of nitrogen loss are diluted by the large fluvial input 
into the Bay (i.e. from the Ganges river). Thus, it is 
remains unclear whether the Bay of Bengal supports 
active nitrogen loss. Nevertheless, the Bay of Bengal, 
like the Arabian Sea, are enclosed by highly populated 
and agriculturally intensive regions, and are arguably 
the most susceptible of the major OMZs to anthro-
pogenic induced eutrophication (43).  

Apart from large-scale upwelling that drives 
coastal primary productivity along the continental 
margin (Fig. 1 and 2a, b), a cursory inspection of 
remote sensing imagery also shows that chlorophyll 
is variable at small spatial (<100 km) and temporal 
(days-weeks) scales in OMZ waters (55, 56), as ex-
emplified in Fig. 2b. These heterogeneous chlorophyll 
patterns hint at the presence of much finer regional 
hydrodynamics, including submesoscale fronts (<10 
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km) and mesoscale eddies (~50-200 km), which 
are ubiquitous features in the ocean  (57-60). In the 
ocean, eddies drive significant vertical transport that 
deliver nutrients from deeper waters to the photic 
zone, stimulating primary production. In the North 
Atlantic, mesoscale eddies cause the formation of 
large phytoplankton blooms (58, 61, 62). Two-way 
eddy-driven vertical transport also acts to subduct 
significant amounts of particulate organic matter 
and oxygen below the ocean mixed layer (60, 63). 
Moreover, the large eddy-driven annular velocities 
contribute to the lateral transport and redistribution 
of nutrients, including the long distance dispersal 
of organisms (61, 64, 65). Thus, in the ocean, eddy-
driven horizontal and vertical transport processes 
introduce a high degree of spatial-temporal variance 
that plays an important role regulating ocean primary 
production (58, 66, 67). 

Mesoscale eddies are also widespread and per-
sistent features of OMZs (68). In the ETSP region, 
mesoscale eddies comprise 50% of surface waters 

as seen from remote sensing altimetry (e.g. Fig. 2c) 
(69). In OMZ waters, eddy-induced vertical trans-
port mechanisms (Chapter 3) have been suggested 
to enhance primary productivity by replenishing 
nutrients to surface waters (70, 71). In addition, the 
eddy-induced horizontal advection facilitates the 
cross-shelf transport of nutrients into the offshore 
OMZ (55, 72). Thus, mesoscale eddy activity (through 
both vertical and horizontal transport) potentially 
underpins OMZ primary production and organic 
matter export. It is organic matter export that drives 
oxygen dynamics and nitrogen loss in OMZs, a topic 
that I will briefly review below. 

Nitrogen loss pathways and the N-cycle

Fluxes of organic matter are central to nitrogen loss in 
OMZs. They sustain low-oxygen concentrations, and 
hence, the use of alternative electron acceptors, such 
as nitrate (Fig. 3a). Anaerobic ammonium oxidation 
(anammox) 

Fig. 2. Coastal upwelling and the distribution of chlorophyll and mesoscale eddies in the ETSP region. 

Note that the low sea surface temperature along the continental margin is diagnostic of regional coastal upwell-
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NH4
+ + NO2

- • N2 + 2H2O      [Eq. 1]

and denitrification 

 8NO3
- + 5C2H3O2

- + 3H+ • 4N2 + HCO3
+ + 4H2O   

[Eq.  2]

mediate the removal of fixed nitrogen substrates 
ammonium, nitrite and nitrate (Fig. 3b). Organic 
matter provides the reduced matter needed to drive 
nitrate reduction by heterotrophic denitrifying bac-
teria (Eq. 2). In turn, the remineralization of organic 
matter produces ammonium – a key substrate for 
anammox (31, 73, 74). While the broad anoxic 
zones of the OMZ support extensive anammox and 
denitrification activity, the upper oxycline and the 
periodic oxygen intrusions introduced by mixing 
processes, also enable the overlap of aerobic and 
anaerobic processes illustrated in Fig. 3a (6, 7, 9, 75, 
76). Here, the oxidative branch of the microbial ni-
trogen cycle including aerobic ammonium 

and nitrite oxidation 

processes play a role in controlling the availability of 
nitrate and nitrite for anammox and denitrification 
(Fig. 3b). 

Denitrification occurs in both Bacteria and 
Archaea across a wide variety of lineages, consisting 
of mostly facultative microbes that utilize nitrate as 
an alternative to aerobic or fermentative growth (77). 
The activities of heterotrophic bacteria are fueled 
by the availability of organic matter and its quality. 
Preferred organic substrates generally include labile 
organic matter such as volatile fatty acids (78-80). 
Heterotrophic denitrification of nitrate to N2 is car-
ried out in a stepwise fashion through a number of 
intermediate oxidation state oxy-nitrogen species 
(NO3

- • NO2
- • NO • N2O • N2). This set of 

stepwise reductions can be carried out by a single 
microbe or involve a bacterial consortium (77). In 

dissimilatory nitrate reduction, once nitrate is trans-
ported into the cell, it is reduced with two electrons 
to form nitrite by either a membrane-bound (Nar) or 
periplasmic (Nap) NO3

- reductase complex, although 
some microbes may have both (74, 81, 82). Produced 
nitrite is then reduced by the NO2

- reductase (Nir) 
to form NO, which is further reduced to N2O with 
the membrane-bound NO reductase complex (Nor). 
Each step requires one electron (77). Lastly, N2O is 
reduced with one electron to generate N2 catalyzed 
by the N2O reductase (Nos) (77). Many microbes 
are capable of nitrate reduction to N2, whereas others 
may lack the complete pathway (e.g. (83)), producing 
nitrite via the following stoichiometry:

4NO3
- + C2H3O2

- • 4NO2
- + 2HCO3

- + H+    [Eq. 5]

Indeed, nitrate reduction to nitrite is considered an 
independent process in OMZs (73). Other denitrify-
ing bacteria may produce N2O – a potent greenhouse 
gas – as the terminal end product of nitrate reduction. 
Both nitrite and N2O have been observed to accumu-
late in OMZ waters (3, 7, 31, 75, 84, 85).  

Denitrification coupled to sulfide oxidation 

2NO3
- +5HS- +7H+ • N2 +5S0 + 6H2O    [Eq. 6]

is also prevalent in OMZs (18). Sulfide-oxidizing 
nitrate-reducing bacteria grow by assimilating either 
inorganic or organic carbon for growth as chemolitho-
autotrophs or chemolithoheterotrophs, respectively. 
Chemolithoautotrophic bacteria are considered to 
dominate the oxidation of sulfide containing shelf 
waters, because sulfidic waters are often associated 
with elevated rates of carbon fixation (18-20). Key 
sulfide-oxidizing denitrifying bacteria associated with 
sulfidic OMZ waters include the gammaproteobac-
teria SUP05 clade and the genus Arcobacter in the 
epsilonproteobacteria (18, 19, 86). Sulfur cycling and 
associated microbes in OMZs are further reviewed 
in Chapter 4.  

Nitrate can also be reduced to produce ammoni-
um a process known as dissimilatory nitrate reduction 
to ammonium (DNRA) (Fig. 3). Like denitrification, 

NH3 + 1.5O2 • HNO2 + H2O  [Eq. 3] 

NO2
- + 0.5O2 • NO3

-    [Eq. 4]



Distribution of anammox and denitrification

CH
APTER 1

8

DNRA can be coupled to either sulfide or organic 
matter oxidation.

NO3
- +C2H3O2

- +H+ +H2O • NH4
+ +2HCO3

-  
[Eq. 7]

In DNRA, nitrate is reduced to form nitrite by nitrate 
reductase, analogous to the first step of denitrifica-
tion, however, in DNRA, nitrite is reduced via the 

cytochrome C nitrite reduc-
tase (NrfA) to ammonium 
(87). Thus, DNRA does not 
directly contribute to fixed 
nitrogen loss. Both DNRA 
and nitrate reduction to 
nitrite, however, effect the 
availability of nitrite and 
ammonium for anammox 
(30, 31, 73).  

The anammox (Eq. 1) 
reaction generates a mod-
erate energy yield of ΔG° 
= -357 kJ reaction-1 (88). 
Its autotrophic metabolism 
(assimilation of CO2 into 
biomass) is, however, energy 
demanding and therefore 
anammox bacteria grow 
slowly with a doubling rate 
of ~11 days under labora-
tory conditions (89, 90). 
The anammox reaction takes 
place in intracellular anam-
moxosomes that are used for 
energy conservation (91). 
Once nitrite is transported 
into the anammoxosome 
it is reduced to form NO 
via nitrite reductase (Nir). 
Produced NO is then con-
densed with ammonium to 
form hydrazine (N2H2), cata-
lyzed by hydrazine synthase 
(Hzs). Finally, hydrazine is 
oxidized to generate N2 us-

ing hydrazine oxidoreductase (Hdh) (92, 93). This 
molecular pathway has been elucidated for Kuenenia 
stuttgartiensis, a commonly occurring genus in a sub-
group composed of species mostly enriched from 
wastewater treatment facilities (94). The more com-
monly identified subgroup in marine environments 
is Candidatus scalindua (3, 24, 95-97). In OMZ wa-
ters, abundances of “Ca. Scalindua” bacteria gener-
ally do not exceed 4% of the microbial community, 

Fig. 3.  Chemical zonation and nitrogen cycling pathways associated 
with shelf waters of oxygen minimum zones. (a) Characteristic biogeo-

nitrate reduction to nitrite) N-cycling processes might overlap (0-20 μmol 
-1

contribute to N2

reduction of nitrate to N2

to nitrite (purple) is considered a standalone process. Nitrate reduction is 

Sulfur cycling associated with the OMZs is further reviewed in Chapter 4. 
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nevertheless they contribute significantly to the re-
moval of inorganic nitrogen from the ocean (26, 28, 
74). Based on 15N-labelled incubation experiments, 
anammox has been shown to dominate nitrogen loss 
processes in the ETSP (Fig. 4a), ETNP, ETSA, and the 
Arabian Sea OMZs (26-35).

Nitrogen loss regulation and 
heterogeneity

A large fraction of the requisite nitrite needed to fuel 
anammox activity is supplied via nitrate reduction to 
nitrite (31, 73). Nitrite production rates from nitrate 
reduction generally exceed consumption rates by 
anammox in OMZs, this results in the accumulation 
of significant nitrite concentrations (up to 9 μM) 
under low-oxygen conditions, referred to as “second-
ary nitrite maximum” (3, 31, 34, 75, 98) (Fig. 3a). 
Ammonium concentrations, however, are several 
fold lower, and most likely limit anammox activ-
ity in OMZ waters (31, 73, 74). DNRA activity can 
supply some of the anammox ammonium demand 
(30, 31, 73, 75), however, a more significant source 
of ammonium derives from the remineralization of 
sinking organic matter catalyzed by microaerobic 
bacteria (8, 31) (Fig. 3b). 

In addition, aerobic processes nitrite and am-
monium oxidation, represent important constraints 
on the ammonium and nitrite supplies (Fig. 3b) (9, 
75). Recently it was shown that aerobic nitrification 
can occur at remarkably low oxygen concentrations 
of only a few nanomolars (9), while anammox has 
been found to tolerate O2 concentrations from sub-
micromolar to micromolar levels (76, 99), suggesting 
that both processes have the potential to overlap in 
OMZs. The formation of such overlapping niches is 
likely to occur in oxycline waters where anammox 
and nitrification activity are prominent (e.g. Fig. 3a)
(9, 31, 75), and where oxygen is periodically intro-
duced into the OMZ via vertical transport processes 
(6-9). Thus, the role that oxygen plays in structuring 
OMZ community dynamics and nitrogen loss is 
complex. Unknown is to what degree aerobic nitri-
fication processes restrict nitrogen loss in OMZs? In 
this respect, the Bay of Bengal, which contains low 

but persistent oxygen in the water column yet no 
evidence of nitrogen loss (3, 52-54), would provide 
an interesting test case to evaluate the effects of low 
oxygen on anammox. 

Anammox rates are tightly constrained by 
organic matter export production rates (31), and 
therefore decrease as a function of distance from 
the coastal upwelling in OMZs (Fig. 2a, b and 4a). 
However, anammox activity, experiences a high de-
gree of variability in OMZ waters (26-28, 31-34, 73, 
100, 101). For example, a compilation of anammox 
rate process measurements in the ETSP region reveal 
that rates vary in coastal (8-250 nmol N L-1 d-1) and 
offshore (0-9 nmol N L-1 d-1; >600 m water depth) 
OMZ waters by orders of magnitude (27, 28, 31, 34, 
73, 100). Interestingly, this variability occurs over 
relatively short spatial (<100 km) and temporal (few 
days) timescales, indicative that processes other than 
coastal upwelling, such as mesoscale eddies, may also 
contribute to regulating anammox activity.

Denitrification in OMZs exhibits similar, if not 
stronger spatial-temporal heterogeneity compared to 
anammox (27, 32, 34, 102). In the ETSP region, rates 
of denitrification are often below the limit of detection 
at most measured stations (27, 28, 31, 73), whereas at 
others, maximum rates can exceed anammox activity 
by several fold (27, 34, 100) (Fig. 4b). Dalsgaard et al., 
(34) find that the highest rates are often associated 
with elevated chlorophyll concentrations in surface 
waters, suggestive that episodic inputs of organic 
matter drive the measured rates of heterotrophic 
denitrification. Notably, however, 15N-labelled stable 
isotope experiments used in these studies are unable 
to distinguish between heterotrophic or chemolitho-
autotrophic denitrification activity. Recent research 
highlights the potential for a cryptic sulfur cycle to 
be involved in offshore OMZ nitrogen loss (100). In 
sulfide-free offshore OMZ waters, Canfield et al., (100) 
measured rates of sulfate reduction along with rates of 
potential sulfide oxidation coupled to denitrification. 
In further support, a community of chemolithoauto-
trophic sulfide-oxidizing nitrate-reducing bacteria is 
consistently reported in sulfide-free offshore OMZ 
waters (100, 103-106), suggestive that an offshore 
sulfur cycle is widespread and possibly responsible 
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for measured rates of denitrification (100). 
However, the provenance of such an offshore 

sulfur cycle is still contested. Stevens et al., (103) 
originally posited that the widespread distribution 
of sulfate-reducing and sulfide-oxidizing bacteria 
in offshore waters reflects cross-shelf transport of 
sulfidic shelf waters offshore. Indeed, the microbial 
community involved in the cryptic sulfur cycle is 
strikingly similar to sulfidic shelf waters (i.e. SUP05 
bacteria dominated) (19, 100). Moreover, shelf wa-
ters exhibit enhanced rates of denitrification in the 
presence of sulfide (Fig. 4b) (19, 20). Eddy-driven 
cross-shelf transport processes commonly occur in 
ETSP waters (55, 56, 72) (e.g. Fig. 2b, black arrows). 
Offshore denitrification activity, often observed within 
150 km from the coast, falls well within the range of 

many coastal protruding filaments (Fig. 4b). Whether 
eddy-driven cross-shelf transport enables the long 
distance dispersal of sulfide-oxidizing denitrifying 
bacteria and associated activity into the open ocean 
remains unknown. 

Approaches to studying OMZ 
biogeochemistry and hydrodynamics

Mesoscale eddies, persistent and widespread features 
in ETSP waters have great potential to mediate the 
various facets of regional biogeochemistry including 
the distribution and activity of anammox and deni-
trification processes in these waters. Thus, addressing 
questions concerning regional distribution and activ-
ity of anammox and sulfide-oxidizing, denitrifying 

compilation of ETSP studies: (27, 28, 31, 34, 73, 100). 
from 15
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bacteria calls for a multidisciplinary approach ground-
ed on an understanding of regional hydrodynamics. 
Traditionally oceanographic research is conducted 
from research vessels where temperature, salinity and 
in some cases current speeds, in addition, to oxygen 
and nutrient concentrations are measured. Owing 
to advances in ocean monitoring tools, autonomous 
gliders and moorings that enable high-resolution 
profiling and improved spatial-temporal coverage can 
be deployed alongside research vessels. Data can also 
be collected remotely. Measurements of chlorophyll 
concentrations and sea surface height altimetry are 
gathered by satellite remote sensing technologies (e.g. 
Fig. 2). Together these approaches provide a synoptic 
view of OMZ hydrodynamics that includes the de-
tection of surface and subsurface mesoscale eddies 
and cross-shelf advected filaments. Such real-time 
data helps guide station selection for more in-depth 
ecological and biogeochemical analyses.

Once seawater is collected, the activity and abun-
dances of anammox and sulfide-oxidizing nitrate-
reducing bacteria can be examined using various 
approaches. In the past decade, 15N-labelled stable 
isotope incubation experiments have become a pivotal 
tool in quantifying rate processes of anammox and 
denitrification, as well as other N-cycling processes 
in OMZs (23, 25, 26, 31, 75, 107, 108). Experiments 
can be conducted using various 15N-labelled substrates 
(NO3

-, NO2
- and NH4

+), which can be used according 
to the principles of nitrogen isotope pairing (109-
111), to distinguish N2 production isotope ratios of 
anammox and denitrification processes. The caveat 
is that, care must be taken in the assignment of rates 
to particular processes. For example, DNRA activity 
coupled to anammox can mistakenly yield denitrifica-
tion like N2 production signals. These processes can 
only be deconvoluted if multiple substrate additions 
are performed in parallel (30, 109, 112). In addition, 
over the course of the incubation period (<48 hours) 
‘bottle effects’ may alter the community composition. 
For instance denitrification activity often experiences 
a lag followed by a sudden increase in activity over 
time, hence linear rates are considered only (26, 27). 
With careful attention to detail, however, such incu-
bation experiments can effectively resolve N-cycling 

processes in the environment where applied. In addi-
tion, 15N-labelled incubation experiments can also be 
amended with 13C-bicarbonate in order to quantify 
bulk rates of autotrophic carbon assimilation with the 
added advantage that such experiments can be later 
used to determine single-cell rates of uptake (113).  

While, rate process measurements provide data 
over short time periods other avenues exist to measure 
cumulative nitrogen loss over larger timescales. These 
include geochemical tools, such as the nitrogen deficit 
calculated according to Redfield stoichiometry (Ndef = 
(NO3

- + NO2
-) − 16PO4

3- (originally defined by (21), 
later modified by (70, 71)), and the dissolved N2/Ar 
ratios which calculate excess N2 production based 
on background levels (46, 114). These tools, unlike 
rate process measurements, quantify net nitrogen 
loss independent of the pathway, and are typically 
employed to estimate the role of OMZs in global N 
loss (21, 36, 46, 48, 114). N-cycling processes also 
imprint the distribution of natural abundance 15N 
and 18O isotopes of nitrate and nitrite, providing an-
other means of distinguishing anaerobic and aerobic 
processes and their coupling (71, 115-117). 

Information regarding the microbial community 
diversity and its metabolic capacity can be accessed 
through a number of methods. Microbial biodiver-
sity is “quantified” using the phylogenetic 16S rRNA 
gene marker, which is found in all microbes.  16S 
rRNA genes contains slow- and fast- evolving regions,  
and thus affords  phylum to genus level resolution 
(118). Recovering environmental 16S rRNA genes 
can involve different molecular tools, however, for 
highest taxonomic resolution full length sequences 
are recommended (119). In this respect, clone library 
preparations have the benefit of providing near-full 
length 16S rRNA gene sequences, and thus have re-
mained a staple of microbial ecology. Next generation 
sequencers, such as Illumina and PacBio chemistry, 
have expanded the phylotype detection limits beyond 
what was originally possible. Currently, thousands of 
16S rRNA reads can be generated from these massive 
parallel sequencing platforms (120). The principal 
drawback is that only partial 16S rRNA fragments 
are recovered. In combination with downstream se-
quencing analysis pipelines and binning methods, 
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it is still possible to generate draft genomes and re-
construct full length 16S rRNA gene sequences from 
environmental genomic DNA (121, 122). Metabolic 
pathways can be identified from this “metagenome”, 
using readily available annotation tools (123-125). 
Metagenomic sequencing can also complement 
culture-dependent approaches. Cultivation, which 
still stands as one of the most effective techniques at 
understanding a microbe’s physiology can be used 
to further disentangle a microbe’s metabolic capacity 
and versatility under laboratory conditions (126).

Tag sequencing of 16S rRNA genes provides only 
a semi-quantitative analysis of species abundance. 
For absolute abundances one can estimate these for 
a target genus or group of microorganisms using 
either quantitative PCR (qPCR) or by florescent in 
situ hybridization (FISH) (127-129). While these 
quantification tools differ in terms of methodology, 
in principle, both rely on using predesigned oligo-
nucleotide primers/probes that can be searched for 
in curated databases (130, 131). Or new probes can be 
designed in silico towards conserved or variable 16S 
rRNA gene regions targeting large microbial clusters 
or specific microbial genera (132). qPCR lends itself 
to high-throughput analysis (133). The drawback is 
that some microbes may contain multiple 16S rRNA 
gene copies in their genomes, so absolute cell densities 
are difficult to estimate (132). In addition, PCR based 
methods as well as the techniques used to extract 
DNA for qPCR analysis have inherent biases that can 
skew the microbial community profile. These biases 
can be minimized if multiple primers are employed. 
FISH enables single-cell identification via microscopy 
and gives direct cell counts (134). In addition, FISH 
can be paired with stable-isotope experiments and  
nanoscale secondary ion mass spectrometry (nano-
SIMS) to ascertain the single-cell activity of targeted 
organisms (113). In this arrangement (FISH-SIMS), 
stable isotope incubation experiments provide a tracer 
of activity (e.g. 13C-bicarbonate), FISH provides iden-
tification, while nanoSIMS enables nanoscale mass 
spectral resolution of single-cells. The isotopic cell 
enrichment measured by nanoSIMS can be used 
to determine single-cell growth rates of a target or-
ganism, revealing if a cell is active in the uptake of 

amended carbon and nitrogen substrates. 
In summary, stable isotope incubations, FISH 

and FISH-SIMS provide quantitative information re-
lated to a microbe’s distribution and activity, while cul-
tivation and metagenomic techniques enable insights 
into an organism’s metabolic potential. Information 
gleaned from these methods can be integrated into 
the framework of regional hydrodynamics.  

Aims and scope 

The overarching aim of this thesis is to better constrain 
the oceanographic and biological dynamics that shape 
the distribution and activity of anammox and sulfide-
oxidizing nitrate-reducing bacteria in OMZ waters. 

We carried out research in the ETSP and the 
Bay of Bengal OMZs. The Bay of Bengal is arguably 
one of the most heavily impacted OMZs of anthro-
pogenic riverine and atmospheric nutrient input (42, 
43). However, at present, the Bay of Bengal seems to 
support low, but persistent oxygen concentrations (<2 
μM) at the detection of conventional methods (e.g. 
Winkler titration). Despite the low oxygen, the Bay of 
Bengal has no clear evidence of  anaerobic nitrogen 
loss based on geochemical tools (3, 52-54), in part,  
because geochemical nitrogen loss signatures may 
be diluted by massive riverine input (e.g. from the 
Ganges). Thus, whether nitrogen loss is occurring in 
these waters remains an open question. And if these 
waters do support nitrogen loss, what factors constrain 
this system from being a major fixed N sink, like 
other OMZ regions. Chapter 2 explores, for the first 
time, oxygen concentrations using the highly sensitive 
STOX sensor, as well as nitrogen cycling processes in 
the Bay of Bengal using molecular, 15N-labelled stable 
isotope incubation experiments in combination with 
geochemical tools. Moreover we performed oxygen 
regulation experiments designed to test the sensitiv-
ity of aerobic and anaerobic N-cycling processes to 
varying oxygen concentrations. 

In contrast the perennial upwelling in the ETSP 
region sustains some of the highest rates of primary 
production in the ocean (10), driving enhanced or-
ganic matter rain rates that maintain large function-
ally anaerobic zones (6, 7). In these waters a strong 
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correlation between anammox rates and the export 
of organic matter has been observed (31). However, 
ETSP waters exhibit extensive heterogeneity not only 
in nutrients such as nitrite, ammonium and nitrate, 
but also anammox and denitrification processes (28, 
31, 34, 70, 71). In addition, in offshore ETSP waters 
less influenced by upwelling processes, the vertical 
nutrient transport mechanisms fueling primary 
productivity and thereby nitrogen loss remain un-
known. Mesoscale eddies, ubiquitous in ETSP waters 
(68, 69, 135), are compelling features that potentially 
regulate the vertical transport of nutrients. Chapter 
3 investigates eddy-driven vertical-transport mecha-
nisms and their ability to regulate regional nitrogen 
loss and primary production in ETSP waters. In this 
work, we report the first in situ rate process mea-
surements of anammox and denitrification activity 
across mesoscale eddies using 15N-labelled incubation 
experiments, moreover we analyze the distribution of 
chlorophyll content across such features.   

Cross-shelf transport, induced by eddies devel-
oping in close proximity to the coast, may also be an 
important process contributing to the widespread 
distribution of sulfide-oxidizing denitrifying bacteria 
in sulfide-free offshore OMZs (100, 103, 105, 106). 
The presence of a widespread community of sulfide-
oxidizing denitrifying bacteria in offshore ETSP waters 
has remained puzzling. Canfield et al., (100) have pro-
posed that such bacteria thrive in a so-called cryptic 
sulfur cycle, while Stevens et al., (103) have posited that 
cross-shelf transport of sulfide-oxidizing denitrifying 
bacteria from sulfidic shelf waters may account for 
their widespread distribution in the sulfide-free open 
ocean. Chapters 5 and 6 investigate the factors that 
govern the distribution and activity of key sulfide-
oxidizing denitrifying bacteria in ETSP waters. The 
most commonly identified sulfide-oxidizing denitrify-
ing bacteria in OMZs include SUP05 and Arcobacter, 
within the gamma- and epsilonproteobacteria. (A 
more thorough review of sulfide-oxidizing denitrify-
ing bacteria and OMZ sulfur cycling can be found in 
Chapter 4). To investigate their metabolic potential, 
activity and distribution in ETSP waters we employ 
cultivation, metagenomics, stable isotope incubation 
experiments, and single-cell analyses. Oceanographic 

data (e.g. current velocities and satellite sea surface 
height altimetry provided by autonomous glider de-
ployments and remote sensing analysis) were used to 
better constrain the regional mesocale hydrodynamics 
and their impact on the distribution and activity of 
sulfide-oxidizing, denitrifying bacteria.

Finally, Chapter 7, the last chapter of this thesis, 
provides a synopsis of the factors regulating the distri-
bution and activity of anammox and sulfide-oxidizing 
denitrifying bacteria in OMZs. The outlook section 
of this chapter discusses the potential for mesoscale 
dynamics to regulate sulfidic event development and 
termination, as well as the potential impact of eddy-
driven cross-shelf transport on anammox in OMZs. I 
finish this section, with suggestions on how to improve 
future sampling strategies in OMZs, based on findings 
presented in this thesis. 
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Abstract

A third or more of the fixed nitrogen lost from the oceans as N2 is removed by anaerobic microbial 
processes in open ocean oxygen minimum zones.  These zones have expanded over the past decades, 
and further anthropogenically-induced expansion could accelerate nitrogen loss.  However, in the Bay 
of Bengal there has been no indication of nitrogen loss, although oxygen levels are below the detection 
level of conventional methods (1 to 2 μM). Here we quantify the abundance of microbial genes associ-
ated with N2 production, measure nitrogen transformations in incubations of sampled seawater with 
isotopically labeled nitrogen compounds, and analyse geochemical signatures of these processes in the 
water column. We find that the Bay of Bengal supports denitrifier and anammox microbial populations, 
mediating low, but significant N loss.  Yet, unlike other oxygen minimum zones, our measurements 
using a highly sensitive oxygen sensor demonstrate that the Bay of Bengal has persistent concentrations 
of oxygen in the 10 to 200 nM range. We propose that this oxygen supports nitrite oxidation, thereby 
restricting the nitrite available for anammox or denitrification. If these traces of oxygen were removed, 
nitrogen loss in the Bay of Bengal oxygen minimum zone waters could accelerate to global significance. 

O xygen deficient regions of the open ocean 
account for 20 to 40% of fixed nitrogen 
loss, while making up only approximately 

1% (O2 < 20 μM) of global ocean volume (1). Regions 
of nitrogen loss associated with oxygen depletion are 
presently recognized in the Eastern Tropical Pacific 
Ocean, off the coast of Namibia, and in the Arabian 
Sea (1, 2, 3). In this regard the Bay of Bengal (BoB) 
has proven an enigma, with no clear evidence for ni-
trogen loss despite oxygen depletion (< 2 μM O2; (4)), 
although only geochemical indicators of nitrogen loss 
have been investigated to date in this region (4, 5, 6). 

We sampled the BoB in January 2014 during 
the winter monsoon (Fig. 1; S1). At five stations we 
measured oxygen in situ with a highly sensitive STOX 
sensor (switchable trace oxygen) (7, 8), with a limit 
of detection (LOD) of 7 to 12 nM. We used Niskin 
bottles to collect samples for nutrients, dissolved gases, 
nitrate isotopic analyses, molecular characterization of 
microbial populations and for experiments exploring 
aerobic and anaerobic microbial nitrogen metabolism.

Oxygen levels and microbial populations 
in Bay of Bengal

STOX oxygen data revealed sub-micromolar oxy-
gen concentrations over a depth interval of about 
200 meters throughout the study area (Fig. 1). Only 
six single measurements were below the LOD, and 

these were confined to thin layers in the depth range 
between 280 and 360 m at Station 7 (Table S1). There 
was no evidence for distinct broad anoxic zones as 
seen in the other OMZs at any station, even at Station 
1, where a secondary nitrite maximum of up to 180 
nM was observed in the depth range 115 m to 150 m 
(Fig. 1a; nitrite was at or below the LOD of 10 nM at 
all other stations analyzed). At this station, the lowest 
oxygen concentration was 36 nM at ~150 m (Fig. 1; 
Table S1). Persistent oxygen and low nitrite in the 
BoB contrasts with other major OMZs, which have 
anoxic cores (oxygen below STOX sensor detection) 
with > 500 nM nitrite (9), 10. When calibrated to the 
STOX data (Fig. S2), a Seabird oxygen sensor revealed 
tremendous vertical structure in the oxygen profiles 
(Fig.1), indicating oxygen input by lateral intrusions. 

Despite the lack of evidence for anoxia in BoB 
OMZ waters, the vertical zonation of microorganisms 
with nitrogen-metabolizing capabilities resembled 
typical OMZs supporting active N2 production as 
indicated by 16S rRNA and functional gene abun-
dances (Fig. 2). Anammox bacteria, as quantified 
through their nitrite reductase gene (Scalindua nirS, 
or Sc nirS), were present within the OMZ waters, 
peaking at the depth of 150 m with about 1300 cop-
ies mL-1, some 40 to 60% of the maximal abundance 
found in other OMZs with active N2 production (11, 
12). Nitrite reductase genes attributed to denitrifiers 
(Denitrifier nirS) were found at similar distribution 
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and abundance to the Sc nirS, and were even more 
abundant than in the Eastern Tropical South Pacific 
(ETSP) OMZ (11, 13). In addition, the distribution 
of functional genes of aerobic ammonium and ni-
trite oxidizers, thaumarchaeotal amoA (Th amoA) 
and Nitrospira/Nitrospina nxrB (nxrB) respectively, 
resembled the distributions in other OMZ waters 
(11, 13, 14, 15), where Th amoA abundance peaks 
in the upper oxycline, here at about 80 m, and nxrB 
abundance peaks lower in the water column where Sc 
nirS is also most abundant. The similarity with other 
OMZs was further supported by the presence of the 

SUP05 clade, gammaproteobacterial sulfur oxidizers 
(GSO), and abundant adenylylsulfate (APS) reductase 
genes (aprA), suggesting a role for sulfur cycling in 
the BoB OMZ waters (16) (Fig. S3).

Activity of microbial nitrogen 
transformations

Thus, microbial populations in BoB OMZ waters are 
capable of both anaerobic and aerobic nitrogen (and 
maybe sulfur) cycling as in other OMZs supporting 
N2 production, despite a lack of any prior evidence 

Fig. 1. Station locations and oxygen data for the Bay of Bengal. 

at any of the other stations. 
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for N2 production. We performed parallel experi-
ments with 15N-labeling to survey rates of microbial 
nitrate reduction and N2 production in BoB OMZ 
waters (process rate experiments). With additions of 
15NH4

+ alone, anammox (NH4
+ + NO2

- • N2 + 2H2O) 
rates were below detection (LOD 1.3 nM N d-1) at 
all stations. Anammox rates of up to 6.2 nM N d-1, 
however, were observed when NH4

+ and NO2
- were 

added together, with labeling of either of the substrates 
(Fig. 3a; S4). These potential rates are comparable to 
off-shore locations in the OMZs of the ETSP (13) and 
Eastern Tropical North Pacific (ETNP)(17).

Anammox was also detected at rates of up to 
5.5 nM N d-1 in separate experiments designed to ex-
plore the oxygen regulation of nitrite transformations 
(oxygen regulation experiments) where 15NO2

- was 
added alone (Fig. 3b). Anammox activity decreased 
with increasing oxygen concentrations in three of the 
four experiments, but activity was observed up to our 
maximum concentration of 9.5 μM, in line with a 
number of previous observations (18). Indeed, anam-
mox rates remained high across the oxygen concen-
trations of the BoB OMZ. Summarizing our results, 
anammox was not measurable when ammonium 
was added alone, but was only detected with added 
nitrite. Thus, there is a large potential for N-loss via 
anammox in the BoB, but in situ anammox bacteria 
are likely nitrite-limited rather than being limited by 

ammonium or inhibited by oxygen. Denitrification 
was below the LOD (2.7 nM N d-1) in BoB OMZ 
waters in our process rate experiments (Fig. 3A). We 
did, however, detect denitrification (up to 0.9 nM N 
d-1) with 15NO2

- at Station 5 (but not Stations 1 or 4) 
in our oxygen regulation experiments with a lower 
median detection limit of 0.4 nM N d-1 (Fig. 3b), 
suggesting a patchy distribution of denitrification 
in BoB OMZ waters. When present, denitrification 
exhibited higher oxygen sensitivity than anammox 
(Fig. 3b), with complete inhibition at O2 concentra-
tions above 4-5 μM (with a single point deviating 
from this trend), consistent with observations from 
the ETSP OMZ (19).

Despite the low rates of anammox and denitrifica-
tion, and the general absence of nitrite in BoB OMZ 
waters, we measured nitrite production rates from 
nitrate (15NO3

-) of up to 12.1 nM N d-1 at Stations 4 
and 5 (Fig. 3a). We also measured potential nitrite 
oxidation rates of up to 52 nM N d-1 in our oxygen 
regulation experiments (Fig. 3b; Table S2). The pres-
ence of nitrite-oxidizing bacteria was confirmed by 
the detection of Nitrospira/Nitrospina-related nxrB 
sequences (Fig. 2). The rates of nitrite oxidation ex-
ceeded those of nitrite production even at low oxy-
gen concentrations, reaching maximum values at ~1 
μM O2, suggesting nitrite oxidizing bacteria have a 
high affinity for oxygen (Fig. 3a) in agreement with 

Fig. 2. Abundance of bacterial 16S rRNA and selected functional genes in the Bay of Bengal. Copy num-

nirS Scalindua, 
Sc nirS amoA; d) and Nitrospira/Nitrospina -
ductase (nxrB
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recent observations (20). Our combined data indi-
cate an active, coupled, anaerobic/aerobic nitrogen 
cycle where nitrate is reduced to nitrite and rapidly 
oxidized again to nitrate in the OMZ waters. A close 
coupling between nitrate reduction to nitrite and 
subsequent nitrite oxidation has also been described 
in the oxyclines of other OMZs, where nitrite also 
fails to accumulate despite active nitrate reduction 
to nitrite (18, 21).

Thus, based on our experimental data, we con-
clude that the BoB OMZ oxygen concentrations (10 to 
200 nM) limit N2 production through anammox in-
directly, by enabling aerobic nitrite oxidizing bacteria 

to outcompete anammox bacteria for the available 
nitrite. Denitrification was also not inhibited by the 
oxygen levels of BoB OMZ waters, but was generally 
low and only detected at two stations. Such patchiness 
may be related to the presence or absence of organic-
matter rich aggregates in the incubations (17). 

Geochemical evidence of nitrogen cycling

Our molecular results and process rate measurements 
are supported by geochemical data that indicate a 
slow, but functioning, anaerobic nitrogen cycle in BoB 
OMZ waters. A small, albeit noisy, nitrogen deficit 

a) Process 
15

15
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of 2 to 3 μM, indicative of net N loss, was calculated 
from our nutrient data (Fig. 4; Table S4). We also 
observed a maximum N2 excess (calculated from N2/
Ar ratios) on the order of 2 to 3 μM N2 in the OMZ 
waters (equivalent to 4 to 6 μM N). Throughout the 
sub-surface ocean, N2 excess increases monotoni-
cally with depth due to abiotic factors (22) but a local 
maximum within OMZs is strongly indicative of 
biogenic N2 production (23). The δ15N of NO3

- from 
the BoB OMZ showed small enrichments of up to 
1.5‰ relative to deep-water values consistent with 
net nitrate reduction. The larger 18O enrichment in 
NO3

- of 3‰ is consistent with the coupled anaerobic/
aerobic nitrogen cycle explored above, with nitrate 
reduction to nitrite followed by reoxidation back to 
nitrate (24) (see SI). These three geochemical indi-
cators integrate over larger water volumes and over 
longer timescales than our rate measurements, and, 
therefore, imply that nitrogen cycling and N2 produc-
tion are persistent phenomena in the BoB, although 
these signals are smaller in magnitude than in other 
major OMZs (23, 24).

Taken together, our nitrogen deficit and N2  ex-
cess measurements point to ~2 μM of biologically pro-
duced N2 (4 μM N2-N) in BoB OMZ waters. Previous 

studies have estimated annual water exchange of 18 
x 1012 m3 y-1 in the depth interval from 150 to 250 
meters, and 31 x 1012 m3 y-1 in the interval from 250 
to 500 m (25). We take 40% of the latter (12 x 1012 
m3 y-1) to estimate the exchange from 250 to 350 m, 
obtaining a total annual water exchange of 30 x 1012 
m3 y-1 from 150 to 350 meters depth, and a turnover 
time of 12 years for the 372 x 1012 m3 volume of this 
interval (25). This exchange rate, combined with a 
biogenic N2 excess of 2 μM, yields an annual produc-
tion rate of ~1.7 Tg N y-1. This N2 production is about 
12% of the production rate in the Arabian Sea, and 
some 2.5% of the global water-column production 
in OMZ settings (66±6 Tg N y-1)(26).  

This annual rate of N2 production amounts to an 
average N2 production rate of 0.88 nM-N d-1 for the 
volume between 150 to 350 m. As we were unable to 
measure N2 production by anammox without added 
nitrite, and as denitrification rates were low when 
detected at all (Fig. 3), there must be either seasonal 
or spatial variability in N2 production that we have 
not captured in our process rate experiments. Still, 
our process rate and oxygen regulation experiments 
(Fig. 3) suggest a potential for N2 production of about 
3 nM-N d-1 under nitrite replete conditions, some 3.5 

Fig. 4. Geochemical indicators of nitrogen cycling in the Bay of Bengal OMZ waters. 
N2 (calculated from N2

- + NO2
-

being the average NO - + NO2
-

15

18O of nitrate (d). The dashed rectangle outlines the 
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times greater than the average rate calculated from the 
N2 excess. Therefore, there is considerable potential 
for additional N2 production in the BoB OMZ above 
that indicated from the geochemical indicators. As N2 
production, particularly through anammox, is nitrite 
limited, the rates should increase if oxygen is depleted 
further, suppressing nitrite oxidation and allowing 
nitrite to accumulate (9) in BoB OMZ waters. An 
accumulation of nitrite in the sub-micromolar range 
may be sufficient to stimulate anammox substantially, 
judging from the independence of anammox rates 
on nitrite concentrations across OMZs (27). If N2 
production increased to an average of 3 nM-N d-1 (as 
our experiments suggest), then N2 production rates 
would increase to about 6 Tg N y-1 or about 40% of 
Arabian Sea rates and 9% of global water-column 
rates (26). Such an increase would make the BoB an 
important player in the global nitrogen cycle.

The Bay of Bengal at a tipping point

The stable accumulation of nitrite in BoB OMZ waters 
would require the removal of the last traces of oxygen. 
The oxygen concentration reflects the dynamic bal-
ance between the processes mixing oxygen into the 
OMZ and the processes consuming it. An increase in 
the flux of organic matter to the OMZ waters would 
be one way to increase oxygen consumption, and an 
increase in primary production could accomplish this. 
Possible vehicles for increased primary production in-
clude the accelerated input of anthropogenic nitrogen 
into the BoB, as projected for the coming decades (28) 
and changing intensity of the summer monsoon. In 
particular, the high southwesterly summer monsoon 
winds generate coastal upwelling, producing high 
concentrations of chlorophyll a (29) and enhanced 
oxygen depletion in coastal waters (30). Therefore, 
accelerated summer monsoon intensity could po-
tentially increase the flux of organic matter to OMZ 
waters, drawing down oxygen and accelerating N2 
production. 

However, an enhanced summer monsoon would 
also increase river runoff and the flux of particulates 
to the BoB. Riverine particulates ballast sinking or-
ganic material resulting in rapid sedimentation of 

labile organics through the OMZ, reducing their 
decomposition in OMZ waters (6). Thus, the main 
climate driver in the BoB, the summer monsoon, 
generates what appear to be opposing influences on 
the development of anoxia in the BoB OMZ waters. 
A test of summer monsoon intensity on N2 loss in 
the BoB could come from current climate change as 
some climate models suggest future increases in the 
intensity of the Asian summer monsoon (31).

Historical evidence indeed suggests a potential 
relationship between climate change and an active 
anaerobic nitrogen cycle in the BoB (32).  Elevated 
sediment nitrogen isotope values are correlated with 
elevated concentrations of organic matter and organic 
nitrogen about 42,000 years ago. These results suggest 
that higher rates of organic matter productivity at that 
time enabled a nitrogen cycle with higher N loss rates, 
although the driver of this relationship is unclear. 

Overall, we demonstrate that the BoB is like the 
other well known OMZs with microbial populations 
supporting N2 production, although at low rates. The 
BoB OMZ also maintains widespread nanomolar 
oxygen concentrations that inhibit the stable accu-
mulation of nitrite, a key substrate for N-loss. If these 
last traces of oxygen were removed, allowing nitrite 
to accumulate, rates of N2 production would increase 
considerably. Thus, the BoB OMZ sits at a geochemi-
cal “tipping point” where any process removing the 
last of the oxygen, such as anthropogenic nutrient 
input or climate change, would make the BoB a major 
player in the marine nitrogen cycle. 

Methods

Samples were collected at seven stations (Table S4) 
in the Bay of Bengal between the 24th of January 
and 3rd of February 2014 onboard the ORV Sagar 
Kanya. Seawater samples were collected using Niskin 
bottles (4 x 30 L and 8 x 5 L) on a rosette containing 
a Conductivity Temperature Depth (CTD) profiler 
(SBE 9/11 – SeaBird Electronics). The CTD was fur-
thermore equipped with a SBE 43 oxygen sensor (see 
below) and WET Labs ECO-AFL/FL chlorophyll sen-
sor. A complete array of samples, hydrographic, mo-
lecular, nutrients, geochemical and rate measurements 
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were undertaken at stations 1, 4, and 5. At station 6, 
hydrographic, nutrient, geochemical and a reduced 
number of rate measurements were sampled for. Only 
hydrographic and a reduced number of rate measure-
ments were undertaken at station 7 and, at stations 2 
and 3 hydrographic profiles only.

In situ O2 measurements

Concentrations of oxygen were measured in situ with 
two methods. In order to assess the possibility of true 
anoxia in BoB waters we used STOX (Switchable 
Trace amount OXygen) amperometric oxygen (7) 
sensors mounted to a CTD frame. The signal from the 
STOX sensor was recorded on a custom-made Trace 
oxygen profiler (TOP) (8), consisting of a 16-bit A/D 
converter (DT9818, Data translation) controlled by a 
single board computer (fit-PC2i, CompuLab) housed 
in a titanium cylinder. The amplification of the STOX 
sensor signal was performed by a custom-made am-
plifier and the operation of the sensor switching was 
controlled by a cyclic switch operating with a 40 s on/
off cycle. Data was sampled at 60 s-1, filtered using 1.5 
s-1 low-pass filter, smoothed using a 5 s moving aver-
age and finally down-sampled to 1 s-1. The detection 
limit of the STOX sensors in the given configuration 
was estimated to be 7-12 nM based on three times the 
standard deviations of the noise recorded in the zero 
signal. Calibration and calculations were performed 
as described previously (7,9). 

STOX measurements were performed at Stations 
1,4,5,6 and 7. At Station 1, STOX measurements were 
only preformed to a depth of 270 m, due to a soft-
ware error.  The STOX data were recorded during the 
up-cast (except at Station 1) and the majority of the 
data were recorded while the instrument was mov-
ing.  Additionally, several recordings were performed 
while the instrument was kept at a given depth for 
3-5 min. These data are not distinguishable from data 
recorded as the CTD moved.  All STOX oxygen data 
are presented in Table S1.

We also measured oxygen with the SBE 43 po-
larographic oxygen sensor mounted on the CTD. The 
data from the CTD was sampled at 24 s-1, low-pass 
filtered at 0.15 s-1 and down sampled to 1 s-1.  Only 

data from the up-cast was used, as typical for oxygen 
measurements in OMZs (e.g. ref 9), and casts were 
performed with a CTD speed of approximately 1 m 
s-1 below 100 m and 0.5 m s-1 above 100 m. The data 
from the SBE 43 and STOX were aligned using the 
pressure data recorded by both instruments.   

When compared, the data from the SeaBird 
and STOX sensors showed excellent linearity (Fig. 
S2), but with a positive offset on the order of 400 to 
500 nM in the SeaBird oxygen reading. In principle 
we could have used this offset to calibrate the Seabird 
data to the STOX data, but when doing so, we found 
that the SeaBird sensor produced a large number of 
negative readings at the lowest oxygen levels. Since 
the STOX sensor clearly showed the persistence of 
oxygen in the OMZ, we elected instead to align the 
lowest readings on the SeaBird sensor with the read-
ings from the same depth from the STOX sensor. 
This ensured that the Seabird readings were always 
positive values, and the offset ranged from 380 nM 
to 450 nM at the different sites.  

DNA sampling and methods

Samples for molecular biological work were collected 
at Stations 1, 4, and 5 at water depths ranging from 
10 m to 2300 m. Between 5 and 27 L of water per 
depth was filtered through a 3 μm pre-filter prior to a 
0.22 μm Supor® PES membrane disc filter (PALL) on 
which we collected material for DNA analysis. Each 
membrane was stored in 2.7 mL sucrose lysis buffer 
(SLB) at -20ºC until DNA extraction.

DNA extraction

DNA was extracted after a modified version of the 
phenol:chloroform extraction (33). Membranes in 2.7 
mL SLB were allowed to thaw at room temperature. 
After addition of 150 μL of lysozyme (20 mg/ml) tubes 
were incubated at 37 ºC for 30 min under constant 
rotation. After this, 150 μL 20% (w/v) sodium dodecyl 
sulfate and 150 μL of proteinase K (20 mg/ml) were 
added and tubes were incubated at 55 °C for 120 
min under continuous mixing. Nucleic acids were 
extracted with 1 volume phenol:chloroform:isoam
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ylalcohol (IAA) (25:24:1) followed by centrifugation 
at 2,500 relative centrifugal force (rcf) for 10 min. 
The remaining phenol was extracted by 1 volume 
chloroform:IAA (24:1) followed by a centrifugation 
at 2,500 rcf for 5 min. Genomic DNA was precipitated 
with 0.1 volume of 3 M sodium acetate and 2-3 vol-
umes of 96% ethanol, incubation at -20 °C for 8 hr. 
DNA was pelleted at 14,000 rcf for 45 min at 4 ºC and 
washed with 70% ice-cold ethanol and centrifuged 
at 14,000 rcf for 30 min at 4 ºC. The DNA was air 
dried at RT and resuspended in 100 μL preheated TE 
buffer (60 ºC; pH 7.5). DNA concentrations, qual-
ity, and purity were checked spectrophotometrically 
(NanoDrop) and by the Quant-iT™ PicoGreen® ds-
DNA kit (Invitrogen).

qPCR

Copy numbers of 16S rRNA genes and function-
al genes were determined by qPCR using primer 
sets, concentrations, and specific conditions listed 
in Table S3. Each 20 μL reaction contained 10 μL 
SsoAdvanced™ SYPER® Green Supermix (Bio-Rad), 
1-8 ng of template DNA and was adjusted to 20 μL 
final volume with nuclease-free water. Reactions were 
carried out in clear 96 Multiply® PCR plates (Sarstedt) 
and performed on a CFX Connect Real-Time System 
(Bio-Rad) running CFX Manager™ Software V3.0. 
General conditions were as follows: 98 ºC for 2 min 
followed by 40 cycles of 98 ºC for 5 s, listed annealing 
temperature for 15 s, 72 ºC for 15 s and a plate read. 
Finally, a melt curve from 65 ºC to 95 ºC held at each 
0.5 ºC for 5 sec was performed to check the specificity 
of the reaction.

All reactions were run alongside standard curves 
of the corresponding gene ranging from 101 to 107 
copies per μL. Mean PCR efficiencies for the standard 
curves are listed in Table S3 (R2 values were all >0.99). 
Standards for each target gene were derived from 
clone libraries prepared from environmental samples 
with the same primers that were used for the qPCR.

Nutrients

Nitrate, nitrite and phosphate concentrations were 

determined following methods outlined in ref (34). 
The nitrogen deficit was calculated as [NO3

- + NO2
-] 

– (N/Pbw * [PO4
3-]), with N/Pbw being the aver-

age NO3
- + NO2

--, PO4
3- ratio seen in bottom waters 

during this cruise, which was 14. Nutrient data is 
presented in Table S4. It is important to note here the 
weakness in using the N deficit in these waters. The 
various source waters, water masses, riverine input, 
and monsoonal rains are poorly constrained, and 
likely have varying N/P ratios, which could impact 
the N deficit calculation.

Excess N2: Sampling and Analysis

Samples for high precision N2/Ar measurements for 
the determination of biogenic N2 were collected and 
analyzed following the protocol outlined in ref (35). 
Samples were collected bubble-free in 60mL serum 
bottles, preserved with 100 μL of saturated HgCl2 and 
stored at ambient temperature until analysis. Analyses 
were carried out on a custom-made on-line gas ex-
traction system coupled to a multicollector IRMS 
(GV Isoprime). Oxygen was removed during gas 
purification by a hot copper furnace to avoid arti-
facts associated with varying N2/O2. Calibration was 
achieved through reference gas injections (N2+Ar) and 
air equilibrated water standards of known temperature 
and salinity (35). To assess the contribution from 
biogenically produced N2 an additional background 
correction was applied. This was done by subtracting 
values from waters uninfluenced by N loss processes 
(23,36). In our study, no stations outside of the low-
oxygen region were sampled, so background data was 
taken from the WOCE 107N line (23,36).      

Samples collected at depth (temperature 3 to 
10 oC) showed unusually high excess N2. Increases 
with depth may be expected due to bubble injection 
during water mass formation (22), but should have 
been accounted for within the background correction. 
Samples were analyzed within 4 months of collection, 
at which time the integrity of the excess N2 measure-
ments should not have been compromised based on 
sample longevity tests (35). However the longevity tests 
were conducted with storage at room temperature 
and not elevated and fluctuating temperatures as our 
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samples likely experienced during transport. Storage 
effects will be highly dependent on the temperature 
difference between that observed in situ and that ex-
perienced during storage. As temperature in the open 
ocean has a clear monotonic distribution, we therefore 
also expect the residual excess N2 as a result of stor-
age to follow a similar distribution whereas a peak of 
excess N2 in the shallower, warmer, low oxygen waters 
would suggest a biogenic signature from processes 
occurring in situ. Results are presented in Table S4.

Nitrate Isotopes

Samples for δ15NNO3 (δ15N (‰ vs. atmospheric N2) = 
[(15N/14N)NO3/(15N/14N)N2-1] x 1000) and δ18ONO3 
(δ18O (‰ vs. VSMOW) = [(18O/16O)NO3/(18O/16O)
VSMOW-1] x 1000) were collected in 60 mL acid-
washed HDPE bottles and stored frozen until analysis. 
Samples were analyzed by cadmium reduction to 
NO2

- followed by reduction to N2O with azide (37, 38). 
Pre-existing NO2

- was removed by adding sulfamic 
acid (39) prior to cadmium reduction. International 
standards IAEA-N3, USGS-34 and USGS-3540 were 
used for calibration. Reproducibility was 0.3 and 0.5 
‰ for δ15NNO3 and δ18ONO3 respectively. Results 
are presented in Table S4.

Process rate experiments

Rates of microbial nitrogen turnover were determined 
using 15N labeled substrates. Experiments were carried 
out at six depths at stations 1, 4 and 5 and at three 
depths at stations 6 and 7, following the methods out-
lined in refs. (21, 41).  For each incubation, a 250 mL 
serum bottle was filled directly from the Niskin bottle 
and overflowed for at least three volume changes, then 
immediately capped with a butyl rubber stopper and 
crimped with an aluminum cap. Bottles were stored 
in the dark at in situ temperature until all depths were 
collected. After this, bottles were purged with helium 
for 15 min and amended with 15N-labeled substrates 
during the purging. Four amendments were made: 
1) 5μM 15NH4

+, 2) 5μM 15NO2
- + 5μM 14NH4

+, 3) 
5μM 14NO2

- + 5μM 15NH4
+ and 4) 25μM 15NO3

-(only 
amendments 2 and 3 were carried out at stations 6 

and 7). 15N-amended samples were transferred into 
12 mL exetainers (LabCo, UK), and capped with 
helium degassed caps to avoid oxygen contamination 
(42). Exetainers were incubated in the dark at in situ 
temperature.  At each time point (approximately 0, 3, 
6, 12 and 24 hr), microbial activity was terminated in a 
single exetainer by the addition of 100 μL of saturated 
mercuric chloride solution. It is worthwhile to note 
that although the incubation approach used here was 
originally intended to yield anoxic conditions, the 
introduction of highly sensitive oxygen sensors have 
revealed that slight oxygen contamination is essentially 
unavoidable (17, 43). 

The production of 14N15N and 15N15N was deter-
mined on a gas-chromatography isotope ratio mass 
spectrometer (GC-IRMS; VG Optima, Manchester, 
UK). The production of nitrite was determined from 
samples amended with 15NO3

- according to ref (21) 
with conversion to N2 and determination of 14N15N 
by GC-IRMS (customized TraceGas coupled to a 
multicollector IsoPrime100, Manchester, UK). Rates 
for all processes were evaluated from the slope of the 
linear regression of 14N15N and/or 15N/15N with time, 
correcting for the 15N labeling percentages of the initial 
substrate pool. Rates of N2 production by anammox 
and denitrification were calculated according to the 
equations in ref (44). T-tests were applied in all cases 
to determine whether rates were significantly dif-
ferent from zero (p < 0.05). Detection limits varied 
from experiment to experiment and were estimated 
from the median of the standard error of the slope, 
multiplied by the t value for p = 0.05. Thus, the median 
detection limits for anammox were 1.3 and 2.2 nM N 
d-1 for 15NH4

+ and 15NO2
- incubations, 2.7 nM N d-1 

for denitrification (15NO2
- incubation) and 3.0 nM N 

d-1 for nitrate reduction (15NO3
- incubation; anammox 

and denitrification rates were all non-significant with 
15NO3

- amendments).   

Oxygen Regulation Experiments

Water for oxygen regulation experiments was sampled 
immediately after the Niskin bottles arrived on deck 
and transferred to a 20 L glass bottle. The bottle was 
overflowed (at least two volume equivalents) and 
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sealed without bubbles using deoxygenated butyl 
rubber stoppers (42), then stored in the dark at in situ 
temperature until the experiment began. The bottle 
was spiked with 15NO2

- to a final concentration of 5 
μM and then degassed with helium (~ 1 hr). At this 
point, the water was dispensed into custom-modified 
Schott Duran glass bottles (1160 mL) as described in 
ref (45). An additional modification was the placement 
of a third glass port on the bottle, which held a 100 
mL glass reservoir filled with sample water, that was 
continually degassed with helium for the duration of 
the experiment. During the incubations the bottles 
were continuously stirred (45), kept in the dark, and 
submersed in a water bath to maintain in situ tem-
perature. Oxygen additions were made by injecting 
known volumes of air-saturated seawater. In this setup, 
oxygen was monitored throughout the incubations 
using a highly sensitive optical trace oxygen optode 
and readout device (43), mounted on the side of the 
bottle. Sensors were individually calibrated after each 
experiment, with zero point calibrations using a 0.1% 
w/v sodium-dithionite solution.

Time-series sampling was undertaken at 0, 4, 
8, 12 and 16 hr, by inserting a long needle down the 
pressure compensation tube, opening the reservoir 
and withdrawing 10mL of sample. Sample was in-
jected into 6 mL exetainers (LabCo, UK), pre-spiked 
with 50 μL 50% w/v ZnCl2. Analysis of 14N15N and 
15N15N for N2 production rates were performed on a 
gas chromatography isotope ratio mass spectrometer 
as in ref. (46). Anammox and denitrification rates were 
determined using the equations presented in ref. (44). 

Nitrite oxidation was determined from the pro-
duction of 15NO3

-. After the removal of residual 15NO2
- 

with sulfamic acid, 15NO3
- was converted to 15NO2

- by 
cadmium reduction and then to N2 with sulfamic acid 
(21,37). Process rates were calculated from the linear 
regression of 14N15N and/or 15N15N as a function of 
time. T-tests were applied in all cases to determine 
whether rates were significantly different from zero 
(p < 0.05). Detection limits for the oxygen regulation 
experiments were estimated from the median of the 
standard error of the slope, multiplied by the t value 
for p = 0.05. Detection limits vary from experiment 
to experiment, but median detection limits were 0.9 

nM N d-1  for anammox in 15NO2
- incubations, 0.4 

nM N d-1 for denitrification and 6.3 nM N d-1  for 
nitrite oxidation.  Data from these experiments are 
shown in Table S2.
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oxygen. The data presented 

-

according to the manufac-
turer’s recommendations. 

Fig. S2. Comparison of in 
situ oxygen recordings. 
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Fig. S3. Abundance of 16S rRNA genes for the SUP05 group and Gammaproteobacterial sulfur-oxidizing 
group (GSO) as well as the abundance of the functional gene APS reductase (aprA).

Error bars represent the standard error. 
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of kinetic isotope effects (15ε:18ε) is approximately 
1:15. Deviations from this expected 1:1 relationship 
in low oxygen systems, can be used to identify pro-
cesses acting concurrently to nitrate reduction, this is 
described by the nitrate isotope anomaly, Δ(15, 18) (6). 
This anomaly is expressed as Δ( 15, 18) = (δ15NO3

-  - 
δ15NO3

- deep) – 15ε /18ε x (δ18NO3
- - δ18NO3

-deep), 
where δ15NO3

- and δ18NO3
- are the values measured, 

δ15NO3
- deep and δ18NO3

- deep are the average values 
in the regional deep water (with values of 6.1 and 2.6 
‰ used for δ15NO3

- and δ18NO3
- respectively in the 

BoB) and 15ε /18ε is the ratio of the N to O isotope 
effects of dissimilatory nitrate reduction. If nitrate 
reduction is the only process influencing the nitrate 
pool Δ(15, 18) values should be close to zero. Negative 
Δ(15, 18) values have been observed in low-oxygen 
waters and attributed to the remineralisation of newly 
fixed N or the reoxidation of nitrite (6-9). The cycling 
of N between nitrate reduction and nitrite oxidation 
would have little net effect on the isotopic signature of 
δ15NO3

-, but would cause δ18NO3
- values to increase 

as the nitrate reduced is initially lower in δ18O than the 
reoxidised nitrite, resulting in the negative anomaly. 
In the low-oxygen waters of the BoB (100 to 350 m), 
persistent negative Δ(15, 18) values (Fig. S5) indicate 
a coupled anaerobic /aerobic N cycle, likely regulating 
N loss in this system. 
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Stn 1 Stn 4 Stn 5#1 Stn 5#2 Stn 6#1 Stn 6#2 Stn 7  

Depth 
(m) 

O2 
(nM) 

Depth 
(m) 

O2 
(nM) 

Depth 
(m) 

O2 
(nM) 

Depth 
(m) 

O2 
(nM) 

Depth 
(m) 

O2 
(nM) 

Depth 
(m) 

O2 
(nM) 

Depth 
(m) 

O2 
(nM) 

Table S1. STOX measurements. -

casts.
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Site Depth 
Manipulated  
Oxygen Conc Anammox Denitrification Nitrite Oxidation 

 m M SD nM N d-1 SE nM N d-1 SE nM N d-1 SE 

Stn 1 126 3.45 0.04 0 0 0 0 10.3 3.2 

Stn 1 126 0.47 0.08 3.94 0.6 0 0 0 0 

Stn 1 126 0.98 0.12 4.22 1.46 0 0 9.3 1.9 

  

Stn 4 155 4.87 0.10 2.24 0.56 0 0 52.9 4.9 

Stn 4 155 4.78 0.14 5.54 0.72 0 0 51.8 1.0 

Stn 4 155 9.46 0.17 5.5 2.26 0 0 46.7 3.9 

  

Stn 5 106 0.39 0.19 3.88 0.16 0.66 0.18 11.3 1.1 

Stn 5 106 2.76 0.06 1.6 0.2 0.3 0.12 18.6 1.5 

Stn 5 106 4.99 0.31 0.54 0.16 0 0 14.4 1.0 

  

Stn 5 156 7.61 0.14 1.16 0.38 0.88 0.26 36.9 2.3 

Stn 5 156 1.32 0.11 1.2 0.08 0.4 0.14 46.2 3.4 

Stn 5 156 3.09 0.03 3.74 0.96 0.28 0.06 43.3 2.4 
 

Table S2. Results from the oxygen regulation experiments.
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Primer 
Name 

Sequence 5' --> 3 ' Annealing 
Temp oC 

Target Gene Target 
Organisms 

Efficiency 
of 

Standard 

Refs 

B27F AGR GTT YGA 
TYM TGG CTC 
AG 

55 16S rRNA Bacteria 82 - 86 % 1
 

U519R TTA CCG CGG 
CKG CTG 

2
 

U519F CAG CMG CCG 
CGG TAA 

63 16S rRNA SUP05 
group 

66 - 68 % 2
 

1048R 
SUP05  

CCA TCT CTG 
GAA AGT TCC 
GTS T 

3
 

B27F AGR GTT YGA 
TYM TGG CTC 
AG 

50 16S rRNA Gammaprote
o-bacterial  

Sulfur 
Oxidizers 

77 - 80 % 1
 

GSO477-
R 

CTA AAG TTA 
ACG TCA AGG 

4
 

AOA-
amoA-f  

CTG AYT GGG 
CYT GGA CAT C 

59 Ammonia 
monooxygenase  

subunit A 

Archaeal 
nitrifiers (Th 

amoA) 

78 - 79 % 5
 

AOA-
amoA-r 

TTC TTC TTT 
GTT GCC CAG 
TA 

cd3aF GTS AAC GTS 
AAG GAR ACS 
GG 

58 Nitrite reductase  
subunit S 

Denitrifiers  
(Den nirS) 

93 - 94 % 6
 

R3cd GAS TTC GGR 
TGS GTC TTG A 

Scnir372F TGT AGC CAG 
CAT TGT AGC 
GT 

61 Nitrite reductase  
subunit S 

Scalindua  
(Sc nirS) 

86% 7
 

Scnir845R TCA AGC CAG 
ACC CAT TTG CT 

nxrB169F  TAC ATG TGG 
TGG AAC A 

57 Nitrite 
oxidoreductase  

subunit B 

Nitrospira/ 
Nitrospina 

(nxrB) 

88 - 90% 8
 

nxrB638R CGG TTC TGG 
TCR ATC A 

aps1F TGG CAG ATC 
ATG ATY MAY 
GG 

53 Adenylylsulfate 
reductase  
subunit A 

diverse 81 - 84 % 9
 

aps4R GCG CCA ACY 
GGR CCR TA 

 

Table S3. qPCR primers
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Abstract

The eastern tropical South Pacific (ETSP) upwelling region is one of the ocean’s largest sinks of fixed 
nitrogen, which is lost as N2 via the anaerobic processes of anammox and denitrification. One-third of 
nitrogen loss occurs in productive shelf waters stimulated by organic matter export as a result of eastern 
boundary upwelling. Offshore, nitrogen loss rates are lower, but due to its sheer size this area accounts 
for ~70% of ETSP nitrogen loss. How nitrogen loss and primary production are regulated in the offshore 
ETSP region where coastal upwelling is less influential remains unclear. Mesoscale eddies, ubiquitous in 
the ETSP region, have been suggested to enhance vertical nutrient transport and thereby regulate primary 
productivity and hence organic matter export. Here, we investigated the impact of mesoscale eddies on 
anammox and denitrification activity using 15N-labelled in situ incubation experiments. Anammox was 
shown to be the dominant nitrogen loss process, but varied across the eddy, whereas denitrification was 
below detection at all stations. Anammox rates at the eddy periphery were greater than at the center. 
Similarly, depth-integrated chlorophyll paralleled anammox activity, increasing at the periphery rela-
tive to the eddy center; suggestive of enhanced organic matter export along the periphery supporting 
nitrogen loss. This can be attributed to enhanced vertical nutrient transport caused by an eddy-driven 
submesoscale mechanism operating at the eddy periphery. In the ETSP region, the widespread distribu-
tion of eddies and the large heterogeneity observed in anammox rates from a compilation of stations 
suggests that eddy-driven vertical nutrient transport may regulate offshore primary production and 
thereby nitrogen loss. 

O ceanic oxygen minimum zones (OMZ) 
typically occur in regions where upwell-
ing of nutrient rich waters fuels high 

surface primary productivity. The resulting export 
of organic matter stimulates microbial respiration, 
and combined with poor regional ventilation creates 
low oxygen concentrations (1). Traditionally OMZ 
boundaries are defined by oxygen concentrations 
of less than 20μM (2), although, oxygen is regularly 
observed to be < 10 nM in these regions (3, 4). Under 
low oxygen concentrations the anaerobic processes 
anammox and denitrification contribute to nitrogen 
loss. Specifically, the former catalyzes the anaero-
bic oxidation of ammonium with nitrite, while the 
latter is the stepwise reduction of nitrate to N2. An 
estimated 30-50% of oceanic nitrogen loss occurs in 
OMZs, which represent roughly 0.1% of the global 
ocean volume (5). These regions are primarily lo-
cated within the Arabian Sea, the Bay of Bengal, off 
the coast of Namibia, the Eastern Tropical North 
Pacific, and the Eastern Tropical South Pacific (ETSP) 
(6). In the majority of OMZ studies, anammox has 
been shown to be the main sink of fixed inorganic 
nitrogen (NO3-, NO2- and NH4+) (7-12). The main 

source of inorganic nitrogen substrates for anammox 
comes from the remineralization of organic matter 
exported from the photic zone (13). Based on in situ 
rate measurements, anammox activity is strongest 
over the upper shelf where the input of organic matter 
is highest (8, 9, 13). Therefore, organic matter supply 
places constraints on nitrogen loss (13), which has 
been attributed to coastal upwelling (1).

The offshore OMZ (defined as >600m water 
depth following Kalvelage et al., (13)), despite having 
lower volumetric anammox rates (by an order of 
magnitude), accounts for two-thirds of ETSP nitrogen 
loss (13). These rates are heterogeneous and not evenly 
distributed across the offshore ETSP region (13). 
Consequently, there must be other mechanisms regu-
lating nitrogen loss and potentially export produc-
tion in the offshore OMZ (14), where coastal Ekman 
driven upwelling and the breaking of internal waves 
is less influential (15). The most compelling sugges-
tion is mesoscale eddies, which occur at a large-scale 
(50-200 km diameter), can persist for relatively long 
time periods (weeks to months), and are ubiquitous 
in the marine environment (16-18). 

Eddies mediate vertical advective transport of 
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nutrients by Ekman and nonlinear Ekman mecha-
nisms. Ekman transport is primarily driven by the 
eddy-wind interaction and is strongest in the eddy 
center (19, 20). There are three main types of me-
soscale eddies which can be characterized by their 
isopycnal displacements and the direction of Ekman-
driven transport in the eddy center (Fig 1). In cyclonic 
eddies Ekman transport produces downwelling. In 
anticyclonic and anticyclonic mode-water eddies this 
generates upwelling (20-22), these two eddy types 
are distinguished by their differences in isopycnal 
displacements. In contrast, nonlinear Ekman trans-
port is driven by the horizontal velocity of the eddy, 
and operates along density fronts located on the eddy 

periphery, which is consistent across all eddy types 
(15, 17) (Fig 1). Nonlinear Ekman transport is also 
termed submesoscale transport, because it occurs 
at scales ranging from 0.1 to 10 km. In effect both 
Ekman and submesoscale vertical transport processes 
bring nutrients from mid-depths up to sunlit surface 
waters (23), stimulating primary production. Ekman 
upwelling within anticyclonic mode-water eddies 
has been used as a mechanism to explain massive 
phytoplankton blooms reported in the North Atlantic 
and elsewhere (24, 25). Eddy-induced enhancement 
of chlorophyll concentrations at the eddy periphery as 
a result of submesoscale processes has also been ob-
served (26-28). Comparing the two vertical pumping 

Fig 1. Schematic of isopycnal deformations and vertical transport processes in two eddy types depicted for the 
southern hemisphere. Shown are a cyclonic (clockwise ‘CW’ spin) and an anticyclonic mode-water eddy (counterclock-
wise ‘CCW’ spin)

 the center of anticyclonic mode-

to be enhanced along either side of the density front (i.e. along the tilted isopycnals). This area coincides with an increase 

the eddy center. Submesoscale processes drive two-way vertical transport. A net upward transport of nutrients into the 
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mechanisms, submesoscale velocities operating on the 
eddy periphery can reach 10-100 m d-1, several orders 
of magnitude larger than velocities driven by Ekman 
transport occurring in the eddy center (0.1-0.4 cm 
d-1) (24, 29, 30). Additionally, submesoscale processes 
can act to transport particulate organic carbon and 
oxygen downwards below the surface mixed layer, 
referred to as subduction (15, 20, 31-33) and this 
has recently been suggested to play a pivotal role in 
the ocean carbon pump (32). Eddies are common 
throughout all major OMZs (34, 35), but the extent 
of their regulation over regional chlorophyll and the 
impact of this on nitrogen loss processes remains 
understudied.

To date, only a few studies have investigated 
the effect of eddies on nitrogen cycling processes 
in OMZs. These studies have used time-integrated 
records of nitrogen loss, such as natural abundance 
N-isotopes (14, 37), the nitrogen deficit (N*) (14, 
38), and nitrite concentrations (37, 38). All methods 
show signatures indicative of enhanced nitrogen loss 
and elevated chlorophyll, in the center of anticyclon-
ic mode-water eddies, and this is referred to as the 
‘hotspot’ theory (14, 37-39). However, the current 
‘hotspot’ theory is debated, because it assumes these 
chemical signatures originated and were intensified 
by the eddy, as a result of central Ekman upwelling 
(14, 37, 38). This theory is contested, as it does not 
consider the eddy formation history and exchange 
with surrounding water bodies (40). A study tracking 
the development of a coastal anticyclonic eddy in the 
ETSP region found that the eddy naturally entraps 
coastal water signatures, including coastally derived 
N* (40). As the eddy continued developing, the sig-
nature was enhanced overtime by eddy-induced hori-
zontal advective transport, in effect pulling coastally 
derived N* inwards towards its center (40). Given that 
the coastal N* is typically higher than offshore waters 
(13), as the eddy propagated away from the coast it 
retained an elevated coastal signature offshore (20, 40). 
Thomsen et al., (40) highlight that the accumulated 
biogeochemical signal preserves a record of water 
mass history, but does not necessarily indicate the 
presence of ongoing nitrogen loss activity. Likewise, 
the chlorophyll hotspot observed in anticyclonic 

mode-water eddies in the ETSP region and elsewhere, 
conventionally attributed to stimulation induced by 
central Ekman upwelling (24), could alternatively 
have accumulated in the eddy center as a result of 
inward horizontal transport (15, 36). In contrast, 
recent studies outside of OMZs highlight that the 
most prevalent nutrient replenishment, and thereby 
stimulant of primary productivity, is occurring on 
the eddy periphery due to submesoscale dynamics 
(15, 26, 36, 41, 42).  

We investigated the spatial distribution of ni-
trogen loss rates and chlorophyll across mesoscale 
eddies in the ETSP region. Specifically, we attempt to 
better resolve which vertical transport mechanisms 
regulate nitrogen loss and chlorophyll concentrations 
within eddies. In this study we provide the first in situ 
rate measurements of nitrogen loss across an eddy. 
Our analysis further expands our understanding of 
system wide patterns of offshore chlorophyll and the 
regulation of nitrogen loss as a result of the widespread 
distribution of eddies in the ETSP region.    

Results and Discussion

Eddy hydrodynamics and station 
definition

During the M90 research cruise in November 2012, 
eddies A, B and C, were readily observable from sat-
ellite sea surface height altimetry (SSHA), and were 
sampled along the 16.45 S transect (Fig 2A). Eddies 
A, B and C extended vertically from surface waters 
down to between 600-950 m depth (38). At the time 
of sampling, eddy A was still forming over the upper 
shelf, whereas eddies B and C were detached from 
the coast and had propagated westward. Based on 
satellite altimetry tracking, eddy A was the youngest, 
followed by eddies C and B at 2, 3 and 5 months old, 
respectively (38). Eddies A and B, based on isopycnal 
profiles were by definition anticyclonic mode-water 
eddies because they had uplifted seasonal pycnoclines 
and depressed main pycnoclines, whereas eddy C 
was cyclonic because it had upward shoaling of both 
seasonal and main pycnoclines ((24); Figs 1 and 2B). 

We define the location of our stations within 
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Fig 2. Distribution of anammox activity across eddies A, B and C in the ETSP region. (A) Sea surface height altimetry 
nd

sampled for nutrients only (open circles) and nutrients plus nitrogen loss rates (open triangles with station numbers) are 

m 15N-NH + 

-
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the eddy according to two characteristic features: 
horizontal velocities for transects across individual ed-
dies, and isopycnal spacing for system wide trends. 1) 
Horizontal velocities induced by the eddy vary across 
its diameter. Inherently, the center of the eddy has low 
or near-stagnant horizontal velocities that increase 
moving away in either direction from the center (Fig 
2B). Horizontal velocities eventually peak and then 
decrease at the outer limits of the eddy. Generally, the 
center exhibits flat isopycnals that begin to tilt moving 
away in either direction from the center. The tilting 
of the isopycnals, otherwise referred to as the density 
front, coincides with an increase in eddy horizontal 
velocity (Fig 1). Unless specified we use the terms, 
“center” to describe the area of the eddy having the 
lowest horizontal velocity, and “periphery” referring 
broadly to the density front, which also coincides with 
higher eddy horizontal velocities. 2) For the analysis of 
system-wide trends, and specifically when horizontal 
velocity data was unavailable, stations were instead 
located according to the isopycnal spacing, following 
a similar concept as Strass (42).  In principle, on either 
side of each density front, isopycnals begin to flatten; 
notably, the center characteristically exhibits a smaller 
distance between individual isopycnals than the eddy 
periphery (Fig 1). Thereby, isopycnal spacing can be 
used to determine the relative location of sampled 
stations within an eddy (i.e. periphery versus center). 
Here, we use reference isopycnals, 25.4 and 26.0 kg 
m-3, to calculate isopycnal spacing. Isopycnals 25.4 
and 26.0 kg m-3 located near the surface and oxycline, 
respectively, were chosen because they were repre-
sentative of uplifted seasonal pycnoclines in eddies 
A, B and C (Fig 2B).

Distribution of chemical parameters

Eddies A, B and C penetrated vertically through the 
OMZ core, which was observed between 100 and 500 
m depths, using a cutoff of 20 μM oxygen (S1 Fig). 
These eddies had a distinct effect on the distribu-
tion of oxygen and nutrients (originally discussed 
by Stramma et al., (38)). For cyclonic eddy C, the 
center, had undetectable nitrite concentrations and 
an N* of -17 μM (S2 Fig). Chlorophyll concentrations 

were between 2-2.5 μg L-1 from 20 to 40 m depth, and 
oxygen concentrations were notably high, reaching 
more than 5 μM in the center from 200-350 m depth 
(S1-S3 Figs). At the periphery, chlorophyll concentra-
tions were slightly lower (0.5-2 μg L-1) relative to the 
center, however, chlorophyll had a deeper penetration 
(down to 150 m) through the water column along the 
density front (S3 Fig).  Increases in nitrite, N*, and 
a decrease in oxygen were observed moving away 
from the center along the density front. Furthermore, 
elevated concentrations and low oxygen waters (<3 
μM) were observed over a larger depth range rela-
tive to the center. At the periphery, N* and nitrite 
concentrations were most pronounced, with values 
reaching -40 μM and 11 μM, respectively. Here it is 
important to note that these parameters (N* and 
nitrite concentrations) are traditionally thought of 
as chemical signatures of active nitrogen loss, but 
it has been shown that no quantitative correlation 
exists between them and ongoing nitrogen loss ac-
tivity (8, 13, 43). For eddy C, Stramma et al., (38) 
attributed the increase in nitrite and N* occurring 
along the periphery to an impinging anticyclonic 
eddy (seen in Fig 2A). An alternative interpretation 
is that strong upward directed transport of nutrients 
along the density front stimulated primary produc-
tivity, in agreement with modeling studies (36, 41). 
The enhanced organic matter supply and subsequent 
remineralization decreased oxygen concentrations, 
and could potentially promote nitrogen loss activity.

For anticyclonic mode-water eddies A and B, 
nutrient and oxygen distributions across the eddy 
differed relative to eddy C.  The center of eddy A 
had oxygen concentrations less than 3 μM between 
140 and 400 m depth and a maximum chlorophyll 
concentration of 6.1 μg L-1 at 50 m depth (S2 and S3 
Figs; Stramma et al., (38)). For eddy B, the maximum 
chlorophyll concentration was half that (2.5 μg L-1) 
of eddy A (S3 Fig), and oxygen-depleted (<3 μM) 
waters at the center were observed between 200 and 
400 m depth (S1 and S2 Figs; (38)). N* and nitrite 
concentrations were most pronounced in the centers 
of eddies A and B, a strong contrast to eddy C (S2 Fig; 
(38)). Eddies A and B, exhibited a strong N* between 
175-250 m depth of -30 μM, and nitrite concentrations 
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up to 8 μM (S2 Fig). Moving away from the center 
of eddies A and B there was a decrease in nitrite and 
N*concentrations, as well as an increase in oxygen 
concentrations, indicating an opposite cross-eddy 
pattern between sampled cyclonic and anticyclonic 
mode-water eddies. Maximum chlorophyll concen-
trations also decreased moving towards the periphery, 
however, chlorophyll was distributed over a larger 
depth range, with lateral intrusions and/or deep pen-
etrating pockets of chlorophyll being observed along 
the density front (S3 Fig; (38)). Similar features, occur-
ring along the eddy periphery, have been observed in 
anticyclonic eddies in the North Atlantic, which were 
indicative of eddy-induced peripheral submesoscale 
transport processes (32). In the study by Omand et 
al., (32) submesoscale vertical transport  resulted in 
over half of the springtime bloom being exported 
below the surface mixed layer. Subducted chloro-
phyll in eddies A and B along the periphery could be 
considered evidence of active submesoscale driven 
transport, which may directly supply organic matter 
for nitrogen loss processes in the OMZ. Moreover in 
the ETSP region and elsewhere, submesoscale pro-
cesses have been shown to introduce oxygen below 
the surface mixed layer (32, 33). Consequently this 
could potentially fuel microaerobic activity that has 
been shown to be an important process in supplying 
ammonium for anammox bacteria (44). 

Distribution of nitrogen loss rates

To determine anammox and denitrification activ-
ity across each eddy we performed incubation ex-
periments with 15N-NH4

+ and 15N-NO2
- additions. 

Denitrification was below detection at all of the 
stations, which is in line with previous studies in 
the ETSP region, which have shown denitrification 
rates to be highly patchy (45). Anammox activity 
dominated at the sampled stations, which is consistent 
with previous studies, suggesting anammox as the 
main microbial nitrogen loss pathway in the ETSP 
region (9, 13). Volumetric anammox rates from the 
two incubation experiments were generally compa-
rable to each other (S1 Fig). Over depth, the highest 
volumetric anammox rates generally corresponded 

with both N* and nitrite maximums, which also cor-
responded to the depths just below where oxygen 
dropped below 20 μM. Our volumetric anammox 
rates for two offshore stations and eddies A, B and 
C ranged from below detection to 8 nM N d-1, and 
for the coastal station ranged from below detection 
to 57 nM N d-1 (S1 Fig). These are comparable to 
previously reported anammox rates for coastal and 
offshore OMZ environments (9-13, 45). Moreover, 
our volumetric rates followed the same longitudinal 
trend as Kalvelage et al., (13) indicating highest anam-
mox activity over the shelf followed by a decrease of 
an order of magnitude at offshore stations. Although 
these volumetric rates are lower in the offshore OMZ, 
they exhibit large variability that is not related to the 
distance from the shelf (13). 

To compare anammox activity across each eddy 
we will focus on the maximal volumetric and depth-
integrated rates observed at each station, based on 
15N-NH4

+ incubations. For cyclonic eddy C, rates of 
anammox activity varied across the eddy transect, in 
total four stations were available for comparison. The 
center station (C0), which had the lowest horizontal 
velocity of the four stations, had non-detectable anam-
mox activity (Fig 2C). The remaining three stations 
were sampled along the density front. The second (C1) 
and third (C2) closest stations to the center, located 
nearest to the highest horizontal velocity had anam-
mox rates up to 1.55 and 1.71 nM N d-1 at 150 m depth. 
At the station furthest from the center (C3), activity 
increased to 2.11 nM N d-1, and had consistently high 
rates of 1.75 to 2.11 nM N d-1 between 100 and 200 
m depth; this station corresponded to the outer edge 
of the density front where horizontal velocities began 
to decrease. The same trend is further highlighted 
when looking at the depth-integrated anammox rates, 
where we observed a transition from lowest to highest 
anammox rates moving from the center towards the 
periphery of the eddy, 0.00 to 0.53  0.04 mmol N 
m-2 d-1 (Fig 2D). These findings indicate a tendency 
for anammox activity to increase moving away from 
the center across the eddy density front, and towards 
higher horizontal velocities. 

For anticyclonic mode-water near-coastal eddy 
A volumetric anammox rates increased from 4.95  
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0.50 nM N d-1 to 5.97  0.50  nM N d-1, moving from 
the eddy center towards the periphery (Fig 2C), sug-
gesting no across-eddy differences. However, depth-
integrated anammox rates show a pattern identical to 
that of eddy C with lower activity in the eddy center 
(0.86 0.05 mmol N m-2 d-1) relative to the periph-
ery (1.12  0.04 mmol N m-2 d-1; Fig 2D). Elevated 
anammox activity at the periphery coincided with the 
strongest horizontal velocities (Fig 2B). Anticyclonic 
mode-water eddy B, the weakest of the eddies based 
on its horizontal velocity, had nitrogen loss rates up 
to 3.04 nM N d-1, at two stations in close proximity to 
the eddy center (Fig 2B, C). With only center stations 
available it was not possible to determine if anammox 
rates were higher at the eddy periphery as observed for 
eddies A and C. Though, depth-integrated anammox 
activity in the center of eddy B was similar to that of an 
offshore station sampled at the same longitude (0.30 

0.02 and 0.39 0.05 mmol N m-2 d-1 respec-
tively, Fig 2D). This is notable, because the center of 
eddy B has previously been suggested as a ‘hotspot’ 
for nitrogen loss due to its elevated concentrations 
of N* and nitrite (38), but the direct measurements 
of ongoing activity measured here seem to disagree 
with this, as anammox rates were not higher in the 
center of eddy B. 

The centers of cyclonic and anticyclonic mode-
water eddies exhibited differences not only in nitrogen 
loss activity but also in nutrients. For cyclonic eddy 
C, anammox activity, nitrite, N*, and chlorophyll 
were lower at the center compared to the centers of 
eddies A and B. This difference in activity and nutri-
ent distributions between eddies could potentially be 
explained by the direction of Ekman driven vertical 
transport at the eddy center. Anticyclonic mode-water 
eddies which produce upwelling would be expected 
to generate higher primary production and thereby 
higher organic matter export in the center than cy-
clonic eddies which drive nutrient downwelling (24). 
Enhanced organic matter export could have fueled 
higher anammox activity in the centers of anticyclonic 
mode-water eddies A and B compared to cyclonic 
eddy C. Moreover, in eddy C, downwelling of oxy-
genated waters may have ventilated the eddy center, 
which could explain why oxygen concentrations never 

fell below 5 μM, while in eddies A and B concentra-
tions were generally below the detection limit (3 μM). 
Recent studies quantifying the oxygen sensitivity of 
anammox have found 50% inhibition concentrations 
of 1 to 10 μM oxygen (46, 47), which could be a po-
tential explanation of why lower anammox activity 
was observed in the center of eddy C. Thus we suggest 
that the direction of Ekman driven vertical transport 
in the center plays a role in regulating nitrogen loss 
by controlling export production and oxygen supply.

While rates of nitrogen loss in the centers of 
eddies A and B were moderate, they were lower or 
comparable to rates observed at the periphery or 
other offshore stations, despite having elevated chlo-
rophyll, N* and nitrite concentrations (38). To date 
these enhanced chemical signatures of nitrogen loss 
(N*, nitrite concentrations and natural abundance 
N-isotopes) have been the basis for the hotspot theory, 
proposing Ekman upwelling as the main driver of ni-
trogen loss at the eddy center (14, 37, 38, 48). However, 
as a consequence of how eddies form, mixing with 
adjacent waters could explain the majority of the 
nutrient and low oxygen concentrations. Indeed, 
salinity characteristics in the centers of eddies A and 
B were of a similar range to values measured for the 
coastal Peruvian-Chilean undercurrent (PCUC), 
ranging between 34.8-35.9 from 50 to 200 m water 
depth (38).  The coastal PCUC waters can vary in 
terms of nutrient chemistry, but generally have con-
centrations of nitrite, N*, and chlorophyll ranging 
between 6-9 μM, -25-28 μM, >6 μg L-1, respectively 
(13, 38, 40), as well as oxygen concentrations below 
10 nM (3). Conserved nutrient chemistry and salinity 
characteristics between the centers of eddies A and 
B and the PCUC would suggest that nutrients in the 
centers of eddies A and B originated from the coast. A 
similar finding was reported for another anticyclonic 
eddy occurring in the same region tracked over its 
formation history (40). Thomsen et al (40), showed 
snapshots of nutrient concentrations before, during 
and after the eddy formation to reveal increasing 
nitrite and N* concentrations in the eddy center and 
decreasing oxygen over this period. After formation 
the eddy center had comparable nutrient concen-
trations to the PCUC. Moreover nutrient gradients 
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(nitrate, nitrite and oxygen) formed along isopyc-
nals between the eddy and the coast, diagnostic of 
eddy-induced horizontal advection (40). In the ETSP 
region eddy-induced horizontal advection of coastal 
nutrients and productivity offshore lowers the overall 
productivity of the coastal upwelling region (49). 

Contrary to the hotspot theory, our findings 
show that nitrogen loss activity at the periphery of 
eddies A and C is greater than activity at the eddy 
center (Fig 2). For eddy C, the increase in anammox 
activity along the periphery was also paralleled by 
increases in nitrite, N*, and chlorophyll as well as a 
decrease in oxygen concentrations (38). Moreover, 
N2O, an intermediate of the denitrification pathway 
accumulated on the periphery of eddies A, B and C 
[38]. In high-resolution eddy models the periphery 
is the site of enhanced vertical nutrient replenish-
ment, which by far exceeds vertical transport veloci-
ties induced by Ekman upwelling in the eddy center 
(15, 36). The horizontal velocity of the eddy drives 
submesoscale transport that is predicted to occur 
along either side of the density front (15, 17). Given 
that nitrogen loss is correlated with organic matter 
export (13), our nitrogen loss rates support the idea 
that for eddies A, and C the periphery is an important 
site supporting primary productivity and a supply of 
organic matter, which as a whole is driven by subme-
soscale transport, a previously unrecognized process 
regulating nitrogen loss.

Large-scale trends: correlation of 
chlorophyll with eddy isopycnal spacing

Isopycnal spacing, as previously mentioned, can be 
used to determine the relative position within an eddy 
(Fig 1). In general, isopycnal spacing is smallest at 
the eddy center and increases moving away in either 
direction along the density front (i.e. towards the eddy 
periphery; Fig 1). Thereby, we can use the relationship 
between isopycnal spacing and chlorophyll to identify 
patterns across an eddy. Additionally, isopycnal spac-
ing conveys the approximate distance from the coast 
(plotted verses longitude in Fig 3A). Stations related 
to eddies A, B, and C group successively along this 
trend line with coastal and offshore stations found 

at either longitudinal extreme (R = 0.91, p < 0.05). 
This relationship with isopycnal spacing therefore 
provides an approximate location of the eddy across 
the longitudinal transect and the position within an 
eddy i.e. center vs. periphery.  

In high-resolution chlorophyll profiles, me-
sopelagic intrusions and deep pockets can be seen 
extending into the surface mixed layer of all eddies, 
often occurring along the density front (38) (S3 Fig). 
Therefore, chlorophyll was depth-integrated at each 

Fig 3. Relationship between isopycnal spacing 
and chlorophyll. (A) Correlation of isopycnal spac-

eddy B (grey). (B) Correlation of isopycnal spacing 
versus depth-integrated chlorophyll. Chlorophyll at 

C B 

off = offshore). Pearson correlation 
values are indicated in each panel (p-values). 
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station because of its broad vertical distribution. For 
offshore eddies C and B; depth-integrated chlorophyll 
was positively correlated with isopycnal spacing (Fig 
3b; eddy C, R = 0.74, p < 0.05; eddy B, R = 0.67, p 
< 0.05). Interestingly, if we include in our analysis a 
range of offshore stations sampled along undefined 
transects past eddy B (Fig 3: grey circles), we find 
offshore stations produce a similar pattern to eddy 
C and B, signifying higher overall chlorophyll con-
tent with increasing isopycnal spacing (R = 0.87, p 
< 0.05). A different pattern emerged for the coastal 
anticyclonic mode-water eddy A, where no relation-
ship was found between depth-integrated chlorophyll 
and isopycnal spacing. In other words no distinct 
pattern was observed in eddy A as stations grouped 
tightly together indicating that chlorophyll was evenly 
distributed across both the periphery and center of 
the mesoscale eddy (Fig 3b). Given the proximity of 
eddy A to the coast and our current understanding 
of horizontal advection induced by eddies (40), the 
lack of discernible difference in chlorophyll across 
eddy A could be ascribed to a masking effect caused 
by coastal-derived chlorophyll. 

Plotting depth-integrated chlorophyll as a func-
tion of distance from the center of eddies A, B and C, 
based on SSHA also reveals depth-integrated chlo-
rophyll to increase at the eddy periphery (S4 Fig; 
R = 0.50, p < 0.05). Notably, however, SSHA is not 
necessarily congruent with the subsurface properties 
of the eddy including the eddy horizontal velocity 
or isopycnal spacing (38, 40). Arguably the more 
robust and less subjective method is to analyze depth-
integrated chlorophyll as a function of isopycnal spac-
ing. The finding of enhanced chlorophyll along the 
density front in this study (Fig 3 and S4 Fig), is also 
in agreement with high-resolution modeling stud-
ies, which demonstrate that submesoscale dynamics 
operate non-uniformly along the eddy density front 
creating pockets of upwelling and subduction (15, 17, 
30, 36, 41). An observational study by Strass, (42) has 
shown in a 2000 km transect across the North Atlantic 
a tendency for higher chlorophyll along the eddy 
density front where isopycnal spacing was largest and 
conversely lower chlorophyll concentrations when 
spacing was smallest. Evidence in this study indicates 

that peripheral chlorophyll extends deeper into the 
OMZ than at the center, as demonstrated by the ap-
pearance of lateral intrusions and deep chlorophyll 
pockets observed in eddy transect profiles ((38);  S3 
Fig). Submesoscale processes may likewise play an 
important role in actively supplying organic matter 
in the offshore OMZ (33). 

In addition to the coastally derived chlorophyll 
background (e.g. eddy C versus eddy A) our data fur-
ther suggests that submesoscale peripheral processes 
have the potential to generate new chlorophyll. If we 
use chlorophyll as a proxy for primary production, 
then enhanced organic matter at the periphery, ex-
ported as either sinking particles or by subduction, 
could fuel measured anammox activity (Fig 3 and S3 
Fig). Unfortunately, there is insufficient data available 
to perform a similar comparison of isopycnal spacing 
with depth-integrated anammox rates. Nevertheless, 
the relationship of chlorophyll with isopycnal spacing 
established over a large number of offshore stations, 
including stations sampled along undefined transects 
past eddy B is intriguing (Fig 3B). Why this holds 
could be attributed to the ubiquity of mesoscale eddies 
and submesoscale fronts, which have been shown to 
cause enhanced vertical transport in ETSP waters (33). 
The combination of these processes, and their influ-
ence over vertical transport, could strongly regulate 
the distribution of chlorophyll in the ETSP region and 
thereby microbial nitrogen loss processes.

Aerial sea surface height analysis highlights the 
widespread distribution of mesoscale eddies in the 
ETSP region. If we overlay depth-integrated anam-
mox rates over sea surface height for stations sampled 
across eddies A, B and C, we find that nitrogen loss 
is heterogeneous (Fig 4). Similar heterogeneity in 
both nitrogen loss rates and the distribution of eddies 
was observed in previous ETSP sampling campaigns 
in January and February 2009 (Fig 4; M77-3 and 
-4; (13)), suggesting that eddies may drive much of 
the vertical nutrient transport and thereby primary 
productivity in the offshore OMZ. Previous studies 
in the ETSP region and elsewhere have shown that 
submesoscale transport is an important process, not 
only fueling enhanced primary productivity (36, 41), 
but also contributing to the subduction of organic 
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matter below the surface mixed layer (32, 33). Based 
on our findings we suggest that eddy-driven subme-
soscale vertical transport of nutrients and organic 
matter may be a major regulator of offshore ETSP 
nitrogen loss, which by volume represents the largest 
regional sink of fixed nitrogen. 

Summary and Conclusions

In this study we provide the first rate measurements 
of nitrogen loss processes across cyclonic and anti-
cyclonic mode-water eddies in the ETSP. Contrary 
to the recent ‘hotspot’ studies, which have suggested 
that the highest activity occurs in the eddy center (14, 
37-39, 48), our 15N-labelling incubation experiments 
revealed that nitrogen loss activity was greatest at 
the periphery of mesoscale eddies. Although, high-
est chlorophyll concentrations were observed in the 
center (38), depth-integrated chlorophyll content 
was also highest at the eddy periphery. The observed 
lateral intrusions and deep chlorophyll pockets oc-
curring along the eddy periphery (38), suggest that 
this area of the eddy was active in the generation and 
export of organic matter, in agreement with modeling 
studies (36, 41). 

Our findings, which indicate enhanced anam-
mox activity and chlorophyll along the eddy periph-
ery, appear to be consistent with these features being 
regulated by a submesoscale nutrient transport mech-
anism. The periphery of the eddy, as defined here and 
elsewhere, represents the eddy density front where 
isopycnals tilt and the spacing between isopycnals 
increases relative to the center. Specifically, subme-
soscale processes operate on either side of the density 
front, where the highest horizontal velocities occur 
(15, 17). In other regions, eddy-induced submesoscale 
processes have been shown to be significant drivers of 
vertical nutrient transport along the eddy periphery, 
thereby providing a supply of organic matter below 
the surface mixed layer (32, 41), which then has the 
potential to fuel microbial nitrogen loss activity in 
OMZs. Observations from two additional sampling 
campaigns in the ETSP OMZ demonstrate hetero-
geneity in both mesoscale eddy activity and nitrogen 
loss rates. Together this is suggestive that eddy-driven 
vertical transport of nutrients may regulate offshore 
nitrogen loss.

On a global scale mesoscale eddies contribute to 
an estimated vertical water column nutrient flux of 
0.12 mol N m-2 yr-1 (23, 50). This estimation roughly 

Fig 4. Widespread distribution of mesoscale eddies and the heterogeneity of anammox rates in the off-
shore ETSP region. nd

5th

-2 d-1) from 15
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doubles if global biogeochemical model simulations 
resolve for submesocale processes within eddies (51). 
Current regional biogeochemical models, which have 
limited spatial resolution, do not yet include small-
scale submesoscale features (52). Parameterization of 
vertical mixing processes may thus help to improve 
biogeochemical models and provide a more realistic 
assessment of the marine OMZ nitrogen budget. 

Material and Methods

Ethics statement

Permission for the sampling campaign was obtained 
from the Peruvian authorities.

Nutrient and hydrography analysis 

Sampling was undertaken on the M90 research ex-
pedition onboard the R/V Meteor from October 31st 
to November 26th, 2012. Eddies A, B and C were 
sampled along the 16.45’S transect (Fig 2A). Onboard, 
eddies were first identified and tracked by real-time 
SSHA data obtained from AVISO satellite altimetry. 
Transects through these eddies were made accord-
ing to SSHA data. Horizontal velocities of the eddy 
were measured by acoustic Doppler current profiling 
(ADCP). A 75 and 38 kHz ADCP systems measured 
velocities down to 700 and 1200 m depth, respectively, 
detailed by Stramma et al., (38). In this study we define 
eddy boundaries according to ADCP profiles and not 
specifically by SSHA.      

Complete details of methods used to measure 
and analyze eddy nutrient chemistry are described 
elsewhere (38). Briefly, a Seabird CTD-rosette 
equipped with 10L Niskin bottles was used to sample 
waters at depth. Chlorophyll, temperature, salinity, 
and oxygen were recorded by CTD sensors on both 
up and down casts. The oxygen sensor was calibrated 
by Winkler titration (53), with a detection limit of 
approximately 3 μM. Chlorophyll was calibrated ac-
cording to the company specifications, with sensitiv-
ity down to 0.025 μg L-1. No shipboard chlorophyll 
calibration was applied, because of this, Stramma 
et al., (38) note that absolute numbers may have 

uncertainties; nevertheless, gradient trends observed 
across the eddy are accurate. Nutrient samples were 
taken to measure nitrate, nitrite, and phosphate on-
board by a QuAAtro auto-analyzer (Seal Analytical), 
with precisions of ± 0.1 mol L-1, ± 0.1 mol L-1, and 
± 0.02 mol L-1, respectively. The N*, commonly 
used as a general measure of nitrogen loss, estimates 
from a given water mass chemistry the deviation of 
inorganic nitrogen pools from Redfield stoichiometry, 
was calculated according to the following equation 
N* = (NO3

- + NO2
-) − 16PO4

3- (originally defined by 
(54), later modified by (14, 38)). 

15N incubation experiments

In situ 15N-labelling incubation experiments were 
performed according to Holtappels et al., (55). In brief, 
waters were sampled directly from the Niskin bottle 
into 250 mL glass serum bottles. Bottles were over-
flowed 2-3 times their volume and sealed headspace 
free with a butyl rubber stopper, that had been stored 
under helium for 2 days prior to use, to avoid oxygen 
contamination. Once filled, glass serum bottles were 
stored at in situ temperature in the dark until all depths 
were sampled. Each serum bottle was purged for a 
total of 15 min with helium; 15N-labeled isotopes were 
added with a gas-tight syringe after 5 min of purging 
to allow mixing. The experiments included the follow-
ing additions: exp1: 15N-NO2

- + 14N-NH4
+, and exp2: 

15N-NH4
+ + 14N-NO2

-. The concentration of added 
substrates was 5 μM. After degassing, exetainers (12 
mL, Labco, UK) were filled off and capped headspace 
free. Caps were degassed with a vacuum, followed 
by purging with helium three times and then stored 
2-3 days before use, to reduce oxygen contamination 
(56). Samples were incubated in the dark at in situ 
temperature. Exetainers were terminated at 0, 6, 12, 
24 and 48 hours with 100 μL HgCl2 after inserting a 
2 mL helium headspace. Terminated samples were 
stored in the dark at ambient temperature cap side 
down until further processing. 

Isotope products 14N15N and 15N15N were mea-
sured by a gas-chromatography isotope-ratio mass 
spectrometer (GC-IRMS; VG Optima, Manchester, 
UK). The rates of N2 production from 15N-NH4

+ and 
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15N-NO2
- incubation experiments were determined 

from the slope of the linear regression as a function 
of time. Anammox and denitrification rates were 
calculated according to the equations of Thamdrup 
and Dalsgaard, (57). A t-test was used to determine 
whether rates were significantly different from zero 
(p < 0.05). Detection limits were estimated from the 
median of the standard error of the slope, multiplied 
by the t-value for p = 0.05, thus the detection limits for 
anammox were 0.68 and 0.66 nM N d-1 for 15N-NH4

+ 
and 15N-NO2

- incubation experiments, respectively. 
The majority of our analysis is based on the 15N-NH4

+ 
incubations, due to the potential caveats of using 15N-
NO2

- to determine anammox rates; nitrogen isotope 
exchange between the nitrate and nitrite pools (58), 
and ‘nitrite shunting’ (59). 

Anammox rates were depth integrated from 
the base of the upper oxycline down to the bottom 
oxycline (using an oxygen cutoff of 20 μM), analo-
gous to depth integrated rates reported by Kalvelage 
et al., (13).  At all offshore stations chlorophyll was 
depth-integrated down to 300 m depth, which was 
the deepest depth reported for anammox activity in 
eddies A and C. At coastal stations chlorophyll was 
depth-integrated down to 200 m. Isopycnal spacing 
was calculated for each station by subtracting the 
distance between reference densities 25.4 and 26.0 
kg m-3. Pearson correlation statistics were applied to 
determine if relationships were significant (p < 0.05). 

Author contributions  

Conceptualization: C.M.C., G.L., L.S., M.M.M.K., 
L.A.B. Data curation: C.M.C., L.S. Formal analysis: 
C.M.C., G.L., L.A.B. Funding acquisition: M.M.M.K. 
Investigation: C.M.C. Project administration: L.S., 
M.M.M.K. Resources: L.S., M.M.M.K.Visualization: 
C.M.C. Writing – original draft: C.M.C. Writing – 
review & editing: G.L., L.S., M.M.M.K., L.A.B.

Acknowledgements 

We thank the Peruvian authorities for access to na-
tional waters as well as the crew of the RV Meteor for 
assistance onboard the M90 research expedition as 

well as co-chief scientist M. Frank. We would also 
like to thank C. Schelten for administrative support; 
technical assistance by T. Kalvelage; proof reading of 
the manuscript by H. Marchant and the editor and 
two anonymous reviewers for constructive feedback. 

References

1.
minimum zones in the eastern tropical Atlantic and Pa-

2. Lam P & Kuypers MMM (2011) Microbial nitrogen 
cycling processes in oxygen minimum zones. Ann Rev 
Mar Sci 3:317-345.

3. Tiano L, et al. (2014) Oxygen distribution and aerobic 
respiration in the north and south eastern tropical 

4. Thamdrup B, Dalsgaard T, & Revsbech NP (2012) 
Widespread functional anoxia in the oxygen minimum 

Part I: Oceanographic Research Papers 65:36-45.
5. 

and nitrous oxide budgets: Moving targets as we enter 

6. -

oxygen minimum zones. Proceedings of the National 
Academy of Sciences of the United States of America 
109(40):15996-16003.

7. Kuypers MM, et al. (2005) Massive nitrogen loss from 
the Benguela upwelling system through anaerobic 
ammonium oxidation. Proceedings of the National 
Academy of Sciences of the United States of America 

8. 
the Omani Shelf due to anammox coupled with dis-

journal 5(10):1660-1670.
9. Hamersley MR, et al. (2007) Anaerobic ammonium 

oxidation in the Peruvian oxygen minimum zone. Lim-
nology and Oceanography 52(3):923-933.

10. Lam P, et al. (2009) Revising the nitrogen cycle in the 
Peruvian oxygen minimum zone. Proceedings of the 
National Academy of Sciences of the United States of 



Enhanced nitrogen loss by eddy induced vertical transport

56

CH
APTER 3

America 106(12):4752-4757.
11. Thamdrup B, et al. (2006) Anaerobic ammonium 

Chile. Limnology and Oceanography 51(5):2145-2156.
12. Galán A, et al. (2009) Anammox bacteria and the 

anaerobic oxidation of ammonium in the oxygen mini-
mum zone off northern Chile. Deep Sea Research Part 
II: Topical Studies in Oceanography 56(16):1021-1031.

13. Kalvelage T, et al. (2013) Nitrogen cycling driven 

14. Altabet MA, et al. (2012) An eddy-stimulated hotspot 

15. Mahadevan A (2016) The Impact of Submesoscale 
Physics on Primary Productivity of Plankton. Annual 

16. Chelton DB, Schlax MG, Samelson RM, & de Szoeke 
RA (2007) Global observations of large oceanic eddies. 
Geophysical Research Letters 34(15).

17.
Induced by Mesoscale and Submesoscale Turbulence. 
Annual Review of Marine Science 1(1):351-375.

18. 

101(C3):6651-6667.
19. -

7052.
20. 

Biological-Biogeochemical Interaction at the Oce-
anic Mesoscale. Annual Review of Marine Science 

21. Gaube P, Chelton DB, Samelson RM, Schlax MG, & 
O’Neill LW (2015) Satellite Observations of Mesoscale 

Oceanography 45(1):104-132.
22. 

(2013) Satellite observations of chlorophyll, phyto-

23. 
eddies on new production in the Sargasso Sea. Nature 

394(6690):263-266.
24. 

25.

wind-parallel extension: Satellite observations and 

Marine Systems 132:150-161.
26. Mizobata K, et al. (2002) Bering Sea cyclonic and 

anticyclonic eddies observed during summer 2000 
and 2001. Progress in Oceanography 55(1–2):65-75.

27. Lévy M & Klein P (2004) Does the low frequency 
variability of mesoscale dynamics explain a part of 
the phytoplankton and zooplankton spectral vari-
ability? Proceedings of the Royal Society of London 

28. Kahru M, Mitchell BG, Gille ST, Hewes CD, & Holm-
-

Ocean. Geophysical Research Letters 34(14): L14603.
29. 

a mode-water eddy. Deep Sea Research Part II: Topi-
cal Studies in Oceanography 55(10–13):1139-1160.

30. 
vertical nutrient transport within a North Atlantic 
mesoscale eddy. Deep Sea Research Part II: Topical 

31. 
Almeria–Oran front: Part 2. Biophysical interactions. 

32. 
exports particulate organic carbon from the spring 

33. Thomsen S, et al. (2016) Do submesoscale frontal 
processes ventilate the oxygen minimum zone off Peru? 

34. 
-

gorithms and eddy spatio-temporal patterns. Progress 
in Oceanography 79(2–4):106-119.

35. -
ity in the four major upwelling systems from satellite 



57

altimetry (1992–2007). Progress in Oceanography 

36. 
-

traordinary Mid-Ocean Plankton Blooms". Science 

37. Bourbonnais A, et al. (2015) N-loss isotope effects 
in the Peru oxygen minimum zone studied using a 
mesoscale eddy as a natural tracer experiment. Global 

38. Stramma L, Bange HW, Czeschel R, Lorenzo A, & 

the biological productivity and biogeochemistry in the 

10(11):7293-7306.
39. 

40. Thomsen S, et al. (2016) The formation of a subsurface 
anticyclonic eddy in the Peru-Chile Undercurrent and 
its impact on the near-coastal salinity, oxygen, and 

Oceans. 476-501.
41. Brannigan L (2016) Intense submesoscale upwell-

ing in anticyclonic eddies. Geophysical Research 
Letters:n/a-n/a.

42.
mesoscale upwelling at fronts. Deep Sea Research 
Part A. Oceanographic Research Papers 39(1):75-96.

43. Lam P, et al. (2011) Origin and fate of the secondary 
nitrite maximum in the Arabian Sea. Biogeosciences 

44. Kalvelage T, et al. (2015) Aerobic Microbial Respi-
ration In Oceanic Oxygen Minimum Zones. PloS one 
10(7):e0133526.

45. 

and Oceanography 57(5):1331-1346.
46. Dalsgaard T, et al. (2014) Oxygen at Nanomolar 

Levels Reversibly Suppresses Process Rates and Gene 

Oxygen Minimum Zone off Northern Chile. mBio 5(6).
47. Kalvelage T, et al. (2011) Oxygen Sensitivity of Anam-

mox and Coupled N-Cycle Processes in Oxygen Mini-

mum Zones. PloS one 6(12):e29299.
48. -

scale eddies on the distribution of nitrous oxide in the 

2015:9243-9273.
49. 

biological production in eastern boundary upwelling 

50. 

in the upper ocean: Results from a 0.1° resolution model 
of the North Atlantic. Global Biogeochemical Cycles 
17(2):n/a-n/a.

51. Lapeyre G & Klein P (2006) Impact of the small-scale 

52. -
ments in the offshore transport of carbon and nutrients 

53. 
-

54. 

Biogeochemical Cycles 11(2):235-266.
55. 

(2011) 15N-labeling experiments to dissect the contri-

to nitrogen removal in the OMZ waters of the ocean. 

56. 
R (2012) A critical assessment of the occurrence and 
extend of oxygen contamination during anaerobic 
incubations utilizing commercially available vials. 

57. Thamdrup B & Dalsgaard T (2002) Production of 
N2 through anaerobic ammonium oxidation coupled 
to nitrate reduction in marine sediments. Applied and 

58. Brunner B, et al. (2013) Nitrogen isotope effects 
induced by anammox bacteria. Proceedings of the 

59. 



Enhanced nitrogen loss by eddy induced vertical transport

58

CH
APTER 3

nitrogen-loss processes across the oxic-anoxic interface 

microbiology 16(10):3041-3054.

Supporting information

A, B and C, and two offshore stations.



59

S2 Fig. Distribution of oxygen, N*, and nutrients across eddies A, B and C in the ETSP region. The cross eddy 
transects are shown in Fig 2A. 
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S3 Fig. Distribution of chlorophyll across eddies A, B and C in the ETSP region. The cross eddy transects are 
shown in Fig. 2A.

S4 Fig. Distribution of depth-integrated chlorophyll across eddies A, B and C in the ETSP region based on 
satellite sea surface height altimetry (SSHA). 

-

were depth-integrated down to 200 m. Plotting depth-integrated chlorophyll in panel B as a function of distance 
-
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Abbreviated station
name (used in text)

M90 station
name

Latitude (°N) Longitude (°E)

B0 1639 16.75 84.00
B1 1646 17.17 83.58
C0 1659 16.33 80.50
C1 1660 16.92 80.00
C2 1652 16.75 81.00
C3 1661 17.50 79.50
A0 1672 16.23 75.67
A1 1668 16.74 76.00
A2 1679 15.33 75.35
O1 1581 6.00 85.83
O2 1604 12.00 85.83

S1 Table. 
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Sulfur cycling associated with oxygen minimum zone waters
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minimum zones waters. In review Limnology and oceanography
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Abstract

Oxygen minimum zones (OMZs) are active regions of nitrogen (N) loss and support a tightly coupled 
but hardly explored microbial sulfur cycle. A number of OMZ studies have revealed that this sulfur cycle 
generates the full spectrum of oxidized and reduced fixed N species and thus contributes either directly or 
indirectly to N-loss, and to the production of the greenhouse gas N2O. Sulfur cycling is most prominent 
in highly productive coastal OMZ waters depleted in oxygen and nitrate, where sulfide accumulates 
in bottom waters during sulfidic events. Such phenomena, which occur in all major OMZs, can cover 
vast expanses of upper shelf waters, impacting shelf biogeochemistry with detrimental consequences 
on marine life. The accumulation of sulfide in these waters is regulated not only by the benthic-pelagic 
coupling of sulfate-reducing and sulfide-oxidizing bacteria, but also by the interplay of various physi-
cal mechanisms. Recent evidence indicates that sulfur cycling processes may also occur in nitrate-rich 
offshore OMZ waters. These offshore waters ubiquitously host a community of sulfate-reducing and 
sulfide-oxidizing bacteria, including poorly characterized heterotrophic sulfide-oxidizing bacterial clades 
that potentially thrive from the turnover and oxidation of organosulfonate compounds. In this review, 
we summarize our current understanding of OMZ sulfur cycling dynamics, key microbial community 
players, and open questions that persist moving forward. 

L         arge-scale thermo-haline circulation maintains 
a well-oxygenated ocean, with the exception 
of eutrophic regions called oxygen minimum 

zones (OMZ). OMZs occur at tropical latitudes along 
continental margins where coastal upwelling of nutri-
ent rich waters causes intensified primary productiv-
ity in surface waters (1). As a result, the downward 
settling flux of organic matter stimulates microbial 
respiration that lowers dissolved oxygen concentra-
tions in the underlying water column. Most waters 
typically have lower oxygen concentrations below 
the euphotic zone; however, in OMZs this deficit is 
exacerbated by poor regional ventilation resulting 
in oxygen concentrations below the detection limit 
(a few nanomoles per litre) of the highly sensitive 
STOX oxygen sensor (2-4). The major OMZs are 
located in the eastern tropical South Pacific (ETSP), 
the eastern tropical North Pacific (ETNP), the eastern 
tropical South Atlantic (ETSA), the Arabian Sea and 
the Bay of Bengal (Fig. 1). At an oxygen cutoff of 20 
μM, OMZs together comprise ~1% of the global 
ocean volume (5). 

OMZ waters, especially those with low nanomo-
lar to no detectable oxygen, host a diverse assemblage 
of anaerobic microorganisms. These organisms thrive 
in the absence of oxygen using electron acceptors 
such as nitrate, leading to substantial fixed nitrogen 

loss in OMZ waters, strongly impacting the marine 
nitrogen budget (6-8). Following the redox tower, 
nitrate reduction is followed by manganese reduc-
tion, iron reduction and then sulfate reduction (9). 
Even though sulfate reduction holds one of the lowest 
positions on the redox tower, the potential for het-
erotrophic sulfate-reduction in OMZ waters is large. 
Modern day sulfate concentrations, which stand at 28 
mM, are much higher than concentrations of other 
more favorable electron acceptors, which are found in 
nanomoles to micromoles per liter. The large sulfate 
pool, in combination with the enhanced particle load 
of OMZs, theoretically provides a nearly inexhaustible 
supply of substrate for heterotrophic sulfate-reducing 
bacteria. This is hypothesized to be the basis of the 
OMZ sulfur cycle and generates sulfide that in turn 
fuels sulfide-oxidizing bacteria and the production 
of other reduced sulfur intermediates (Fig. 2). The 
large sulfate pool also potentially supports an exten-
sive microbial organic-sulfur based cycle that stems 
from the assimilation of sulfate into sulfur-containing 
compounds (10). This, in turn, fuels heterotrophic 
sulfide-oxidizing bacteria that thrive from organic 
matter sulfidogenesis, or the breakdown of organic 
sulfur-containing compounds to reduced sulfur spe-
cies, sulfide, thiosulfate and sulfite (11, 12). This review 
provides a synthesis of our current, but rudimentary 
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understanding of sulfur cycling in modern OMZs, 
with a specific focus on the pelagic water column and 
its interactions with the sediment.

Sulfur cycling in modern OMZs 

The intensified input of organic matter along coastal 
upwelling regions has the potential to fuel an en-
hanced sulfur cycle in sediments underlying OMZ 
shelf waters. During severe oxygen and nitrate deple-
tion, episodic occurrences of hydrogen sulfide release 
have been reported, termed sulfidic events (13-16). 
A prerequisite for a sulfidic event is the formation 
of stagnant and stratified bottom waters that result 
in the consumption of water column oxygen and, 
subsequently, nitrate, ultimately releasing benthic 
hydrogen sulfide, produced by the activities of het-
erotrophic sulfate reducing bacteria (13, 17, 18). In 
seawater (pH 7-8), H2S is mainly in the form of HS- 
(H2O + H2S • H3O+ + HS-, pKa=6.88) (19), but for 
simplicity, we refer to ‘sulfide’ as comprising both 
the aqueous HS- and its gaseous form H2S. Part of 
the sulfide that escapes immediate removal in sedi-
ments (e.g. by pyrite formation or by mat-forming 
sulfide-oxidizing bacteria, (20)) is released into the 

water column via passive molecular diffusion (21). 
This release can be further facilitated by ebullition 
with methane bubbles (22, 23), or in rare cases, sulfide 
is released in catastrophic eruptions following the 
collapse of gas-charged pockmarks (21). Generally, 
sulfide accumulates to low micromolar concentrations 
in shelf bottom waters over the course of days (24). 
Sulfidic events are generally contained and terminated 
in OMZ bottom waters by oxidation coupled to the 
reduction of nitrate supplied from the overlying water, 
catalyzed by a consortium of sulfide/sulfur-oxidizing 
bacteria (13). However, sulfide that escapes oxidation, 
reaching oxic waters (e.g. by sudden eruptions or by 
advection), can have detrimental impacts on marine 
life resulting in mass migrations and die-offs of re-
gional fish and invertebrate stocks (25, 26). 

Oceanic sulfidic events have been observed as 
far back as the 19th century, many being detected by 
the smell of “rotten eggs” – the most recognizable 
characteristic of hydrogen sulfide (H2S). It was not 
until the late 1970’s when sulfide events (detected 
by smell) were shown to be associated with nitrate-
depleted waters, implicating sulfide-driven nitrate 
reduction (27). In the past decade, advances in remote 
sensing technology have offered improved spatial and 

Plotted is the minimum O2 
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temporal resolution of sulfidic events by observation 
of sulfur plumes (28). Sulfur, a common by-product 
of microbial sulfide oxidation, scatters light giving the 
water a milky-turquoise discoloration with a maxi-
mum wavelength reflectance at 560 nm (29). Sulfidic 
events have been detected in shelf waters of all major 
OMZs by remote sensing of sulfur plumes and/or by 
ship-based sulfide measurements (using the highly 
sulfide sensitive methylene blue assay; (30)) (Fig. 1). 

In ETSA waters, sulfidic events based on remote 
sensing of sulfur plumes, have been observed to form 
and dissipate within days along the Namibian coast-
line (Fig. 3a) (13, 29, 31). Singular events can cover 
a shelf area ranging from 800 to 1600 km2 (29), with 
some events reported over 20,000 km2 (albeit using a 
less conservative spectral analysis, which may include 
offshore plumes outside the immediate upwelling area 
generated by coccolithophore blooms) (31, 32) (Fig. 

3a). The largest events are primarily reported in April 
and May but occur frequently from January to July 
approximately once every 1-2 weeks, whereas smaller 
sized events occur from September to November (13, 
29). Additionally, sulfide has been detected in bottom 
waters on a number of ship-based sampling cam-
paigns (13, 21). ETSP shelf waters are similarly prone 
to sulfidic events, which occur frequently along the 
Peruvian and Chilean coastline, based on the remote 
sensing of sulfur plumes (Fig. 3b). In accordance, ship-
based sampling campaigns have documented sulfidic 
events in bottom waters off the coast of Peru and Chile 
(14, 16). In the monsoonal driven upwelling regions 
of the Arabian Sea and Bay of Bengal, cloud coverage 
can hinder regional remote sensing of sulfidic events. 
Nonetheless, sulfide accumulation in bottom waters 
has been documented spanning the Western shelf 
of India as well as in the Bay of Bengal (15, 33-35). 

Fig. 2. The microbial sulfur cycle in oxygen minimum zones. 2 -
0

2O
2-) 
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In contrast to the ETSA off Namibia and the ETSP 
off Peru, which receive little freshwater runoff, these 
areas are heavily impacted by anthropogenic riverine 
input, which may thus contribute to eutrophication 
and stratification in these regions (33, 36). However, 
despite the advantages of remote sensing technology 
for the detection of sulfidic events, in many cases, the 
sulfur may be oxidized in subsurface waters before a 
visible plume is formed (13). Therefore the number 
of sulfidic events in OMZs is likely underestimated 
by remote sensing. 

Sulfidic events are prone to develop during pe-
riods of intensified upwelling and/or during seasonal 
windows of enhanced or shoaling water-column 
anoxia. In ETSA shelf waters anoxia is regulated by 
two opposing water masses, each dominating the 
shelf at different times. Shelf anoxia ensues when 
the oxygen-poor water mass dominates the upper 
shelf, which begins in December (austral summer) 

and peaks in June (early winter) (37, 38). This leads 
to an increase in the number of sulfidic events (13, 
29), and mass die-offs of fish and invertebrates (37, 
39, 40). A distinctly different and more oxygenated 
water mass dominate upper shelf waters from late 
winter to early summer, decreasing sulfidic event 
frequency and intensity (38). The movements of these 
water masses are independently governed by remote 
wind-forcing that vary not only seasonally but on 
interannual timescales (37). 

On the Pakistan and West Indian shelf of the 
Arabian Sea, a period of water-column anoxia follows 
after the heavy rainfall of the southwest monsoon, 
which creates a fresh/warm water lens overtop of sa-
line/cold upwelled waters, isolating the bottom water 
mass and prompting water column stratification (26). 
Sulfidic events have been reported to occur thereafter, 
once oxygen and nitrate have been consumed in the 
bottom waters (15, 33). In the ETSP region, which 

Fig. 3. Spatial distribution of sulfur plumes in the ETSA and ETSP regions. 
-
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is more or less permanently oxygen-free, nitrate-rich 
waters function as the barrier to the release of benthic 
sulfide year-round. Nitrate concentrations appear 
to be most depleted during the enhanced upwell-
ing period from November to March and sulfidic 
events have been observed during this period from 
ship-based measurements (14, 16). A larger monitor-
ing effort is required to better resolve sulfidic event 
seasonality in ETSP waters. A common thread across 
OMZs is that sulfidic events form in sporadic pockets 
along the coast, which suggest that local hydrody-
namic factors on shorter timescales may additionally 
play a role in regulating these phenomena including 
regional oxygen and nitrate dynamics. 

Aside from active sulfur cycling in benthic influ-
enced coastal OMZ waters, recent evidence indicates 
that a sulfur cycle exists in the nitrate-rich offshore 
waters of the ETSP region detached from benthic 
processes (41). Canfield et al., (41) reported signifi-
cant rates of sulfate reduction at two stations over 23 
km from the ETSP coast. The production of sulfide 
by sulfate-reducing bacteria is inferred to be tightly 
coupled to its consumption by sulfide-oxidizing bac-
teria, and therefore sulfide does not accumulate – a 
phenomenon termed the “cryptic” sulfur cycle (41). 
How cryptic sulfur cycling occurs in ETSP waters 
under nitrate-rich conditions is ambiguous, as sulfate 
reduction should be outcompeted by nitrate reduction 
based on energetic considerations. The hypothesis is 
that the microbes that carry out sulfate-reduction and 
sulfide-oxidation are housed within marine snow ag-
gregates (42). Such aggregates would theoretically act 
as both a source of organic matter and a substrate for 
attachment (43-45), and nitrate could potentially be 
depleted internally due to diffusional limitation (46). 
Whether sinking aggregates provide a microniche 
for the cryptic sulfur cycle in nitrate-rich OMZ wa-
ters remains an open question. In addition, the full 
extent of the offshore cryptic sulfur cycle remains 
poorly understood. However, a sulfur-based com-
munity comprising of sulfide/thiosulfate-oxidizing 
and sulfate-reducing bacteria has been consistently 
found in ETSP microbial community surveys, as 
well as in other OMZs (41, 47-50), suggestive of a 
widespread OMZ sulfur cycle (41).  

Microbial sulfur cycling pathways

Dissimilatory sulfate-reduction

Dissimilatory sulfate reduction is an intracellular 
pathway that uses sulfate as the terminal electron 
acceptor to gain energy for growth, producing sulfide. 
Sulfate reduction is carried out by both Bacteria and 
Archaea, hereafter we use the generic term sulfate-
reducing bacteria (SRB) rather than differentiating 
between the two prokaryote domains. The activity 
levels of heterotrophic SRB depend on the quantity 
and quality of available organic matter. Preferred 
organic matter substrates include volatile fatty acids, 
as well as more complex carbon sources such as hy-
drocarbons, monocaboxylic acids, alcohols, amino 
acids, sugars, and aromatic compounds (10, 51). The 
oxidation of these organic substrates via substrate-
level phosphorylation can be subdivided into two 
distinct metabolisms: the incomplete oxidation of 
organics producing acetate, or the complete oxida-
tion to CO2 (52). 

In dissimilatory sulfate reduction, once sulfate 
is transported into the cell, it is activated with ATP 
sulfurylase (Sat) generating APS (adenosine-5’-
phosphosulfate). APS is reduced by the soluble APS 
reductase to sulfite with two electrons (53) and then 
further to sulfide with six-electrons catalyzed by dis-
similatory sulfite reductase (dsr) (54). Notably, the 
soluble reductase enzymes are coupled to membrane-
bound complexes for energy conservation: AprAB-
QmoABC and DsrABC-MKJOP complexes. The 
Dsr pathway is highly conserved among SRB and 
is currently found in five bacterial and two archaeal 
lineages (51), although the vast majority of sulfate- 
and sulfur-reducing bacteria are affiliated with the 
deltaproteobacterial lineage (55). 

Dissimilatory sulfate-reduction in OMZs

Most SRB species identified by culture-independent 
techniques or cultivated from OMZs are affiliated 
with the deltaproteobacteria class. Two novel SRB 
strains within Desulfovibrio oceani have been iso-
lated from OMZ waters off the Peruvian coast (56). 
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Finster and Kjeldsen, (56) demonstrated that the 
D. oceani strains couple organic matter oxidation 
(e.g. using lactate, malate, fumarate) to sulfate, sul-
fite, thiosulfate, or taurine reduction. The strains, 
during sulfate reduction, also showed a high oxygen 
tolerance characteristic of many Desulfovibrio spp. 
(57), suggestive that D. oceani is perhaps adapted to 
fluctuations in oxygen concentrations introduced by 
horizontal and vertical mixing processes (56). Other 
SRB have been identified from functional and phylo-
genetic gene marker surveys in ETSP waters including 
Desulfobacca, Desulfatibacillum, Desulfobacterium, 
Desulfococcus, and Syntrophobacter species (41, 58). 
Desulfobacterium autotrophicum, a versatile SRB 
capable of oxygen detoxification as well as mixotro-
phic growth (59), has been shown to be one of the 
most abundant microorganisms in sulfidic ETSP 
shelf waters (14, 59). 

Sulfide accumulation in bottom waters (i.e. 
during a sulfidic event) is generally attributed to the 
benthic sulfide flux rather than water-column sulfate 
reduction as in the Black Sea (21, 60). For example, 
even at the highest sulfate reduction rate reported 
in ETSA shelf waters (<200 m water depth; 0.2-6.8 
nmol L-1 d-1) it would take 147 days to produce 1 μM 
of sulfide (13, 21), whereas the benthic sulfide flux 
to these nitrate free shelf waters has been shown to 
match the sulfide accumulation (13). OMZ sulfate 
reduction rates are highest (up to 120 nmol cm-3 d-1) 
in upper-shelf sediments due to high accumulation 
rates of organic matter (17, 18, 61, 62). Benthic rates of 
sulfate-reduction, as well as the benthic sulfide fluxes, 
decrease with distance from the coastal upwelling (20, 
63). In shallow OMZ shelf waters, as in other upper 
shelf marine settings, benthic SRB activity dominates 
the remineralization of organic matter (10, 17, 18, 
61, 62, 64). Ammonium is a product of this activ-
ity, and an important electron donor for anammox 
bacteria. In the ETSP region, the benthic ammonium 
flux satisfies approximately 50% of the ammonium 
requirements for anammox bacteria (65, 66). 

The offshore cryptic sulfur cycle has similar 
biogeochemical implications for the OMZ nitrogen 
cycle. At a station located 23 km from the coast in 
northern Chile, sulfate-reduction (12 ± 5 nmol L-1 d-1) 

accounted for 33% of organic carbon mineralization 
(41). Using Redfieldian C:N ratios, the measured 
sulfate-reduction rate could yield up to 0.30 mmol 
NH4

+ m-2 d-1, roughly 22% of the ammonium needed 
to sustain offshore anammox activity (41). At a sta-
tion located 44 km from the coast, which had lower 
average sulfate-reduction rates (1.3 ± 0.6 nmol L-1 
d-1), sulfate reduction accounted for 8% of anammox 
ammonium requirements (41). Despite the variability 
in offshore rates, these data indicate that offshore 
sulfate reduction (in consortium with fermenting 
bacteria) could be a potentially significant supply of 
ammonium for anammox bacteria in the offshore 
OMZ. However, these are, to our knowledge, the 
only process rate measurements of sulfate reduction 
in offshore OMZ waters to date. 

Time-integrated indicators of sulfate-reduction 
have been studied in an attempt to quantify cryptic 
sulfur cycling processes in offshore ETSP waters. 
Sulfate reduction imparts natural abundance iso-
tope signatures of sulfur (33S/32S, 34S/32S) and oxygen 
(18O/16O) (67) and the isotope composition of sulfate 
was analyzed to constrain dissimilatory sulfate re-
duction processes in the ETSP region. However, no 
clear signature of water column sulfur cycling was 
observed. The lack of a signature in ETSP waters does 
not necessarily preclude a cryptic sulfur cycle operat-
ing in offshore waters, as observed experimentally, 
because the time-integrated maximum rates of sulfate 
reduction as constrained by the 18O sulfate data (6.4 
– 64 nmol L-1 d-1 depending on the assumed water 
residence time) were at or above the mean rate directly 
measured by Canfield et al., (41), demonstrating that 
the 18O sulfate method is not yet sensitive enough to 
respond to the cryptic sulfur cycle. 

Sulfide oxidation 

Complementing sulfate reduction are sulfide-ox-
idizing bacteria (SOB) that gain energy from the 
oxidation of sulfide to sulfate, or from the oxidation 
of other intermediate species such as sulfur, thio-
sulfate and sulfite (Fig. 2). SOB are a taxonomically 
diverse group spread across various phyla including 
alpha, beta, gamma, and epsilon subdivisions of the 
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Proteobacteria as well as the order Sulfolobales in the 
Archaea (10, 68). Most SOB grow as either strict or fac-
ultative aerobes, capable of switching between oxygen 
or nitrate as the electron acceptor. Like heterotrophic 
denitrification, sulfide-dependent denitrification is the 
stepwise reduction of nitrate to N2 via intermediates 
NO2

-, NO, and N2O. Moreover sulfide-dependent 
dissimilatory NO3

-/NO2
- reduction to NH4

+ (DNRA) 
produces ammonium from the oxidation of sulfide/
sulfur, which is generally catalyzed by large sulfur 
bacteria in sediments (63, 69-72). As a carbon source, 
SOB either fix CO2 into biomass or assimilate or-
ganic carbon for growth (e.g. acetate), designated as 
chemolithoautrophy and chemolithoheterotrophy, 
respectively, though the latter is poorly understood 
and sometimes loosely defined as heterotrophic 
sulfur-oxidizing bacteria (73, 74). 

Two predominant sulfide oxidation pathways 
exist in SOB: the multienzyme Sox system and the 
“reverse” siroheme-containing sulfite reductase (rDsr) 
pathway. The rDsr pathway can, in some variations, 
involve similar enzymes as dissimilatory sulfate re-
duction, however, operating in the reverse direction. 
The rDsrAB enzyme that catalyzes the oxidation of 
sulfide to sulfite is homologous to but phylogeneti-
cally distinct from DsrAB (10, 75, 76). The oxidation 
of sulfite to sulfate involves APS reductase and ATP 
sulfurylase, similar to dissimilatory sulfate reduction 
acting in the reverse direction. When sulfide concen-
trations exceed those of available electron acceptors 
(e.g. nitrate) then elemental sulfur is the typical end-
product (77). As mentioned above, elemental sulfur 
has been detected both in situ and by remote sensing 
of OMZ sulfidic events (13, 28, 29, 31). Similarly to 
rDSR, the periplasmic sulfur-oxidizing multienzyme 
system (SoxABCDXYZ), operating in conjunction 
with the sulfide-quinone oxidoreductase (Sqr) or 
flavocytochrome C (Fcc) oxidoreductase, is capable 
of oxidizing various reduced sulfur species to sulfate, 
including sulfide, elemental sulfur, thiosulfate, and 
sulfite (68, 78-80). Some sulfide-oxidizing bacteria, 
including SOB identified in OMZs, have both Sox 
and rDsr pathways with an important distinction; the 
sox pathway is truncated, missing the SoxCD genes 
(80-82). In cultivated SOB, a truncated sox pathway 

is correlated with the formation of intracellular sulfur 
deposits that are oxidized further via the rDsr pathway 
(82). This 'two-stage’ Sox and rDsr pathway operates 
in both phototrophic and non-phototrophic sulfide 
oxidizers (80). The ability to metabolize stored sulfur 
reserves enables survival under sulfide-poor condi-
tions (83), and thereby may allow greater versatility 
in dynamic OMZ shelf conditions.. 

Sulfide-oxidation in OMZs

OMZs harbor a large diversity and an appreciable 
abundance of SOB, and a number of these SOB 
serve as key identifiers of water column anoxia and 
sulfidic event detoxification. Under highly sulfidic 
conditions in OMZ shelf waters, SOB taxa such as 
Arcobacter, Sulfurovum and Sulfurimonas spp. within 
the Epsilonproteobacteria dominate (13, 14, 42, 84, 
85). When sulfidic conditions subside, the community 
shifts from Epsilonproteobacteria-dominated to an 
increase in the prevalence of gammaproteobacterial 
sulfide-oxidizing bacteria (GSO) (13, 14, 42, 84, 85). 
Most commonly identified GSO members in OMZ 
waters include the two closely related sister clades, 
SUP05 and Arctic96BD-19. The former comprises 
planktonic (e.g. ‘Candidatus Thioglobus autotrophi-
cus’ (86)) and symbiont associated (e.g. ‘Candidatus 
Ruthia magnifica’; (87)) chemolithoautotrophic SOB, 
while the latter contains free-living (e.g. ‘Candidatus 
Thioglobus singularis’: (88)) mixotrophic/heterotro-
phic SOB. Both clades have the capacity to oxidize 
various reduced sulfur species (14, 81, 89, 90). For 
example, SUP05 bacteria contain the two-stage Sox 
and rDsr pathways that enable the oxidation of sulfide, 
sulfur and thiosulfate, and allow for the storage of 
intracellular sulfur (14, 81, 91, 92). For Arctic96BD-19 
bacteria the energy derived from the oxidation of 
reduced sulfur species is coupled to oxygen respiration 
(89, 93, 94), while in SUP05 bacteria, sulfide oxidation 
is coupled to either oxygen respiration or to nitrate 
reduction via denitrification (14, 81, 94). 

In accordance with genome studies, SUP05 bac-
teria predominately thrive at the nitrate- or oxygen-
sulfide redoxcline of OMZs and stratified basins (13, 
41, 42, 47, 48, 95-98). However, SUP05 bacteria also 
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persist outside of sulfidic waters (i.e. in the offshore 
OMZ), but at low to moderate relative cell abundances 
based on functional and phylogenetic gene surveys 
(41, 42, 47, 48, 95, 97) (Fig. 4a). The persistence of 
SUP05 bacteria in the offshore OMZ waters has been 
attributed to a cryptic sulfur cycle, where the sulfide 
needed for their energy metabolism is produced from 
closely coupled sulfate-reducing bacteria (41). On 
the other hand, Arctic96BD-19 bacteria are more 

widespread to oxygenated surface- and deep-waters 
of OMZ regions as well as other marine environ-
ments (Fig. 4b). In addition, Arctic96BD-19 bacteria 
possess gene pathways necessary for organic sulfur 
degradation, which could be an important supply of 
reduced sulfur equivalents supporting growth (86, 
88, 89). This raises a number of questions regarding 
the metabolic capacity of Arctic96BD-19 bacteria in 
offshore waters (discussed below). 

Fig. 4. Distribution of SUP05 and Arctic96BD-19 clades. 

-



Sulfur cycling associated with oxygen minimum zones

72

CH
APTER 4

Other prominent, though poorly character-
ized, SOB bacteria identified in offshore OMZ wa-
ters include SAR324 (Marine Group B) within the 
Deltaproteobacteria, and Marinimicrobia, previously 
known as SAR406 (Marine Group A), which both 
form deep-branching uncultivated lineages (99). 
Members of these groups are strongly associated to 
low-oxygen concentrations and have been found 
ubiquitously throughout all major OMZs as well as 
in permanently/seasonally anoxic basins, showing 
some overlap with the distribution of SUP05 bacteria 
(42, 47, 95, 98, 100-102). The metagenome of SAR324 
reveals various encoded pathways for organic matter 
degradation, as well as for chemolithoautotrophic 
processes involved in carbon fixation and sulfide 
oxidation (89, 103). Partial gene fragments and draft 
genomes of Marinimicrobia recovered from oxygen 
deficient waters also find adaptions for low oxygen 
and genes encoding for a polysulfide reductase (102, 
104). The encoded polysulfide reductase is potentially 
involved in sulfur oxidation or in polysulfide reduc-
tion to sulfide (104, 105). In addition, nitrate may 
also serve as an electron acceptor for Marinimicrobia, 
which is predicted to be capable of DNRA (102). 
Hence, Marinimicrobia and SAR324 serve an am-
biguous, though putative role in the OMZ nitrogen 
and sulfur cycle. 

Chemolithoautotrophic SOB contribute not 
only to the detoxification of sulfidic events but have 
an important influence over other element cycles 
including nitrogen and carbon. Nitrate is primarily 
used to oxidize sulfide from sulfidic bottom waters, 
and thereby SOB contribute directly to the removal 
of fixed nitrogen in OMZs via sulfide-dependent 
denitrification. In the ETSP and ETSA regions, rates 
of sulfide-dependent denitrification to N2 for various 
sulfidic events have been observed up to 0.5-2.4 μmol 
N L-1 d-1. These rates are, considerably higher than 
anammox rates reported in the same waters (0.1-1.0 
μmol N L-1 d-1) (13, 14, 16, 65). 

The free energy yield from sulfide oxidation to 
sulfur with nitrate (Gibbs free energy [ΔG°] = -1260 
kJ mol-1) is far more favorable than anammox (ΔG° = 
-358 kJ mol-1) (6). Likewise, doubling times for SOB 
(0.04-0.67 days, under optimal conditions; (106)) are 

substantially greater than for anammox bacteria (~11 
days, under optimal conditions; (107)). Regardless 
of these energetic differences, both anammox and 
sulfide-dependent denitrification activities signifi-
cantly overlap in OMZ shelf waters; for example, both 
tend to show enhanced activity near the nitrate-sulfide 
redoxcline and in shallow shelf bottom waters closely 
coupled to sediment processes (13, 16, 65, 108). Nitrite 
and ammonium, substrates required by anammox 
bacteria, can be jointly supplied by sulfide-dependent 
nitrate reduction and DNRA activity, respectively. In 
accordance, Russ et al., (109) demonstrated that in co-
culture bioreactor experiments, SOB and anammox 
activity are tightly coupled. Thus, when supplied with 
nitrate, ammonium and sulfide, the SOB generated 
the nitrite required to fuel anammox activity, account-
ing for 65-75% of nitrogen loss (109). 

In the ETSP region under sulfidic conditions, 
elevated rates of nitrate reduction to nitrite (up to 2.5 
μmol N L-1 d-1) have been observed  (14), suggesting 
that during sulfidic events sulfide oxidation could be 
an important supply of water column nitrite. Several 
SOB have been identified in these waters with the 
potential to reduce nitrate to nitrite including SUP05, 
V. okutanii and Sulfurovum (14, 110). While the am-
monium needed to fuel anammox, can be in part 
supplied via the activities of sulfide-dependent DNRA 
in sulfidic bottom waters (14) or in the benthos cata-
lyzed via giant sulfur bacteria (63, 66). This along with 
the ammonium released during remineralisation of 
organic matter by SRB, means that the benthic am-
monium flux can account for approximately 50% of 
the ammonium requirements for anammox bacteria 
in ETSP shelf waters (65).  

ETSP waters experience massive emissions of 
N2O (111), and a number of in situ incubation experi-
ments performed in these waters suggest that SOB 
may contribute in part to this production (16, 41, 
112).  For example, Dalsgaard et al., (112) showed 
that the addition of sulfide (1 μM) to incubation 
experiments with ETSP waters caused an increase 
in net N2O production of more than 4.5 fold (up to 
~120 nmol L-1 d-1) relative to non-sulfide amended 
experiments. Galan et al., (16) performed similar 
experiments, except with 5 μM sulfide, and observed 
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a net N2O production of 12-29 nmol L-1 d-1, with no 
N2O production observed in sulfide-free controls. A 
potential contributor to shelf water N2O production 
is the SUP05 clade. Omic-based approaches indicate 
that a number of SUP05 strains identified in ETSP 
waters and in the Saanich Inlet OMZ can reduce 
nitrate to N2O. These SUP05 strains, however, lack the 
gene (nosZ) necessary for N2O reduction to N2 (81). 

Many SOB fix CO2 into biomass and thereby 
contribute to rates of ‘dark’ carbon fixation (carbon 
fixation occurring in the absence of light) in OMZs. 
For example, the sulfidic event reported by Schunck 
and colleagues in ETSP waters in May 2009 sup-
ported some of the highest rates of dark fixation in 
the ocean of 0.9 to 1.4 μmol C L-1 d-1 (14). Assuming 
that the total amount of sulfide contained in these 
waters was oxidized for growth by chemolithoauto-
trophic bacteria, then this singular event represented 
up to ~30% of the photoautotrophic carbon fixation 
(14). This fraction of carbon fixation is of a similar 
magnitude to the amount of photosynthetic surface 
production exported below the photic zone that in 
part fuels heterotrophic bacteria. Similarly elevated 
rates of dark carbon fixation have been reported dur-
ing sulfidic conditions in the Chilean upwelling region 
(16). Key taxa that potentially mediate dark carbon 
fixation, as either mixotrophs or obligate autotrophs, 
include the SUP05/Arctic96BD-19 clade, Arcobacter, 
Sulfurovum and SAR324 species. 

Disproportionation

Sulfur compound disproportionation is a chemolitho-
autrophic mode of microbial growth that catalyzes 
the inorganic ‘fermentation’ of intermediate sulfur 
compounds to produce sulfide and sulfate (Fig. 2). 
Specifically, inorganic sulfur intermediate compounds 
such as elemental sulfur, thiosulfate and sulfite act as 
both the electron acceptor and electron donor. These 
intermediate compounds, which are important shunts 
in the sulfur cycle, are produced from the oxidation 
of sulfide and hence are often found to accumulate 
at the redoxcline of anoxic water columns (113-115). 
These sulfur intermediates can be oxidized or re-
duced by SOB and SRB, respectively, and can also be 

disproportionated to regenerate sulfide and sulfate. Of 
the known disproportionating bacteria, most occur 
within the Deltaproteobacteria class (116) with excep-
tion of a haloalkaliphilic member of the Clostridia 
(117). The thermodynamics of disproportionation 
are near the energetic limit which perhaps explains 
why not all disproportionating bacteria grow by this 
reaction; instead some perform both sulfate-reduction 
and disproportionation (116). Microbes that grow 
solely by disproportionation are restricted to only 
a few genera. 

The pathway for thiosulfate disproportion-
ation has been characterized by work done with 
Desulfocapsa sulfoexigens (116). Notably, the genes 
involved in thiosulfate disproportionation are largely 
indistinguishable from genes required for sulfate-
reduction, which makes it nearly impossible to detect 
disproportionation solely from culture-independent 
approaches. Other methods of detecting dispropor-
tionation include cultivation or by natural abundance 
sulfur isotopes. To our knowledge, only two SRB 
strains have been isolated from OMZs and none 
were capable of disproportionating reduced sulfur 
intermediates (56). Natural abundance sulfur isotope 
signatures, however, indicate that disproportionation 
is occurring in the redoxclines of some permanent 
and seasonally stratified basins (118, 119), which 
resemble conditions in OMZs. However, it remains 
untested whether disproportionation is a significant 
process operating in the redoxcline of OMZ sulfidic 
events, as well as the distribution and concentration 
of intermediate sulfur species.

Sulfur assimilation and organic matter 
sulfidogenesis 

Sulfate assimilation is the incorporation of inorganic 
sulfur into biomass and occurs ubiquitously across 
aerobic and anaerobic microbes (10). The cycling of 
sulfur through assimilation / mineralization in both 
oxic and anoxic environments though, remains poorly 
understood (120). In the absence of sulfide, sulfate 
is assimilated through assimilatory sulfate reduction 
(ASR), which shares the first two steps with dissimila-
tory sulfate reduction and produces sulfide, which 
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is then incorporated into organic sulfur-containing 
compounds. This ASR requires eight electrons and 
ATP, which makes this pathway energetically ex-
pensive (10). The sulfur contained in these organic 
molecules is at various redox states. Thus their degra-
dation can yield various sulfur intermediates includ-
ing sulfide, thiosulfate, and sulfite, a process known 
as organic matter sulfidogenesis. For example, the 
desulfurylation of arylsulfonates, alkylsulfonates and 
taurine (2-aminoethanesulfonate) will produce sulfite 
(121-123). Other compounds like cysteine produce 
sulfide when degraded, whereas the fermentation 
of taurine can yield thiosulfate and sulfide (11, 124). 

Organosulfonate compounds such as taurine are 
readily abundant in marine environments (125, 126) 
and some microbes depend on these compounds and 
their degradation products for assimilable carbon, 
nitrogen and sulfur. For example, ASR is thought 
to be almost universal in aerobic bacteria, but the 
ubiquitous and highly abundant SAR11 have been 
shown to be deficient in ASR genes and instead seem 
to rely exclusively on reduced sulfur compounds for 
growth, such as dimethylsulfoniopropionate and 
thiosulfate (127, 128). Within OMZ environments, 
SAR11 are often one of the most abundant organ-
isms and have been shown to have adapted to life 
without oxygen, including having genes for the ni-
trite producing first step of denitrification (129), but 
whether this requirement for reduced sulfur can be 
extended to OMZ SAR11 lineages remains to be 
determined. Other microorganisms may oxidize 
organosulfonate produced sulfur species, sulfide, 
thiosulfate, and sulfite for energy gain via the Sox and 
rDsr pathways or by sulfite oxidizing enzymes. The 
family of molybdenum-containing sulfite oxidizing 
enzymes YedYZ and SorAB are widespread in SOB 
and organosulfonate degrading heterotrophs (130). 

Outside of anoxic/sulfidic environments, or-
ganosulfonates are believed to be an important source 
of inorganic sulfur fueling the diversity of hetero-
trophic SOB in the open ocean (11, 12, 131), and 
presumably the same holds true in OMZ waters. 
Recent work in the Canary and Benguela upwelling 
systems supports this and suggests that OMZs may be 
active areas of remineralisation of dissolved organic 

sulfur-containing compounds, although the relation-
ship to oxygen concentrations was not explored (120). 
The widely distributed heterotrophic SOB such as 
Arctic96BD-19 and SAR324, found also ubiquitously 
in OMZs (Fig. 4b) (42, 47, 95, 98, 100-102), may thrive 
from the oxidation of organic sulfur-containing com-
pounds. For instance, Arctic96BD-19, a sister clade to 
SUP05, harbors genes for carbon fixation, as well as 
pathways for organic matter uptake and respiration, 
including genes involved in the degradation of taurine 
(TauD) (86, 88, 89). TauD is a dioxygenase that cata-
lyzes the conversion of taurine to sulfoacetaldehyde 
releasing sulfite (132), although within the anoxic 
waters of an OMZ the potential and pathway for the 
degradation of taurine by Arctic96BD-19 remains 
unclear. Arctic96BD-19 also contains a number of 
putative dissimilatory sulfite oxidizing enzymes as 
well as a Sox sulfide oxidizing pathway (88, 93, 94). 
The presence of these genes indicates that sulfite or 
other reduced sulfur species produced from the de-
sulfurylation of organosulfonate compounds might 
be an additional energy source. Similarly, metatran-
scriptomic data reveals SAR324 genes involved in 
alkanesulfonate degradation and organosulfonate 
transport, and encodes for pathways involved in sul-
fide oxidation via a complete rDsr system (89, 103). 
Hence, the scavenging of organosulfonate compounds 
and the oxidation of reduced sulfur produced from 
organic matter sulfidogenesis may support hetero-
trophic SOB such as SAR324 and Arctic96BD-19 
bacteria in OMZs and other marine environments.  

Summary and open questions for 
future research

Organic matter is the principal driver of sulfate reduc-
tion, which constitutes the basis of the OMZ sulfur 
cycle. The oxidation of produced sulfide yields impor-
tant sulfur intermediate compounds including, sulfur, 
and putatively thiosulfate and sulfite. Collectively, a 
diverse assemblage of microbes mediates the turnover 
of these reduced sulfur species. The sulfur cycle is 
tightly coupled to the activities of other biogeochemi-
cal cycles including oxygen, nitrogen and carbon. 
Products of the sulfur cycle generate the full spectrum 
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of oxidized and reduced intermediates of the nitrogen 
cycle (NH4

+, N2, N2O, and NO2
-,). These intermediates 

directly or indirectly contribute to nitrogen loss and 
greenhouse gas production in OMZs, which is most 
evident in shelf waters. The finding of a cryptic sulfur 
cycle in OMZ waters detached from benthic processes 
indicates potential for a large-scale offshore sulfur 
cycle. The abundant community of heterotrophic 
SOB in offshore waters may also be in part fueled by 
organic matter sulfidogenesis. Our understanding of 
sulfur cycling dynamics in OMZs is still rudimentary; 
caveats and gaps in our knowledge remain as outlined 
below. Most of these emerging questions can be ad-
dressed with technologies already in hand through 
multidisciplinary efforts.  

1 Shipboard and remote sensing observations in-
dicate that sulfidic events are more frequent than 

previously recognized (Fig. 3) (13-16, 21, 27, 29, 31). 
Moreover, the expansion of OMZs in a global warm-
ing scenario in combination with anthropogenic riv-
erine runoff is expected to lead to an increase in the 
frequency and intensity of sulfidic events (13, 35, 
133). Despite the documented prevalence of sulfidic 
events in OMZ waters very little is known of their 
regulation. Sulfidic events occur during periods of 
shelf anoxia; however, their distribution along the 
coastline at any given time appears sporadic (Fig. 3). 
Other local hydrodynamics factors such as mesoscale 
eddies may be at play, tightly regulating the initiation 
and termination of these events. To better understand 
the regulation of these phenomena we need to employ 
long-term OMZ monitoring programs that integrate 
water column fluxes, process rate measurements, 
remote sensing in combination with hydrodynamic 
observations (e.g. moorings and autonomous glid-
ers). Understanding the regulation of sulfidic events 
may even enable forecasting of these phenomena 
in the future.

2 Despite the potential for cryptic sulfur cycling in 
offshore waters very few rates of sulfate reduction 

and sulfide oxidation exist for OMZ waters. To explore 
the full extent and spatial-temporal dynamics of off-
shore sulfur cycling more process rate measurements 

are needed across OMZs, coupled with single-cell 
techniques (nanoSIMS) to determine cell specific 
activity, thereby directly linking function and identity. 
These should be supplemented with high-sensitivity 
analyses of the distribution of sulfide and intermedi-
ate sulfur species. 

3 How a cryptic sulfur cycle is manifested under 
nitrate-rich conditions in offshore OMZ waters 

is an enigma. The current hypothesis is that cryp-
tic sulfur cycling could be housed inside particles, 
which permit the close spatial coupling of SRB and 
SOB activity (42, 95). In the environment SUP05 
demonstrates an affinity for growth in association 
to particles (41, 95), whereas SAR324 and Marine 
Group A appear to favor a planktonic lifestyle (134). 
More work is needed to address the role of particles 
in the OMZ sulfur cycle and to disentangle rates of 
sulfur transformation processes therein. 

4 Very few cultivated representatives of SOB and 
SRB exist for OMZs. In microbiology in gen-

eral, there is a widening gap between the number 
of microbes identified by molecular techniques to 
those actually cultivated. Cultivation-dependent ex-
periments still stand as the most effective method of 
resolving a microbe’s physiology and how it adapts 
to changing environmental conditions. Clades that 
putatively serve a function in the sulfur cycle, but that 
still elude cultivation, include SAR324 and Marine 
Group A. Additionally, many SOB and SRB may 
have multiple roles in the sulfur cycle. For example, 
some SRB are able to perform disproportionation 
(116). Cultivation-dependent techniques would help 
to disentangle the multi-functionality of microbes in 
OMZ waters and may further serve to verify omic-
based metabolic models.   

5 Anoxygenic photosynthesis contributes substan-
tially to the oxidation of sulfide in the chemolines 

of stratified basins (135). Little is known of the role 
of anoxygenic photosynthesizing bacteria in OMZs. 
Some evidence from functional and phylogenetic gene 
surveys have identified green sulfur bacteria closely 
affiliated to Chlorobium limicola and Chlorobium 
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Table 1: Key genes and processes hypothesized to be associated with OMZ sulfur cycling.

Process Gene Encoding enzyme and function

Dissimilatory sul-
fate reduction

sat ATP sulfurylase: activates sulfate to from APS (ade-
nosine-5’-phosphosulfate)

aprAB Soluble APS reductase, forms membrane bound com-
plex with QmoABC

dsrABC
bound complex with DsrMKJOP

Assimilatory sul-
fate reduction

Sat, or 
CysDN

ATP sulfurylase: activates sulfate to from APS (ade-
nosine-5’-phosphosulfate)

CysC APS kinase, APS is phosphatized with ATP producing 
PAPS (adenosine 3’-phosphate-5’-phosphosulfate)

(rDsr)
rdsrAB

aprAB Soluble APS reductase, forms membrane bound com-
plex with QmoABC

sat ATP sulfurylase: activates sulfate to from APS (ade-
nosine-5’-phosphosulfate)

(Sox)
soxXA Heterodimeric c-type cytochrome

soxYZ Heterodimeric protein that binds thiosulfate
soxCD Heterotetramer protein comprising of a molybdenum 

cofactor-containing subunit (SoxC), and a diheme c-
type cytochrome (SoxD)

soxB Monomer containing manganese
Sqr or 
fccC C oxidoreductase
Ye d Y Z , 
SorAB (SOE) family

Taurine and or-
ganosulfonates 
oxidation

tauXY Taurine dehydrogenase, produces sulfoacetaldehyde 
from taurine

tauD Taurine dioxygenase, produces sulfoacetaldehyde 

xsc Sulfoacetaldehyde acetyltransferase, produces acetyl 

eutD Phosphate acetyltransferase, produces acetyl-CoA 
from acetyl phosphate

SsuD 
and 
SsuE

Two-part alkanesulfonate monoxygenase
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tepdium in ETSP waters (14, 97). Whether sufficient 
sulfide concentrations can penetrate the photic zones 
of OMZ shelf waters to support green and purple 
sulfur bacteria is unknown. 

6 There is mounting metagenomic and meta-
transcriptomic evidence that organosulfonate 

sulfidogenesis could play a role in the offshore OMZ 
sulfur cycle. For example abundant OMZ taxa, such 
as SAR324 and Arctic96BD-19, harbor genes for or-
ganosulfonate degradation pathways, including genes 
for sulfide, thiosulfate and sulfide oxidation (86, 103). 
The significance of organosulfonate sulfidogenesis as 
source of reducing equivalents for SOB in the offshore 
OMZ remains un-quantified, as does its potential 
linkage to the nitrogen cycle or other elemental cycles.
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Abstract

The chemolithoautotrophic gammaproteobacterial clade SUP05 couples water column sulfide oxida-
tion to nitrate reduction in coastal oxygen minimum zones (OMZs).  Reports of SUP05 distributions 
in offshore OMZ waters where dissolved sulfide is not detected has led to the suggestion that a cryptic 
sulfur cycle involving SUP05 exists.  We examined the distribution and metabolic capacity of SUP05 in 
Peru Upwelling waters, as well as nitrogen, sulfur and carbon turnover in bulk samples and at the SUP05 
single-cell level. High rates of SUP05 CO2 assimilation were measured in offshore waters containing 
elevated concentrations of elemental sulfur that had been transported offshore by a mesoscale eddy. 
Genome analysis indicated that the Peru Upwelling SUP05 (“Candidatus Thioglobus perditus”) can 
perform complete denitrification. Its capacity to couple denitrification with elemental sulfur oxidation 
enables the survival of Peru Upwelling SUP05 in the absence of dissolved sulfide underpins reports of 
offshore sulfur cycling and fixed nitrogen loss in OMZs.

O xygen Minimum Zones (OMZs), where 
dissolved oxygen concentrations fall be-
low 20 μmol kg-1

, are responsible for large 
losses of fixed nitrogen from the ocean, although 
they occupy less than 1% of the global ocean volume 
(1-3). In OMZs, such as those found in the Eastern 
Tropical South Pacific (ETSP), the Eastern Tropical 
South Atlantic, and the Arabian Sea, high rates of 
primary productivity coupled with poor ventilation 
of OMZ shelf waters can furthermore lead to the 
recurrent accumulation of dissolved hydrogen sulfide 
within these waters (4-7). Such “sulfidic events” often 
generate episodic plumes of particulate elemental 
sulfur in surface waters that are visible from space 
(6, 8-10). Closely associated with these sulfidic events 
are bacteria from the gammaproteobacterial clade 
known as SUP05 (5, 6, 11, 12). As a nitrate-reducing, 
sulfide-oxidizing chemolithoautotroph, SUP05 may 
substantially contribute to the loss of fixed N from 
productive upwelling regions, the production of cli-
mate relevant N2O, and dark carbon fixation in the 
sub-euphotic water column (5, 6, 11, 13).   

Gene sequences associated to the SUP05 clade 
are frequently found not only in sulfidic shelf wa-
ters (5, 6), but in OMZ waters on the outer shelf and 
offshore waters where dissolved hydrogen sulfide 
concentrations fall below typical detection levels (<1 
μM)(14-18). Offshore OMZs also harbor diverse 
assemblages of putative sulfate-reducing bacteria 
(13, 15-17), and it has been proposed that SUP05 
and sulfate-reducing bacteria may be involved in a 

so-called “cryptic sulfur cycle” (13). Cryptic sulfur 
cycling refers to the simultaneous activity of sulfate-
reducing and sulfide-oxidizing pathways in a closely 
defined space such as a marine particle aggregate, in 
that produced sulfide from sulfate-reducing bacteria is 
immediately oxidized back to elemental sulfur or sul-
fate by sulfide-oxidizing bacteria (13). Cryptic sulfur 
cycling in OMZ waters may have major implications 
for nitrogen cycling. For instance, organic matter 
mineralization mediated by microbial fermentation 
coupled to sulfate reduction yields ammonium that 
can drive anaerobic ammonium oxidation (anam-
mox) (13). Sulfide oxidation, via nitrate reduction 
mediated by SUP05, may in turn contribute to the 
loss of fixed N and to the production of N2O (13).

SUP05 thus appears to play a key role link-
ing nitrogen and sulfur cycling in OMZ waters.  
Nevertheless, several important questions regard-
ing the distribution, metabolic capabilities and actual 
activities of SUP05 persist. For instance, the fluores-
cent in situ hybridization (FISH) probe previously 
employed to identify sulfide-oxidizing gammapro-
teobacteria bacteria, based on the 16S rRNA marker 
gene, also broadly covers the closely related hetero-
trophic sulfide-oxidizing bacteria, Arctic96BD-19 
clade (Fig. S1). Owing to the phylogenetic breadth 
of the SUP05 clade it is not clear whether the SUP05 
bacteria identified offshore are indeed the same spe-
cies as the SUP05 bacteria identified in near-shore 
sulfidic environments. Furthermore, the metabolic 
capacities of the SUP05 clade, especially those of the 
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marine Peru Upwelling region are not completely 
understood. A nitrous oxide reductase gene, nosZ, has 
not been found in SUP05 genomes (5, 11, 19), and 
it has been suggested that other bacteria associated 
with SUP05 perform the final denitrification step of 
N2O reduction to N2 (20). Lastly, despite the persis-
tence of apparent sulfur-based metabolic capacities 
throughout OMZ waters (13-18), the actual metabolic 
activity of organisms corresponding with these gene 
sequences may be diminished in offshore waters. 
Geochemical evidence that would point to substan-
tial rates of microbial sulfate reduction in offshore 
waters has not been found in the ETSP (21). In the 

ETSP region and in other OMZs, mesoscale eddies 
forming close to the coast are known to facilitate the 
rapid horizontal advection of coastal biogeochemi-
cal signals offshore (22-24). Therefore, the observed 
presence of the offshore SUP05 and sulfate-reducing 
bacterial communities may simply reflect the advec-
tion of sulfur rich shelf waters into the open ocean as 
suggested previously (15).

The chemical and hydrographic conditions in 
the continental Peru Margin waters of the ETSP in 
late austral summer 2013 provided a framework for 
examining the distribution and activity of SUP05 
organisms (Fig. 1). Under normal flow conditions 

Fig. 1. Station and mesoscale eddy location relative to near-surface chlorophyll a and maximum dissolved sul-

-

. White circles 
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at the Peru Margin, Ekman transport of the surface, 
equator-ward flowing Peru Coastal Current results 
in near shore upwelling of the oxygen-poor and nu-
trient-rich water derived from the poleward flowing 
Peru-Chile Undercurrent (25). Instabilities in the 
Peru-Chile Undercurrent possibly triggered by sharp 
variations in shoreline topography (24) lead to the 
formation of offshore sub-surface anticyclonic eddies 
(24, 26-28) (Fig. S2b). Thus, in addition to the typical 
near-shore and offshore ETSP waters, we obtained 
samples at the offshore site during a period of time 
when the formation of a sub-surface anticyclonic eddy 
drove cross-shelf, offshore transport of sulfur-rich 
shelf waters. To quantitatively discriminate dominant 
Peru Upwelling SUP05 bacteria from close relatives 
of the SUP05 clade, we designed and applied a more 
stringent SUP05 probe. Based on a near complete 
metagenomics bin we reconstructed the metabolic 
capabilities of the Peru Upwelling SUP05 bacteria. 
Finally, we specifically determined the single-cell C 
uptake activity of SUP05 bacteria via isotope labeling 
experiments combined with nanoscale secondary 
ion mass spectrometry (nanoSIMS) analysis. This 
allowed us to evaluate the contribution of SUP05 
activity to carbon, nitrogen and sulfur cycling both 
in near-shore and in offshore ETSP OMZ waters.  

Results and Discussion

Biogeochemical characterization of shelf 
and offshore waters

Waters from the ETSP region off the coast of Peru 
(12°S’ 78.5°W and 13.5°S’77°W) were sampled from 
February 8th to March 4th, 2013 onboard the RV 
Meteor (Expedition M93; Table S1). At the beginning 
of the sampling period in February 2013, an anticy-
clonic mesocale eddy had formed approximately 50 
km from the coast (Fig. 1; S2b). During the course of 
our experiments and sampling, the subsurface eddy 
expanded and propagated in south-southwesterly 
direction, eventually curling in a westerly direction 
(Fig. 1b; S2c-f). By March 2013, the eddy had caused 
a filament of surface shelf water moving along the 
northern rim of the eddy to extend to nearly 330 km 

offshore (Fig. 1b). Sub-surface waters at stations U2, 
U3, L1 and L3 were impacted by the resulting cross-
shelf transport of shelf waters during and after the 
eddy formation (24). Station L2, on the other hand, 
was sampled after the eddy had travelled already 
further westwards and caused the onshore advection 
of offshore water masses along its southern rim(24). 
Thus, station L2 referred here to “non-eddy” for sim-
plicity, exhibited temperature-salinity characteristics 
typical of offshore waters, which are clearly separated 
in the temperature and salinity space from the stations 
impacted by coastal waters (Fig. S4).  

Station U1 on the shelf was also sampled in early 
March when normal (non-eddy) flow conditions 
prevailed (Fig. S2).  The near-shore, shelf waters at 
station U1 were characterized by extreme depletion 
of dissolved oxygen (below 10 m) and nitrate (below 
30 m), and the presence of free dissolved hydrogen 
sulfide (up to 7 μM) and ammonium (up to 6 μM) 
(Fig. 2; S5).  Nitrate-depleted, sulfide and elemental 
sulfur rich bottom waters covered the entire near-
shore Peruvian shelf between 12°S 78.3°W and 13.3°S 
77°W (Fig. 1; S3). The reduced sulfur inventories in 
February-March, 2013 (1.6 x 109 moles H2S and 7.0 
x 108 moles elemental sulfur) were more than twice 
as large as for the sulfidic event reported for the same 
area in 2009 (5).

A nitrate-sulfide chemocline in the inner shelf 
waters at 25-35 m water depth (hereafter simply re-
ferred to as the chemocline) coincided with peaks 
of nitrite and elemental sulfur (Fig. 2; S5). An inter-
mediate product of biotic and abiotic sulfide oxida-
tion, elemental sulfur reached concentrations of up 
to 6 μM within the chemocline and persisted at μM 
concentrations in the deeper, sulfidic waters (Fig. 2; 
S5). Elemental sulfur likely formed at 30-35 meters 
as chemolithotrophic organisms used downward 
mixed nitrate to oxidize hydrogen sulfide. Under 
the denitrifying conditions found at the base of the 
chemocline, elemental sulfur is the first product of 
sulfide oxidation (29) as depicted in Equation 1: 

5H2S + 2NO3
-+2H+ • 5S0 + N2 + 6H2O  [Eq.1]

Elemental sulfur, transported through eddy 
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diffusion further to the top of the chemocline, may 
fuel further nitrate consumption via denitrification 
as shown in Equation 2.

5S0 + 6NO3
- + 2H2O • 5SO4

2- + 3N2 + 4H+   [Eq. 2]

Overall, as estimated from nitrate and sulfide 
concentration gradients and employing an eddy dif-
fusion coefficient (Table 1) the downward nitrate 
flux into the chemocline (17 mmol S m-2 d-1) was 
more than sufficient to oxidize the upward flux of 
sulfide (-7.6 mmol S m-2 d-1) completely to sulfate 
via denitrification (combined equations 1 and 2 as 
shown in Eq. 3) 

5H2S + 8NO3
-  • 5SO4

2- + 4N2 + 4H2O + 2H+   [Eq. 3]

Up to 70% of the total nitrate flux could be at-
tributed to the oxidation of sulfide within the chemo-
cline at station U1. Microorganisms, such as SUP05, 
that can couple dissolved sulfide oxidation to nitrate 
reduction should, therefore, dominate this interface 
between deep sulfidic waters and overlying nitrate.  

Distribution of SUP05 in Peru Upwelling 
Waters

A new FISH probe, GSO131, was designed to clearly 
distinguish Peru upwelling SUP05 clade bacteria from 
near relatives within the Gammaproteobacterial 
sulfide oxidizer (GSO) clade (e.g. Arctic96BD-19 
bacteria) (Fig. S1; Table S2 and S3). Peru Upwelling 
SUP05 bacteria as quantified using the GSO131 probe 

Fig. 2. Distribution of concentrations, abundances and bulk and single cell activities in the Peru Upwelling 
OMZ as a function of distance from the coast. The composite plots show depth and cross-shelf distribution (a) 

2

each station included in the composite plots.     
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composed up to 50% (1.7-3.2 x 106 cells-1 ml-1) of the 
total microbial community within the chemocline at 
station U1 (Fig. 2; S5). Similar cell densities using a less 
specific SUP05 FISH probe have been reported for 
the Namibian shelf region where sulfidic conditions 
prevailed (6). At station U1, peak SUP05 cell densities 
within the chemocline coincided with peak rates of 
denitrification (2000 nmol N L-1 d-1) (Fig. 2; S5) and 
dark carbon fixation (600 - 1000 nmol C L-1 d-1) (Fig. 

S5). These results reaffirm earlier conclusions that 
SUP05 is a dominant taxon mediating sulfide-driven 
denitrification at the chemocline in such sulfidic, 
upwelling shelf waters (5, 6).

In contrast to the sulfide-rich, nitrate-deplete 
waters on the inner shelf, total dissolved sulfide 
concentrations dropped below detection  (< 1 μM) 
on the outer shelf  (stations U2 and U3; Fig. 2) and 
offshore beyond the outer shelf break. Elemental 

 Station U1 Station L1 Station L2 
    

1.7 x 109 (30 m)    7.3 x 107 (50 m)  2.9 x 107 
(200 m) 

   
     Number of SUP05 cells analyzed 107 67 23 

     Cell size ( ) 0.81 ± 0.02 1.00 ± 0.03 0.86 ± 0.05 
     Cell carbon content ( ) 6.42 x 10-3 8.46 x 10-3 6.99 x 10-3 
     Per cell fixation rate ( ) 0.24 ± 0.03 0.22 ± 0.05 0.07 ± 0.02 

c  
   

    Volumetric SUP05 CO2 fixation rate rates  
    ( ) 

 
409 (30 m);    

 
16 (50 m);         

 
2 (200 m) 

   Depth-integrated SUP05 CO2 fixation rate    
    ( ) 17.1 ± 1.4      

(8.6 ± 0.7)   
10.7 ± 1.5 0.37 ± 0.08  

    Bulk depth-integrated Dark CO2 fixation:     
    (mmol C m-2 d-1) 26.2 ± 2.0 8.0 ± 1.0 4.5 ±  0.6   

    
      Sulfide flux ( )  -7.6 NA NA 
      Sulfur flux ( ) -6.6 NA NA 
      Nitrate flux ( )  17.6 NA NA 

   
       Depth-integrated rates ( ) 62.3 ± 6.00 3.1 ± 0.6 0.23 ± 0.02 
       Volumetric rates ( ) 2044 (30 m);    5.4 (50 m)         BD (200 m) 

   
     mol CO2 assimilated per mol nitrate reduced 0.2-0.29   
     mol CO2 assimilated per mol sulfide oxidized 0.33-0.49 

 
  

d     
     H2S oxidation rate to SO4

2- ( ) 7.8 ± 1.8 3.6 ± 1.0  0.12 ± 0.04 
     Denitrification rate ( )  4.7 ± 1.3 2.2 ± 0.7 0.07 ± 0.03 

 
aSUP05 abundances (and associated water depth) used for single-cell CO2 uptake calculations. 
bRates and abundances are from Stations and depths nanoSIMS measurements were performed: Station U1 (30 and 60 
m), station L1 (50 and 200 m) and station L2 (200 m).  
c Dark  CO2 fixation rates integrated for station U1 over 30-65 m and (12-35 m), L1 over 100-300 m, and  L2 over 125-320 
m. 
dDepth-integrations were performed for station U1 from 5-65 m and for the offshore station L1 from 6-300 m, and 
station L2 from 10-320 m depth. 

 

Table 1: SUP05 contribution to CO2 See Methods for details 
regarding single-cell calculations. 
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sulfur remained detectable at 100 to 1000 nM in the 
oxygen and nitrate depleted deep waters of outer 
shelf stations U2 and U3, and more interestingly, 
persisted in the offshore eddy-influenced waters of 
station L1 where dissolved sulfide was not detected 
(Fig. 2; S5). At station L1, elemental sulfur concentra-
tions ranged between 50-750 nM from 5 to 100 m 
depth, and coincided with a nitrate minimum (Fig. 
2; S5). Temperature-salinity properties at station L1 
suggest that nitrate-depleted coastal waters contain-
ing elemental sulfur were transported offshore along 
isopycnals up to 80 km from the coast (Fig. 2a, c; S4). 
After the eddy had moved further offshore, elemental 
sulfur was restricted to a narrow band near the surface 
with concentrations of <300 nM as seen at station L2 
(Figs. 2, S4 and S5). 

Large cell densities of SUP05 up to 4.5 x 105 cells 
ml-1 persisted at station L1 coincident to the passage 
of a nearly formed anticyclonic eddy through this 
offshore site (Fig. 2; S5). Even in the absence of dis-
solved sulfide, SUP05 comprised a significant fraction 
(up to 17%) of the microbial community in these 
eddy-influenced offshore waters. Rates of nitrate 
reduction to N2 at L1 ranged from 5 to 16 nmol N 
L-1 d-1 (Fig. 2; S5), and dark carbon fixation of 9-130 
nmol C L-1 d-1 (Fig. S5) were much lower than those 
at station U1 on the inner shelf. Nonetheless, rates 
of denitrification and dark carbon fixation at station 
L1 under the influence of the eddy and cross-shelf 
transport exceeded those observed under “non-eddy” 
conditions (L2). At station L2 we measured reduced 
rates of denitrification (<0.13 to 4.3 nmol N L-1 d-1) 
and dark carbon fixation (11 to 51 nmol C L-1 d-1; 
Fig. 2; S5). Correspondingly, SUP05 abundances at 
L2 were one order of magnitude lower than at sta-
tion L1 and comprised only a minor fraction (0-2%) 
of the microbial community. Thus, even offshore, 
SUP05 cell densities appear to correlate with the bulk 
denitrification rates.  

Single-cell activities of SUP05 Bacteria

Despite such correlation, the presence and abundance 
of an organism in any given environmental setting, 
for instance SUP05 distributions in eddy influenced 

offshore waters, yields only limited information on 
the activity of the organism and its potential impact 
on the chemistry of the environment. To address the 
impact of SUP05 on the cycling and fate of sulfur and 
nitrogen in ETSP waters, we compared the SUP05 
specific biogeochemical activity in the chemocline 
at station U1, where SUP05 plays a dominant role 
in coupling sulfide oxidation with denitrification, 
with SUP05 specific activities at the eddy influenced 
offshore (L1) and “non-eddy” station (L2) stations. 
We quantified the specific contribution of SUP05 
bacteria to dark carbon fixation by measuring the 
assimilation of 13C-bicarbonate into SUP05 biomass 
at the single-cell level using nanoSIMS technology. In 
experiments from station U1 and in the presence of 
close to ambient concentrations of sulfide, elemental 
sulfur and nitrate, SUP05 fixed CO2 at cell specific rate 
of 0.24 ± 0.03 fmol C cell-1 d-1 (averaged from 30 and 
60 m depths; Fig. 3, Table 1). From the SUP05 cell 
densities this yielded a SUP05 C fixation volumetric 
rate at the chemocline (30 m) of 409 ± 50 nmol C 
L-1 d-1 (Table 1). Consistent with the premise that 
SUP05 is the main denitrifying chemoautotroph 
in the chemocline, comparing integrated SUP05 C 
fixation rates over depth with total dark CO2 fixa-
tion showed that SUP05 contributed to ~65% of the 
bulk dark C fixation rates in the sub-euphotic water 
column at station U1.

The depth-integrated CO2 uptake attributed 
to SUP05 (10.7 ± 1.5 mmol C m-2 d-1) at station L1 
likewise accounted for the majority of dark carbon 
fixation (Table 1).  More significantly, the average 
SUP05 CO2 fixation rate of 0.22 ± 0.05 fmol C cell-1 
d-1 was comparable (ANOVA, p = 0.14, no statistical 
difference) to the specific CO2 fixation rate deter-
mined at station U1 (Fig. 3). Thus, SUP05 bacteria 
were active in waters transported offshore from the 
shelf despite the lack of any obvious or measurable 
dissolved sulfide gradients. In contrast, at station L2 
SUP05 bacteria exhibited much lower  specific carbon 
fixation rates of 0.07 ± 0.02 fmol C cell-1 d-1 rates (Fig. 
3) (ANOVA, p = <0.001).  In these offshore waters 
that are not affected by shelf water, SUP05 C fixation 
rates were <2.1 nmol C L-1 d-1. The overall contribu-
tion of SUP05 to dark carbon fixation was small (8%).  
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We conclude that individual SUP05 cells were active 
and growing in the shelf chemocline and in waters 
transported offshore from the shelf; whereas, under 
normal offshore flow conditions SUP05 bacteria may 
have been present, but were less active.  

SUP05 bacteria actively assimilated C in the 
offshore transported water masses, but the question 
remains as to whether this activity had any impact 
on the overall offshore N and S cycling in the ETSP 
waters. We can estimate the impact of the SUP05 
bacteria on sulfur and nitrogen cycling in the off-
shore “eddy” and “non-eddy” influenced waters, by 

assuming that the amount of CO2 fixed per cell SUP05 
per mol nitrate reduced or per mol sulfide oxidized 
is the same for both near-shore and offshore SUP05 
cells. Assuming that denitrification rates at the near-
shore station U1 were primarily mediated by SUP05 
we estimate that SUP05 fixed 0.20-0.29 mol CO2 
per mol nitrate reduced (Table 1). The environmen-
tal growth factor for nitrate translates to 0.33-0.49 
mol CO2 fixed per mol H2S oxidized based on the 
stoichiometry in Eq. 3. This environmental growth 
factor for sulfide oxidation is similar to growth factors 
reported for cultivated sulfide oxidizers growing on 
sulfide and oxygen (0.35-0.58 mol CO2 fixed per mol 
H2S oxidized (30-32)). Employing the environmental 
growth factor for nitrate estimated from station U1, 
we calculate depth-integrated rates of SUP05 medi-
ated denitrification of 2.2 mmol N m-2 d-1 at the eddy 
influenced station L1. These estimated rates are similar 
to the rates of nitrate reduction to N2 determined 
from bulk 15N experiments (3.1 mmol N m-2 d-1). 
Accordingly, SUP05 mediated sulfur oxidation rates at 
the eddy influenced offshore station L1 are 3.6 mmol 
S m-2 d-1 (Table 1), assuming that hydrogen sulfide 
is oxidized to sulfate (as per Eq. 3). More likely, the 
rate of SUP05 mediated sulfide oxidation was lower 
(2.7 mmol S m-2 d-1) for elemental sulfur oxidation 
to sulfate (Eq. 2). These estimated sulfide oxidation 
rates fall within the same range of potential sulfide 
oxidation rates measured at offshore ETSP stations 
(up to 2.09 mmol S m-2 d-1)(13). At the offshore station 
uninfluenced by shelf waters (L2), calculated rates of 
SUP05 mediated denitrification (0.12 mmol m-2 d-1) 
and sulfide oxidation 0.07 (mmol m-2 d-1) were low. 
The results demonstrate that SUP05 was capable of 
supporting rates of denitrification and sulfur oxidation 
observed in offshore ETSP waters, but principally in 
water masses that had only recently originated from 
sulfur rich near-shore regions.

Peru Upwelling SUP05 ecophysiology 
and survival in offshore waters

Metagenomics, in combination with nanoSIMS 
analysis, show that SUP05 is well adapted to the 
sulfide-poor conditions in water masses transported 

Fig. 3: SUP05 single-cell activity and sulfur content 
of ETSP SUP05 bacteria. 2

rates based on C-bicarbonate uptake into SUP05 

mean (red line) and median (black line) are indicated. 

and 5th percentiles and outliers are indicated by the 
black circles. Standard deviations bars are shown. The 
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offshore. We assembled and binned a draft genome at 
95% completeness based on Gammaproeobacterial 
marker genes of the Peru Upwelling SUP05 from the 
metagenome for station U1. The genome shows that 
SUP05 encoded for genes involved in the reverse dis-
similatory sulfite reduction pathway (rdsr) used in the 
oxidation of intracellular S0, as well as an incomplete 
periplasmic thiosulfate oxidation pathway by sox 
(Fig. 4). The incomplete sox pathway, specifically 
the absence of soxCD genes has been correlated with 
intracellular sulfur deposits in other sulfide-oxidizers 
(33, 34). The absence of soxCD genes is consistent 
with other SUP05 bacterial metagenomes (5, 11, 35, 
36). Empirically, sulfur deposits have been shown 
to accumulate intracellularly 
in Arctic96BD-19 bacteria, 
a closely related lineage 
of SUP05 (37). Moreover, 
with nanoSIMS, we found 
that SUP05 cells at stations 
U1 and L1 had signifi-
cantly greater (ANOVA, p 
= <0.001) sulfur content 
compared to cells at station 
L2 (Fig. 3), which suggested 
that SUP05 has a capacity to 
store sulfur. The stored sul-
fur, deposited in an inorganic 
or organic form, is putatively 
oxidized via the rdsr pathway 
(38). The SUP05-ETSP ge-
nome further suggests that 
the energy conserved from 
the oxidation of sulfur is 
coupled to nitrate reduction 
to N2 or to oxygen respira-
tion (Fig. 4). Such a complete 
denitrification pathway, with 
no termination at N2O, also 
contrasts with the Saanich 
Inlet SUP05 metagenome 
that lacks the nitrous oxi-
dase (nosZ) gene (11, 12). In 
summary, SUP05 organisms 
active in the ETSP are capable 

of complete denitrification coupled to sulfide and 
elemental sulfur oxidation.

The Peru upwelling SUP05 bacteria described 
here has only a 97.6% 16S rRNA  sequence identity 
with “Candidatus Thioglobus autotrophica”, and un-
like “Ca. T. autotrophica”, it has the full denitrification 
pathway. Thus, we are able to distinguish the Peru 
Upwelling SUP05 at the species level (39), and propose 
a candidate name for the Peru Upwelling SUP05 
bacteria "Candidatus Thioglobus perditus". Perditus 
means lost. The Peru Upwelling SUP05 bacterium, 
“Ca. T. perditus” finds itself lost in the offshore OMZ 
waters, and fixed nitrogen is lost from the ecosystem 
as a result of denitrification by “Ca. T. perditus”. 

Fig. 4:  Key metabolic pathways encoded in a SUP05 “Candidatus 
Thioglobus perditus” population genome bin: 



Transport of sulfide-oxidizing denitrifying bacteria

94

CH
APTER 5

Sulfide produced via microbial sulfate reduction 
in marine particle aggregates in the offshore stations 
may support denitrification.  We observed aggregates 
containing delta-proteobacteria (e.g.  sulfate-reducing 
bacteria) in addition to SUP05 in the samples at the 
shelf water influenced offshore station L1 (Fig. S6). 
Depth-integrated SUP05 abundances greatly exceed-
ed delta-proteobacteria by nearly 7-fold (Fig. S6), 
which indicate that local sulfate reduction is only a 
minor source of reduced sulfur for SUP05.  This is also 
consistent with other metagenomic and functional 
gene surveys of offshore OMZ waters that find that 
key sulfur based genes affiliated to sulfide-oxidizing 
bacteria consistently outnumber genes affiliated to 
sulfate-reducing bacteria (16, 17). We cannot entirely 
discount sulfide production from sulfate-reducing 
bacteria transported with SUP05. Nonetheless, the 
large inventory of elemental sulfur at the shelf-water 
influenced “eddy” station L1 (>20 mmol m-2 at L1; 
Fig. S5) can easily support SUP05 driven denitrifica-
tion for several weeks after transport of SUP05 into 
offshore ETSP waters.

Implications for ETSP sulfur cycling and 
nitrogen loss 

Sulfide and elemental sulfur in the anoxic inner shelf 
waters, for instance the 1.6 x 109 moles of dissolved 
sulfide H2S and 7.0 x 108 moles elemental sulfur on 
the inner shelf that accumulated during course of 
our research campaign, periodically exchange with 
offshore waters as a result of mesoscale processes 
(24). Long-term remote sensing data indicate that 
mesoscale eddies are omnipresent in the ETSP (40), 
and may have a substantial impact on offshore waters 
(41). In March 2013 a number chlorophyll-rich fila-
ments were seen projecting from the ETSP coastline 
with some of the filaments extending up to a remark-
able 1500 km from the coast (Fig. 1 and S7). Similar 
events occur as well in the Chilean upwelling region 
where cryptic sulfur cycling has been reported (13) 
(e.g. Fig. S7). Moreover a number of studies have 
reported sporadic rates of denitrification in offshore 
ETSP waters (42-44), with the highest rates often 
observed within close proximity of the coast (<150 

km) and associated with elevated chlorophyll concen-
trations in surface waters (45). Eddies have recently 
been shown to impact the distribution of anammox 
activity in offshore waters (46), and similarly such 
features will contribute to the dispersal of microbes 
such as the SUP05-clade bacteria Ca. T. perditus, 
and reduced sulfur to offshore waters. Eddy driven 
cross-shelf transport combined with Ca. T. perditus 
capacity to denitrify and thrive on elemental sulfur 
in the absence of dissolved sulfide explains reports 
of offshore cryptic sulfur cycling and nitrogen loss. 

Material and methods

Sampling and hydrography

Waters were sampled in the ETSP region off the 
coast of Peru (12°S 78.5°W and 13.5°S 77°W) from 
February 8th to March 4th, 2013 onboard the RV 
Meteor. Either a CTD rosette equipped with twenty-
four 10 L Niskin bottles was used to collect water 
samples or a pump-CTD.  Oxygen, temperature 
and salinity were recorded with depth on both up 
and downcasts of the CTD. The mesoscale eddy and 
shelf currents were tracked by horizontal velocities 
surveyed by glider deployments and vessel mounted 
acoustic doppler current profilers from January to 
March, 2013 (24).   

Nutrient and sulfur chemistry 

Sulfide concentrations were determined by the 
methylene blue method (47) immediately from 
Niskin bottles using 4 mL of sample and 320 μL of 
diamine reagent. The diamine solution and samples 
were incubated in the dark at ambient temperatures 
(18-22°C) prior to measuring with a spectrophotom-
etry at 670 nm. The detection limit of this method is 
1 μM. Separate nutrient samples were taken for the 
analysis of nitrate, nitrite and ammonium, and were 
measured onboard with a QuAAtro autoanalyzer 
(Seal Analytical). The detection limits are 0.1, 0.1 and 
0.3 μM, respectively. 

For the analysis of elemental sulfur chemis-
try sulfidic waters were fixed in zinc chloride (100 
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μl of 20% (weight/weight) in 50 ml sample), and 
stored at -20°C. Elemental sulfur was extracted by 
a chloroform-methanol procedure using 5-15 ml 
of sample volume(48). Internal standard (31,2mg 
of 4,4’-Dibromodiphenyl (DBDP; Sigma Aldrich)) 
dissolved in 100 ml methanol)  was added to back 
calculate the extraction efficiency. Three rounds of 
chloroform extraction (500 μl each) were performed. 
After each step the chloroform sample mixture was 
sonicated for 15 minutes at 4°C and then the chlo-
roform was pipetted off into a glass vial where it was 
concentrated under an N2 stream. In the last stage 
the extracted product was dissolved in methanol and 
filtered to remove larger particles (0.45 μm filter). 
The methanol dissolved sample was measured by 
ultrahigh pressure liquid chromatography (UPLC) 
using a Waters Acquity H-class instrument with a 
Waters column (Aquity UPLC BEH C18, 1.7-μm, 
2.1 x 50 mm column; Waters, Japan) and methanol 
eluent flowing at 0.4 ml min-1 equipped with a Waters 
PDA detector (absorbance wavelength set to 265 
nm). The detection limit of elemental sulfur using 
this method was 50 nM. 

15N- and 13C-labelled incubation 
experiments

Seawater was collected from the Niskin into 250 
mL glass serum bottles and incubation 15N-labelled 
incubation experiments were performed accord-
ing to Holtappels et al.(49). Bottles were allowed to 
gently overflow 2-3 times and then were capped 
avoiding oxygen contamination. All bottles, unless 
sampled from a sulfidic depth, were bubbled with 
helium gas for 15 min. 15N- and 13C-labelled sub-
strates were added after 5 min of purging in the fol-
lowing experiments: exp1: 15N-NO3

- + 13C-HCO3
-, 

exp2: 15N-NO2
- + 14N-NH4

+ + 13C-HCO3
-, and exp3: 

15N-NH4
+ + 14N-NO2

- + 13C-HCO3
-. Concentrations 

of labelled substrates were 25 μm, 5 μm, and 5 μm 
for NO3

-, NO2
-, and NH4

+, respectively. At sulfidic 
depths serum bottles were not bubbled with gas in 
order to maintain ambient sulfide concentrations, 
instead, labelled substrates were mixed by stirring. 
Serum bottles were overflown 2 times into small glass 

vials (Exetainers, Labco Limited; 6 or 12 ml) and 
capped. The caps 2-3 days prior to use were stored 
in a pre-degassed Duran bottle filled with a helium 
atmosphere, to reduce oxygen contamination in the 
incubation experiments (50). Exetainer incubation 
experiments were incubated at 12°C in the dark. After 
adding a 2 ml helium headspace, Exetainer samples 
were terminated at 0, 6, 12, 24, and 48 hours by the 
addition of 100 μl of saturated mercury chloride solu-
tion. Terminated incubation samples were stored cap 
down at room temperature. For nanoSIMS analysis a 
separate 24 hour incubation vial was terminated by 
the addition of a 20% paraformaldehyde solution to 
a final concentration of 1-2%.  

Isotopic ratios of 15N15N and 15N14N dinitrogen 
gas were measured from the headspace of the in-
cubation experiments using a gas-chromatography 
isotope-ratio mass spectrometer (GC-IRMS; VG 
Optima, Manchester, UK). The nitrite production 
was determined from amended 15NO3

- experiments 
performed by converting labeled nitrite to 14N15N gas 
(51). The converted N2 gas was measured by a GC-
IRMS (customized TraceGas coupled to a multicol-
lector IsoPrime100, Manchester, UK). Denitrification 
and anammox N2 production rates were calculated 
from the linear regression slope as a function of time 
according to Thamdrup et al. (52). A t-test was used 
to determine whether rates were significantly different 
from zero (p < 0.05). Detection limits were estimated 
from the median of the standard error of the slope, 
multiplied by the t-value for p = 0.05, the detection 
limits for anammox, denitrification to N2 and denitri-
fication to NO2

- from 15N-labelled experiments were 
1.03, 0.13 and 0.80 nM N d-1, respectively. 

Bulk CO2 fixation rates were determined sepa-
rately from 13C-incubation experiments performed 
in gas tight 4.5 L bottles (5). To each bottle 4.5 mL of 
labelled bicarbonate solution (1 g 13C-HCO3

- in 50 
mL water) was added. Depending on sample depth 
bottles were incubated at in situ temperatures on-deck 
in blue shaded incubation boxes (25% surface irradi-
ance) or in the dark.  After 24 hours 1-2 L was filtered 
onto pre-combusted Whatman GFF filters. GFF filters 
were dried and then treated to remove inorganic 
carbon by fuming 37% HCl treatment overnight. The 
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isotopic 13C enrichment was quantified by an element 
analyzer EA-IRMS (FlashEA 1112 series coupled with 
an IRMS, Finnigan Delta plus XP, Thermo Scientific). 
Carbon fixation rates were calculated according to 
Schunck et al. (5).   

Molecular sampling

Samples collected for microbial enumeration by cata-
lyzed reporter deposition fluorescent in situ hybridiza-
tion (CARD-FISH) were immediately fixed in 20% 
paraformaldehyde solution to a final concentration of 
1-2%. Fixed samples were filtered onboard after 8-12 
hours at 4°C onto a 0.2 μm pore-size polycarbonate 
(PC) filter. Filtration volumes varied according to 
depth and location from the coast (i.e. 70-120 ml at 
offshore stations and 50-70 ml at coastal stations) 
in order to get adequate cell densities on the filter. 
Filters for nanoSIMS analysis were collected from 
13C-HCO3

- labelled incubation experiments (exp1) 
onto pre-coated gold-palladium 0.2 μm PC filters. 
For biomass collection and subsequent DNA analy-
sis, larger volumes of seawater (1-2 L) were filtered 
onto a 0.2 μm PC filters. All filters were stored and 
transported between -20 to -80°C. 

DNA extraction, metagenomics and 
genome binning 

DNA was extracted from filtered biomass using a 
DNA/RNA-Allprep kit (Qiagen). Extracted genomic 
DNA was sequenced with Illumina MiSeq technology 
and chemistry (Max Planck Institute for Evolutionary 
Biology, Plön, Germany). Full length 16S rRNA gene 
sequences were reconstructed from raw reads using 
phyloFlash (https://github.com/HRGV/phyloFlash). 
Adapters and low-quality reads were removed with 
bbduk (https://sourceforge.net/projects/bbmap/) with 
a minimum quality value of two and a minimum 
length of 36, yielding 1,464,909 and 2,143,435 paired 
end reads for library preparations from station U1 at 
depths 30 and 40 m, respectively. Single reads were 
excluded from the analysis. Single library assemblies 
were performed using SPAdes 3.90 (53) with stan-
dard parameters and kmers 21, 33, 55, 77, 99, and 

127. Genome binning was performed in Bandage 
(54) by collecting all contigs linked to the contig that 
contained the full-length 16S rRNA gene of the SUP05 
organism as reconstructed by phyloFlash. The genome 
completeness for all SUP05 bins was calculated using 
checkM version 1.07 (55) and the gammaproteobacte-
rial marker gene set using the taxonomy workflow. 
Annotation was performed using prokka(56). Genes 
related to nitrate respiration (nirS, narG, norB and 
nosZ) and carbon fixation (cbbM) were visualized 
on the assembly graph of the SUP05 bin using the 
Bandage BLAST module with 98% query coverage 
and 98% identity settings.

Clone library and phylogeny 

Universal bacterial primers GM3f (5’-AGA GTT TGA 
TCM TGG C-3’) and GM4r (5’- TAC CTT GTT 
ACG ACT T-3’) were used to generate full length 16S 
rRNA PCR amplicons from DNA samples taken at 
the redoxcline of sulfidic station U1 (Table S2; (57)). 
Five PCR replicates were done per sample. The PCR 
conditions were initial denaturation at 95°C for 5 min, 
followed by 25 cycles of 95°C for 1 min, 50°C for 1 
min, 72°C for 2 min, and a final extension of 72°C 
for 10 min. The reactions were run on an Eppendorf 
Mastercycler gradient PCR machine with a ramp 
rate of 3°C s-1. The five replicate PCR products were 
pooled. DNA was visualized by gel electrophoresis 
and quantified by Nanodrop (Thermo Scientific). The 
16S rRNA gene product was purified and ligated into 
a TOPO TA vector using a ligation kit (Invitrogen). 
Resulting E. coli clones were picked and screened 
for the vector insert by PCR. Colonies with inserts 
were regrown in fresh media followed by a plasmid 
extraction using a plasmid extraction kit (MoBio). 
The plasmid was amplified in two separate final se-
quencing reactions using forward and reverse M13 
primers (M13f 5’-CCC AGT CAC GAC GTT GTA 
AAA CG-3’ and M13r 5’- AGC GGA TAA CAA 
TTT CAC ACA GG-3’; (58)). The PCR product was 
purified using Sephadex (G-50 Superfine, Amersham 
Bioscience) and then sequenced with Sanger sequenc-
ing chemistry in Bremen (BigDye sequencing kit, 
Applied Biosystems). 
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Raw sequence data was quality controlled and 
vector ends were trimmed, then forward and reverse 
amplicons were assembled into near-full length 16S 
rRNA contigs using Sequencher 4.6 software (Gene 
Codes Corporation, Ann Arbor, MI). The 16S rRNA 
contigs were aligned with the SINA aligner (59), and 
then imported into SILVAref115 curated 16S rRNA 
reference database (60) using ARB software (61). A 
16S rRNA tree was calculated using the parsimony 
and neighbour joining methods using various filters. 
A CARD-FISH probe (GSO131) was designed in 
silico using ARB software to target the 16S rRNA 
gene of SUP05 bacteria recovered from the ETSP 
region (Table S2; S3). 

Fluorescence in situ hybridization 

The CARD-FISH procedure was performed on sam-
ples collected on PC filters according to Pernthaler et 
al., (62). Briefly, filter pieces were treated with lyso-
zyme (10 g L-1) for 45 min at 37°C to permeabilize 
the cells for hybridization. The filters were washed in 
PBS buffer and then Milli-Q water before proceeding 
to the deactivation of endogenous peroxidases with 
methanol/hydrogen peroxide (0.15%) treatment for 
10 min at room temperature. Samples were washed 
with Milli-Q before performing the hybridization. 
Filter pieces were incubated for 3 hours at 46°C in 
the hybridization buffer containing a 35% formamide 
concentration. Filters were washed in pre-warmed 
washing buffer containing NaCl (0.08 M final con-
centration), 5 mM EDTA (pH8.0), 20 mM Tris-HCl 
(pH7.5), and 0.01% SDS for 15 min at 48°C then 
washed again for 10 min in 1x PBS buffer at room 
temperature. Filter pieces were incubated for 45 min 
at 46°C in amplification buffer containing 0.15% 
H2O2 and 20 μg Oregon Green-labelled tyramide. 
Filters were washed in 1x PBS and Milli-Q then dried 
before staining with DAPI (1 ng mL-1) for 10 min at 
room temperature. Filter pieces were embedded in 
a mixture of Citifluor/Vectorshield and DAPI and 
probe hybridized signals were counted on an epi-
fluorescence microscope (Zeiss AxioPlan). Up to 
1000 DAPI-stained cells from 10 different fields of 
view were counted. Separate CARD-FISH probes 

EUB338 and NON338 were used as positive and 
negative controls, respectively (62).                                                                                                                                           

nanoSIMS analysis

Select field of views containing hybridized SUP05 cells 
were marked using a Laser Microdissection micro-
scope (DM 6000 B, Leica). Isotopic composition of 
single-cells of SUP05 bacteria were analyzed using 
a NanoSIMS 50L instrument (Cameca). Secondary 
ions of 12C, 13C, 19F, 12C14N, 12C15N, 31P, and 32S were 
measured simultaneously on 7 electron multiplier 
detectors. All samples were pre-sputtered with a Cs+ 
primary ion beam of ~300pA. After pre-sputtering 
the instrument was tuned on the target area on a 50 
x 50 raster size for a mass resolution over 8000. Final 
analysis and image acquisition was done at 10 x 10 
raster size (256 x 256 pixel) and a dwell time of 1 ms 
per pixel for 40 planes.

The data was processed using Look@NanoSIMS 
software (63). The field of interest were drift corrected 
and accumulated using the software. Cells of interest 
were interactively defined by hand and classified. For 
each cell 13C/12C, 12C15N/12C14N and 32S/12C+13C ratios 
were calculated. Only cells with Poisson statistics less 
than 5% were considered reliable measurements.

NanoSIMS was also performed on an untreated 
(i.e. no CARD-FISH) filter at station U1 (30 m depth) 
to determine if the isotopic fraction of 13C in SUP05 
cells was potentially diluted by the CARD-FISH 
protocol (64). Based on CARD-FISH enumeration, 
we assumed that at least half the cells measured by 
nanoSIMS on the non-CARD-FISH filter were SUP05 
bacteria. In this case, no difference in the average 
isotopic composition was found between the treated 
(0.24 ± 0.03 fmol C cell-1 d-1) and untreated (0.24 ± 
0.07 fmol C cell-1 d-1; n = 46 cells) samples.   

Single-cell calculations

The cell size, determined from Look@NanoSIMS 
software, was used to estimate the cell biovolume (V). 
SUP05 cells were coccoid in shape and thus the bio-
volume was calculated as per a sphere (V=4/3πr3). The 
amount of carbon per cell was calculated according 
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to a generalized formula (fg C cell-1= 133.754 x V0.438) 
used for bacterial cells larger than 0.025 um3 (65). 
From this a single-cell assimilation rate was calculated 
based on the 13C enrichment, the measured labelling 
percent, and divided by the incubation period. The 
contribution of SUP05 bacteria to CO2 fixation was 
calculated using the single-cell CO2 fixation rate (fmol 
C cell-1d-1) and the SUP05 cell densities (cells mL-1). 
The percent contribution of SUP05 to bulk carbon 
fixation was calculated from the SUP05 CO2 fixation 
rate divided by the bulk CO2 fixation rate. 

The sulfide, sulfur and nitrate fluxes shown 
in Table 1 were determined at the chemocline at 
station U1 from 30-40 m, 20-30 m, and 12-30 m 
depth, respectively. The eddy diffusivity (1.4 x 10-4 
m2 s-1) was determined for the mid to upper shelf of 
the Peruvian upwelling region from microstructure 
profiles (Schlosser et al., in prep). A negative value 
indicates an upward water column flux. 

The environmental growth factor was calculated 
from the chemocline using the measured SUP05 CO2 
fixation rate divided by the measured denitrification 
rate at 30 m, assuming that SUP05 was primarily 
responsible for measured denitrification rate (lower 
value) or 68% of measured denitrification (denitri-
fication based on total sulfide flux; upper value). We 
convert this growth factor using Eq. 3 to arrive a sulfide 
oxidation growth factor. 

Remote sensing imagery

Remote sensing imagery was acquired by Moderate 
Resolution Imaging Spectroradiometer (MODIS) 
downloaded from the NASA Ocean Colour Database 
(www.oceancolor.gsfc.nasa.gov/cms/). Level 2 and 
3 data were processed using SeaDAS software ver-
sion 7.3.1 (www.seadas.gsfc.nasa.gov/). Sea surface 
satellite altimetry images were downloaded from the 
Colorado Center for Astrodynamics Research (www.
eddy.colorado.edu/ccar/ssh/nrt_global_grid_viewer). 

Data Availability

Metagenomic and 16S rRNA contigs were submitted 
to the NCBI database under the accession number 

(XXXXXXX-XXXXXXX application pending). 
Water column nutrients and physical data are avail-
able at Pangaea: https://doi.pangaea.de/10.1594/
PANGAEA.860727; while station sulfur chemistry, 
SUP05 cell densities and rate process measurements 
have been submitted to Pangea: https://doi.pangaea.
de/10.1594/PANGAEA.876062. 
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sent sequences recovered from other studies. The sequences indicated in red typeface were recovered from two sul-

Candidatus
Candidatus Thioglobus perditus”. 
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Fig. S2. Development and propagation of a subsurface mesoscale eddy: -

during the formation and propagation of a lower shelf forming mesoscale eddy. The red circles indicate the main stations 
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the highest SUP05 abundance is reported for the respective stations.  
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Fig. S4: Elemental sulfur and nitrate concentrations as a function of temperature-salinity for stations U1, L1 
and L2.  ) are indicated by the light gray isopycnals.
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Fig. S5. Depth distributions of dissolved oxygen, key sulfur and nitrogen species, chlorophyll a, SUP05 cell 

three main stations U1, L1, and L2. Error bars for nitrogen transformation rates represent the standard error and 
were estimated according to the slope of the N2 production rate (see Material and Methods). 
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(Delta495): 
planktonic and aggregate-associated SUP05 and deltaproteobacteria from two samples.  Blue-green stained 

-
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chlorophyll concentrations with satellite-sea surface height altimetry (SSHA) overlay. The contours of the subsurface 
-
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Table S1: List of stations sampled during the M93 research cruise February-March, 2013. 

U2 295 Feb 9, 02:02 -12.38 -77.19
L1 318 Feb 11, 11:40 -12.64 -77.53

378 378 Feb 18, 17:04 -13.75 -76.64
L3 391 Feb 20, 21:04 -12.67 -77.82
L2 399 Feb 22, 12:23 -12.52 -77.60
U3 412 Feb 24, 10:00 -12.31 -77.30

U1a 413 Feb 25, 01:00 -12.23 -77.18
U1 471 Mar 4, 09:50 -12.23 -77.18

Table S2: Summary of PCR primers and in situ hybridization probes used in this study.

1 in silico

2 Unlabeled competitor probes (C) are as follows: 

T

Target group Primer/ 
probe 

Sequence (5’ to 3’) Size(bp) Annealing temp/ 
formamide  conc. 

Ref. 

 1

 
SUP05 GSO1312 CTA TCC CCC ACT ATC TGG TAG A 22 46°C / 35% 3 This study 

 
Delta-
proteobacteria 

Del495a4 AGT TAG CCG GTG CTT CCT 18 46°C / 30%  (4) 

 Del495b4 AGT TAG CCG GCG CTT CCT 18 46°C / 30%  (4) 
      
 Del495c4 AAT TAG CCG GTG CTT CCT 18 46°C / 30%  (4) 
      

 

 
Universal GM3f AGA GTT TGA TCM TGG C 16 50°C (6) 
Universal GM4r TAC CTT GTT ACG ACT T 16 50°C (6) 
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Taxonomy Coverage (%) Eligible Number of 

matches 
GSO131 probe: 0 mismatches, total matches = 11 (1 mismatch, total matches = 95)
   Bacteria 0.002 (0.02) 526819 11 (95)
      Proteobacteria 0.005 (0.04) 209486 10 (90)
         Gammaproteobacteria 0.01 (0.09) 97852 10 (87)
            Oceanospirillales 0.2 (1.14) 6164 10 (70)
               SUP05 cluster 4.1 (12.24) 245 10 (30)
   Outgroup hits: Arctic96BD-19 cluster 0 (15.82) 177 0 (28)
   Outgroup hits: Other gammaproteobacteria 0 (0.03) 97852 0 (29)
   Outgroup hits: Bacteroidetes 0.002 (0.006) 50630 1 (3)
   Outgroup hits: Other 0 (8)

Del495a probe: 0 mismatches, total matches = 11609 (1 mismatch, total matches = 116906)
   Bacteria 2.2 (21.8) 537344 11609 (116906)
      Proteobacteria 4.3 (36.5) 214092 9279 (78225)
         Deltaproteobacteria 62.5 (88.9) 14649 9149 (13161)
Outgroup hits: SUP05 cluster 0.82 (90.2) 245 2 (221)
Outgroup hits: Non deltaproteobacteria 103745

Del495b probe: 0 mismatches, total matches = 1018 (1 mismatch, total matches = 51283)
   Bacteria 0.2 (9.5) 537344 1018 (51283)
      Proteobacteria 0.2 (4.7) 214092 489 (10108)
         Deltaproteobacteria 3.3 (66.7) 14649 484 (9765)
Outgroup hits: SUP05 cluster 0 (1.6) 245 0 (4)
Outgroup hits: Non deltaproteobacteria 534 (41518)

Del495c probe: 0 mismatches, total matches = 121 (1 mismatch, total matches = 13111)
   Bacteria 0.02 (2.4) 537344 121 (13111)
      Proteobacteria 0.04 (4.8) 214092 86 (10246)
         Deltaproteobacteria 0.6 (63.9) 14649 84 (9361)
Outgroup hits: SUP05 cluster 0 (1.6) 245 0 (4)
Outgroup hits: Non deltaproteobacteria 37 (3750)

 Probes were evaluated in silico

sequence matches is indicated; note that values indicated in parentheses represent the number of matches with a one 
nucleotide mismatch. Competitor probes were designed towards the mismatch sequences (see Table S2). Coverage repre-
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Gene name Function/protein Locus tag 
  

soxXYZAB Oxidation of reduced sulfur compounds XXXXX 
   soxX Sulfur oxidation protein XXXXX 
   soxY Sulfur oxidation protein XXXXX 
   soxZ Sulfur oxidation protein XXXXX 
   soxA Diheme cytochrome XXXXX 
   soxB Sulfate thiol esterase XXXXX 
   soxZ Sulfur oxidation protein  
   dsrA Dissimilatory sulfite reductase XXXXX 
   dsrB Dissimilatory sulfite reductase XXXXX 
   dsrEFH Dissimilatory sulfite reductase XXXXX 
   dsrMKJOP Dissimilatory sulfite reductase XXXXX 
   aprA Adenylylsulfate reductase  XXXXX 
   aprB Adenylylsulfate reductase XXXXX 
   sat Sulfate adenylyltransferase XXXXX 
   fccA Sulfide-binding, flavoprotein XXXXX 
   fccB Sulfide-binding, flavoprotein XXXXX 

  
   narG Nitrate reductase XXXXX 
   nirS Nitrite reductase XXXXX 
   norB Nitric oxide reductase XXXXX 
   nosZ Nitrous oxide reductase XXXXX 

 





Chemolithoheterotrophic bacteria play a key role in sulfide oxidation 
and denitrification in sulfidic shelf waters 

Cameron M. Callbeck, Chris Pelzer, Gaute Lavik, Timothy G. Ferdelmen, Harald Schunck, 
Jon S. Graf, Sten Littmann, Berhnard Fuchs, Philipp F. Hach, Tim Kalvelage, Ruth A. Schmitz, 
and Marcel M. M. Kuypers.(2017)Chemolithoheterotrophic bacteria play a key role in sulfide 
oxidation and denitrification in sulfidic shelf waters. Manuscript in preparation



Ecophyiology of a chemolithoheterotroph

114

CH
APTER 6

Abstract

Dissolved sulfide in bottom waters of upwelling regions and stratified basins is assumed to be oxidized by 
a diverse consortium of chemolithoautotrophic bacteria that couple sulfide oxidation to denitrification. 
Here, we report the oxidation of sulfide in shelf waters off Peru by an uncultivated Arcobacter species 
capable of oxidizing sulfide and reducing nitrate as an obligate heterotroph. In Peruvian waters we find 
that Arcobacter dominated the microbial community under sulfidic conditions at the nitrate-sulfide 
redoxcline where enhanced dark carbon fixation rates were measured. However, single-cell nanoSIMS 
analysis revealed that Arcobacter did not substantially contribute to total CO2 fixation in situ. A novel 
Arcobacter species, enriched from these sulfidic waters and characterized by physiology and genome 
analysis, indeed, lacked the capacity to fix CO2 via autotrophic carbon fixation pathways. The genome, in 
contrast, contained pathways for organic carbon uptake and heterotrophic respiration, and included the 
capacity to oxidize sulfide and reduce nitrate. Culture experiments showed that the strain grew best on a 
mix of sulfide, nitrate and labile organic carbon, thus coupling acetate assimilation to sulfide oxidation 
and denitrification. The energetics of such a chemolithoheterotrophic physiology may provide Arcobacter 
with a competitive advantage over other chemolithoautotrophic bacteria for available sulfide and nitrate, 
enabling it to form rapid and large blooms in situ. Our findings reveal that chemolithoheterotrophy may 
play an important role in near-shore eutrophic, sulfide-rich upwelling environments, contributing to 
the removal of sulfide and to fixed nitrogen loss. 

C oastal upwelling systems, such as those 
found off the coasts of Peru and Namibia, 
sustain high levels of primary productivity, 

and 17% of the global fish catch (1). In such eutrophic 
marine ecosystems, high fluxes of organic carbon 
export drive enhanced rates of microbial sulfate re-
duction and sulfide production within the sediments. 
Enhanced organic matter export rates, combined 
with the sluggish water column circulation, allow 
dissolved hydrogen sulfide to accumulate in bottom 
waters of such ecosystems (2, 3). Hydrogen sulfide is 
toxic for most eukaryotic organisms. The presence 
of hydrogen sulfide severely exacerbates the already 
compressed availability of faunal habitat in hypoxic 
zones, and leads eventually to a loss of fauna diversity 
and mass fish die-offs (4-6).  As such, “sulfidic events” 
represent an extreme manifestation of coastal hypoxic 
and anoxic “dead zones” (6, 7). 

A  broad variety of bacteria have evolved to cata-
lyze the oxidation of sulfide with dissolved oxygen 
or nitrate as the electron acceptor, and are able to 
conserve energy with these reactions. Thus, sulfide-
oxidizing bacteria are responsible for mediating the 
rapid oxidation of sulfide at redoxclines (2, 3, 8, 9).  In 
addition, to oxidizing sulfide to a much less toxic form, 

many sulfide-oxidizing bacteria couple sulfide oxida-
tion to dissimilatory nitrate reduction to dinitrogen 
(referred hereafter as denitrification), contributing 
significantly to nitrogen loss (2, 3, 10-12). 

Taxa involved in sulfide oxidation in marine 
upwelling or stratified water bodies include the gam-
maproteobacterial sulfide-oxidizing clades SUP05 
and Arctic96BD-19, as well as epsilonproteobacteria 
Sulfurovum, Sulfurimonas and Arcobacter species (2, 
3, 13-16). SUP05, a chemolithoautotrophic sulfide-
oxidizing denitrifying bacteria, has been shown to be 
broadly distributed across a wide range of sulfidic and 
non-sulfidic water masses within oxygen minimum 
zones (OMZs) (Callbeck et al., Chapter 5). Far less 
is known of the genus Arcobacter in OMZs, which 
encompasses a diverse assemblage of species that in-
clude obligate and facultative chemolithoautotrophs as 
well as heterotrophs ((17-19) and references therein). 
Arcobacter has been identified as a potentially im-
portant sulfide oxidizer in eutrophic coastal marine 
environments (2, 20, 21), and sulfidic basins (18, 22-
25). It is also characteristically enriched in engineered 
systems containing high sulfide and high organic 
matter (26-29). In OMZ water columns, the detec-
tion of abundant putative CO2 fixing microbes, in 
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concert with elevated rates of dark CO2 fixation at 
sulfide-nitrate redoxclines, has led to the conclusion 
that chemolithoautotrophic bacteria are primarily 
responsible for the oxidation of sulfide in OMZs and 
closed basins (2, 3, 8, 12, 30, 31). 

To understand the role of Arcobacter species 
associated with sulfidic events, we explored the dis-
tribution, in situ activity, and metabolic capacity of 
Arcobacter in the coastal sulfidic waters of the Peruvian 
upwelling region. We investigated the distribution of 
Arcobacter, with respect to key reactants (nitrate, sul-
fide, oxygen), as well as to the rates of denitrification 
and dark carbon fixation. At a highly sulfidic station, 
where Arcobacter comprised a substantial fraction of 
the sulfide-oxidizing bacterial community, we also 
directly assessed the potential activity of the in situ 
Arcobacter population through stable isotope incu-
bation experiments linked with targeted single-cell 
FISH-SIMS (fluorescent in situ hybridization coupled 

to secondary ion mass spectrometry) analysis. We fur-
thermore enriched and isolated a marine Arcobacter 
from a sulfidic Peru shelf station, analyzed its genome, 
and tested its growth using environment mimicking 
amendment experiments. 

The Peruvian OMZ 

The Peru-Chile OMZ is maintained by regional trade 
winds that drive enhanced upwelling of nutrient-rich 
waters along the continental margin, resulting in 
some of the highest rates of primary production in the 
ocean and making it one of the largest OMZs (1, 32). 
The Peru-Chile OMZ might be responsible for some 
25% of global water column nitrogen loss (33, 34).  
Callbeck et al., (Chapter 5) observed that Peruvian 
shelf waters early in 2013 were characterized by ex-
treme depletion of dissolved oxygen (< 5 μM below 
10 m) and nitrate (below 30 m), and the presence of 

Arcobacter abundances in Peruvian upwelling waters. (a) 

Arcobacter cell 
abundances represented as the percent of the total microbial community. Black dots indicate sample depths at 
each station included in the composite plots. The location and time that stations were sampled are provided in 
Table S1. 
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free dissolved hydrogen sulfide in bottom waters.  
Nitrate-depleted, sulfide- and elemental sulfur-rich 
bottom waters covered the entire near-shore Peruvian 
shelf between 12°S 78.3°W and 13.3°S 77°W (Fig. 1a). 
Bottom water sulfide concentrations in shelf waters 
exceeded 20 μM at some stations (Fig. 1b). The dis-
solved sulfide fluxes from the shelf sediment (ranged 
from 1 to 14 mmol m-2 d-1; (35)), reflecting the high 
rates of microbial sulfate reduction that occur on 
the Peru shelf (10.1-11.9 mmol m-2 d-1 (36) and 20 ± 
11 mmol m-2 d-1, (37)). Overall, the sulfidic event in 
February-March, 2013 (1.6 x 109 moles H2S and 7.0 
x 108 moles elemental sulfur) was more than twice 
as intense as the sulfidic event reported for the same 
area in 2009 (3).

Material and Methods 

Sampling and water chemistry

Peru upwelling waters (12°S 78.5°W and 13.5°S 
77°W) were sampled from February 8th to March 
4th, 2013 onboard the RV Meteor (Expedition M93).  
Conductivity-temperature-density (CTD) were 
monitored with depth and seawater was collected 
using either a CTD-rosette equipped with 10 L Niskin 
bottles or by a pump-CTD (pCTD), in which case, 
water was pumped directly onboard. From collected 
seawater nitrate and nitrite concentrations were deter-
mined with a QuAAtro autoanalyzer (Seal Analytical) 
with precisions of ± 0.1 μM. Sulfide concentrations 
were determined onboard according to Cline (38) 
using 4 mL of seawater and 320 μL of diamine re-
agent (1 μM detection limit). For the determination 
of water column elemental sulfur, 50 ml samples of 
seawater were sampled using anaerobic techniques 
and fixed with 100 μL ZnCl2 (20% wt/wt), and then 
were stored at -20°C. In Bremen, elemental sulfur was 
extracted from the Zn-fixed samples using a chloro-
form-methanol procedure (39). Elemental sulfur in 
the methanol extracts was determined on a Waters 
Acquity H-class (Waters, Japan) ultrahigh pressure 
liquid chromatography system (Aquity UPLC BEH 
C18, 1.7-μm, 2.1 x 50 mm column with a methanol 
eluent flow at 0.4 ml min-1) equipped with a Waters 

PDA detector (absorbance wavelength set to 265 
nm; with a limit of detection of 50 nM)(Callbeck et 
al., Chapter 5). 

Microbial diversity analysis

Larger volumes of seawater 1-2L were also col-
lected on polycarbonate filters (0.2 μm pore-size) 
for genomic DNA extraction. Genomic DNA was 
extracted using a DNA/RNA Qiagen kit and quanti-
fied by nanoDrop technology (Thermo Scientific). 
Universal Bacterial barcoded PCR primers were used 
to generate amplicons for 454 pyrosequencing (Max 
Planck-Genome-Center, Cologne, Germany). Partial 
16S rRNA gene sequences from station U1a were 
uploaded to the SILVAngs pipeline, which provides 
automated ribosomal data analysis, alignments and 
taxonomic classification (40). Microbial diversity 
at station U1a was also analyzed by clone library 
preparations, which recovered near-full length 16S 
rRNA gene sequences. The clone library preparation 
procedure, including raw read quality controls and 
taxonomic classification using ARB software were 
performed according to Callbeck et al., Chapter 5.  

Cell Identification and Enumeration

Seawater samples collected from Niskin bottles were 
filtered over polycarbonate filters (0.2 μm pore-size) 
for analysis of cell densities using catalyzed deposition 
reporter (CARD)- FISH. The seawater was fixed in 
paraformaldehyde solution to a final concentration of 
1-2% volume and was incubated for 12 hours at 4°C 
prior to filtration. CARD-FISH was performed on 
Peruvian upwelling collected seawater samples using 
Arcobacter and general epsilonproteobacteria probes: 
Arc94 (5’-TTAGCATCCCCGCTTCGA-3’; (41), 
and Epsi682 (5’-CGGATTTTACCCCTACACM-3’; 
(42)). The Arc94 and Epsi682 probes were incubated 
in 20% formamide containing hybridization buffer 
at 46°C for 3 hours. For the CARD-FISH procedures 
please refer to Callbeck et al., Chapter 5. The total 
microbial community was stained by 4’,6-Diamidino-
2-phenylindole (DAPI) and together DAPI, Arc94 
and Epsi682 hybridized cells were visualized and 
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quantified using an epifluorescence microscope (Zeiss 
Axioplan 2). Hybridized cells were counted in 10 fields 
of view and up to 1000 DAPI-stained cells. Negative 
and positive controls were performed using NON338 
and EUB3381-III probes according to (43).

Labelled incubation experiments

Isotope labeling experiments to determine rates of 
nitrate reduction (15N-labeling) and CO2 fixation 
(13C-labeling) were performed according to Callbeck 
et al., (Chapter 3). Briefly, denitrification, as well as 
bulk and single-cell carbon fixation rates, were deter-
mined from 12 mL exetainer incubation experiments 
as follows: exp1: 15N-NO3

- + 13C-HCO3
-, exp2: 15N-

NO2
- + 14N-NH4

+ + 13C-HCO3
-, and exp3: 15N-NH4

+ 
+ 14N-NO2

- + 13C-HCO3
-. Concentrations of labelled 

substrates were 25 μm, 5 μm, and 5 μm for NO3
-, 

NO2
-, and NH4

+, respectively. Isotopic ratios of 15N15N, 
15N14N and 14N14N nitrogen gas were measured on a 
gas-chromatography isotope-ratio mass spectrometer 
(GC-IRMS; VG Optima, Manchester, UK). While 
bulk carbon fixation rates were measured separately 
in 13C-incubation experiments performed in gas tight 
4.5 L bottles (3). The 13C/12C Isotope ratio was mea-
sured on an element analyzer EA-IRMS (FlashEA 
1112 series coupled with an IRMS, Finnigan Delta 
plus XP, Thermo Scientific).

Single-cell analysis

In addition to the sample for IRMS measurements, 
extra samples from the last time point of the stable 
isotope incubation experiments were filtered onto 
pre-coated gold-palladium polycarbonate filters (0.2 
μm pore-size) for FISH-SIMS analysis. NanoSIMS 
(NanoSIMS 50L, Cameca) was used to simultane-
ously identify and measure the single-cell activity of 
Arc94 hybridized cells. NanoSIMS analysis was done 
according to Callbeck et al., Chapter 5. Secondary 
ions 12C, 13C, 19F, 12C14N, 12C15N, 31P, and 32S were 
measured on 7 mass detectors. The 19F signal was 
used to specifically identify Arc94 hybridized cells 
(Fig. 4a). The 13C/12C and 32S/(12C+13C) ratios were 
calculated using look@nanoSIMS software as outlined 

elsewhere (45). Single-cell carbon fixation rates were 
determined using the 13C/12C enrichment, the labeling 
percent, the cell carbon content (estimated from the 
cell biovolume according to (46)), and divided over 
the incubation period. 

Physiology and genome analysis 

The Arcobacter culture used in this study was pre-
enriched from the sulfidic station U1a (Table S1) at 
50 m depth onboard the research vessel. We used 
sterile-filtered Peru seawater with additions of sodium 
nitrate and either sodium sulfite, sodium thiosulfate, 
or elemental sulfur as electron donors to a final con-
centration of 100 μM. A total of three transfers were 
made (with a 1% v/v inoculum) into new media over 
the course of the research campaign. In the Bremen 
laboratory cultures were maintained using autoclaved 
anaerobic (N2:CO2 atmosphere) Peruvian seawater 
amended with sulfide and nitrate, and incubated at 
close to ambient water temperatures (14 C). After 
five transfers (1% v/v inoculum) on nitrate and dis-
solved sulfide, genomic DNA was extracted from a 
cultured isolate using the QIAamp genomic DNA kit 
(QIAGEN, the Netherlands). De novo whole genome 
sequencing was performed using Pacific Biosciences 
RS II technology (P4-C2 chemistry) (Max Planck 
Genome Center Cologne, Germany). Collected data 
were processed and filtered using the SMRT analysis 
software (v.2.1). For genome assembly SMRT analysis 
routine HGAP3 was applied, after which annotation 
was performed using RAST (47). This annotation is 
based on a manually curated library of subsystems 
(48) and on protein families, largely derived from 
the subsystems FIGfams. Further analysis of the an-
notated genome was performed using both RAST 
and Pathway Tools (49). 

The Arcobacter strain (hereafter PSE-93) was 
maintained and progressively enriched on sterile an-
aerobic North Sea water (saNS media). Seawater was 
prepared in a Widdel flask. The media was filter steril-
ized, autoclaved and then allowed to cool under an 
N2:CO2 (90:10) atmosphere. The media was buffered 
to a final concentration of 2 mM HCO3

-. Sulfur species 
sulfide and nitrate were amended to the media, which 
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was eventually dispensed into smaller serum bottles 
under an N2:CO2 atmosphere and inoculated with 
a 1% v/v culture from Peruvian seawater medium. 
The enrichment was eventually plated on DSMZ 
1071 PY-BROTH medium (DSMZ, Germany) to 
enhance purity of PSE-93, and incubated at 14

oxic conditions. Colonies were picked for 
inoculation of fresh sterile saNS medium with 50 – 
100 μM nitrate and sulfide. PSE-93 was also grown on 
synthetic seawater medium (Sas medium). Sas me-
dium was prepared in a Widdel flask and contained 
per liter of Milli-Q 27.5 g NaCl, 5 g MgCl2.6H2O, 4.1 
g MgSO4

.7H2O, 0.66 g CaCl2.2H2O and 1.02 g KCl 
(50). The media was autoclaved and allowed to cool 
under a N2:CO2 (90:10) atmosphere. After cooling 
sterile trace element, vitamin and mineral solutions 
were added according to Kamp et al., (50). The me-
dium was buffered by the addition HCO3

- (to a final 
concentration of 2 mM) and the pH adjusted to 7.5. 

For time-course experiments, media was dis-
pensed anaerobically under N2:CO2 using Hundgate 
techniques into sterile Duran bottles that were mount-
ed and sealed at the top with a 50-mL glass syringe 
(SGE Analytical Science, Australia). Duran bottles 
including the connected syringe were filled without 
a headspace. Organic matter compounds glucose, 
yeast extract, and 13C-acetate, as well as inorganic 
substrates sulfide, 15N-nitrate, and 13C-bicarbonate, 
in addition to the PSE-93 inoculum (2% v/v) were 
added via a sidearm port in different combinations 
(discussed below). Experiments were run at 14 °C 
mimicking in situ conditions. Regular subsamples 
were taken via the sidearm port over the course of 
the experiment for the analysis of sulfide, nitrate and 
nitrite (1 mL subsample fixed in 500 μL 5% ZnCl2) 
as well as for the analysis of labeled N2 production 
(1 mL subsample in 12-mL exetainers with helium 
atmosphere and 50 μL saturated HgCl2 solution). 
Additionally, 1 mL subsampled was fixed in 100 μL 
20% PFA for cell count analysis. Finally, at the end 
of the experiment the incubation was filtered onto a 
pre-combusted WhatmanTM glass microfiber GFF 
filter (GE Healthcare Life Sciences, UK). Samples for 
N2 measurements were stored cap down in the dark 
at room temperature (RT). While all other samples 

were stored at -20 °C until further analysis.  
Sulfide concentrations in ZnCl2–fixed samples 

were determined photometrically (38) as described 
above. Nitrate and nitrite concentrations were de-
termined by a CLD 60 Chemiluminescence NO/
NOx analyser (Eco Physics AG, Switzerland) after 
reduction to NO with acidic sodium Iodide (NaI) 
and acidic vanadium (II) chloride, respectively (51, 
52). Isotopic ratios of 15N15N, 15N14N and 14N14N ni-
trogen gas were measured on a gas-chromatography 
isotope-ratio mass spectrometer (GC-IRMS; VG 
Optima, Manchester, UK). Cell counts were obtained 
by flow cytometry on a BD FACSCalibur System (BD 
Biosciences, CA, USA) after the 2% PFA-fixed cells 
were stained 20 min with CYBR Green. Calibration 
of the flow rate was done with saNS medium and 
samples were measured for 1 min each. Background 
noise from the seawater, measured in the samples of 
the not-inoculated control bottles was subtracted 
from the bacterial counts. To quantify the amount 
of 15N and 13C incorporated into biomass the GFF 
filters were decalcified overnight, dried at 60°C for 
1 hour, pelletized into tin cups and analyzed by a 
Thermo Flash EA 1112 elemental analyzer coupled 
to an isotopic ratio mass spectrometer Finnigan Delta 
Plus XP (Thermo Fisher Scientific, USA). Gases cali-
brated against IAEA references, and caffeine was 
used as standards for isotope correction and for C/N 
quantification, respectively.

Results and Discussion

Distribution and single-cell activity 

The presence and abundance of Arcobacter in the 
Peru Upwelling was closely linked to sulfide contain-
ing shelf waters.  At station U1a, where the dissolved 
sulfide concentrations in the bottom waters reached 
up to 23 μM (Fig. 2a), the nitrate-sulfide redoxcline 
supported a large Arcobacter population that reached 
>106 cells ml-1, or 25% of the entire microbial com-
munity (Fig. 1c and 2b, c). At stations containing <10 
μM dissolved sulfide Arcobacter was still present, but 
cell densities were typically < 3% of the microbial com-
munity (Fig. S1). At the sulfidic stations Arcobacter cell 
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abundances typically peaked in the nitrate-sulfide re-
doxcline (Fig. 2b, c and S1). Offshore, where dissolved 
sulfide was absent, Arcobacter made up <0.1% of the 
microbial community (Fig. 1c). Thus, Arcobacter 
spp. were predominately constrained to near-shore, 
highly productive, sulfidic waters off Peru (particularly 
where sulfide exceeded >20 μM in the bottom waters). 
This finding is consistent with reports elsewhere of 
Arcobacter occurring principally at oxic-sulfidic or 
nitrate-sulfidic redoxclines (42, 53-55).  

At station U1a, where Arcobacter comprised 25% 
of the microbial community in the nitrate-sulfide 
redoxcline, other sulfide-oxidizing bacteria were also 
present. Microbial 16S rRNA gene diversity analysis 
of station U1a redoxcline waters, using clone library 
and pyrosequencing techniques, identified common 
OMZ-occurring sulfide-oxidizing bacteria such as 
SUP05 and Arctic96BD-19 clades within the gam-
maproteobacteria, as well as uncultured Sulfurovum 
and Arcobacter spp. within the epsilonproteobacteria 
(Fig. 2c and 3). Sulfide concentrations at station U1a 
were highest in bottom waters (55 to 65 m depth) and 

decreased gradually across the water column to zero, 
at 20 m depth (Fig. 2a). Both dissolved oxygen and 
nitrate were depleted within the redoxcline. Nitrate 
(10 μM) was detected only in the upper 20 m of the 
water column, where sulfide and elemental sulfur 
concentrations fell below the detection limit (<1 μM). 
Elemental sulfur, reaching concentrations over 15 μM, 
was present throughout the redoxcline (20-50 m), and 
reached concentrations of 5 μM in the uppermost 
meters of the sulfidic zone. Arcobacter abundances 
peaked in the middle of the broad redoxcline at 40 
m based on both CARD-FISH cell counts and 16S 
rRNA gene abundances from pyrosequencing analysis 
(Fig. 2b, c). Potential denitrification rates decreased 
from the redoxcline (6.5 ± 0.4 μM N d-1) to the deeper 
sulfidic zone (0.9 ± 0.1 μM N d-1), while dark carbon 
fixation rates remained constant at 2.8 ± 0.2 μM C d-1 
within the redoxcline. Nitrogen loss and carbon fixa-
tion rates were consistent with other measured rates 
in the Peru-Chile and Namibia shelf waters, indicat-
ing active chemolithoautotrophic activity (2, 3, 12).

Despite the abundance of Arcobacter at station 

-

Arcobacter
-1. Error bars represent the standard error. The asterisk 
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U1a, Arcobacter contributed only 1% to dark CO2 
fixation in these waters. Based on the single-cell 
13C-HCO3

- assimilation rates and the measured 
Arcobacter cell densities (Table 1), we calculated that 
Arcobacter fixed 0.04 ± 0.01 fmol C cell-1 d-1 (Fig. 4a, 
b). The gammaproteobacterial clade SUP05, and 
other ε-proteobacteria (e.g. Sulfurovum spp.), in 

contrast, exhibited CO2 assimilation rates of 1.18 ± 
0.04 and 0.24 ± 0.02 fmol C cell-1 d-1 (ANOVA, df= 2, 
p<0.001, significant difference). These two taxa jointly 
accounted for nearly one-third of dark carbon fixation 
rates at station U1a (Table 1), with doubling times 
of 4 (SUP05) and 10 (other ε-proteobacteria) days. 
Arcobacter doubling times based only on single-cell 

-
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13C-HCO3
- uptake rates would be too low (doubling 

once per 100 days) to support the in situ cell densities 
(106 cells ml-1). Thus, the Peru Upwelling Arcobacter 
obtains carbon for growth using organic matter. 

Physiology and genome analysis

To gain further insights into the Peru upwelling 
Arcobacter physiology we enriched and cultivated a 
novel Arcobacter species from station U1a, designated 
PSE-93, under anaerobic conditions with natural 
seawater amended with sulfide and nitrate. Sequences 
closely related to the PSE-93 were recovered from 
Peruvian sulfidic bottom waters as well as from North 
Sea waters (Fig. 3) (56).

A complete circular PSE-93 genome (2.8 Mbp in 
size with 27.8% GC content and 2773 genes) revealed 
a great capacity for physiological adaptability (Fig. 
5). Arcobacter PSE-93 specifically has the genomic 

potential to reduce nitrate to N2 via denitrification as 
well as the gene-coding regions for various terminal 
oxidases necessary for oxic respiration.  Furthermore, 
the genome indicated the capacity of PSE-93 to oxi-
dize sulfide via a sulfide dehydrogenase (sudA) to 
S0, and oxidize zerovalent sulfur and thiosulfate via 
a periplasmic sox-pathway (soxABCDXYZ) to sulfate. 
Autotrophic CO2 fixation pathways (e.g. CBB, rTCA 
and 3-HPB) were not found in the PSE-93 genome 
(Fig. 5). Instead a number of organic matter depen-
dent carboxylases involved in acetate and propionate 
assimilation was detected, as well as carboxylases 
involved in fatty acid biosynthesis and anaplerotic 
reactions. 

We tested PSE-93 capacity to oxidize sulfide 
and reduce nitrate with various carbon substrates. 
In all experiments, sufficient sulfide was available 
to oxidize added nitrate to N2, assuming full sulfide 
oxidation to sulfate. In synthetic seawater media (Sas 

Arcobacter 

μm

pmols C cell-1

fmol C cell-1 d-1

mmol C m-2 d-1

mmol C m-2 d-1

Arcobacter
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medium), without an organic carbon background, 
PSE-93 sulfide oxidation (0.70 ± 0.20 μM h-1) and 
nitrate reduction (0.50 ± 0.20 μM h-1) rates were de-
tectable (Figs. 6a and Table 2). However, cell num-
bers never reached more than 3 x 105 cells mL-1 (Fig. 
6a), roughly an order of magnitude lower, than cell 
densities at station U1a (Fig. 2). In natural seawater 
experiments (saNS media), PSE-93 showed slightly 
enhanced sulfide oxidation (1.29 ± 0.26 μM h-1) and 
nitrate reduction (1.00 ± 0.04 μM h-1) rates (Fig. 6b 
and Table 2). However, cell densities were below the 
detection limit (< 9 x 104 cells mL-1).  In both ex-
periments, roughly half the nitrate was reduced to N2 

while the rest was reduced to nitrite (Figs. 6a, b). PSE-
93 had only low to non-detectable 13C-bicarbonate 
assimilation rates (Fig. 6), comparable in magnitude to 
single-cell rates measured in situ (Table 1). The lack of 
autotrophic CO2 fixation and the plethora of organic 
carbon dependent carboxylases in the genome (Fig. 
5), suggest that measured rates of CO2 assimilation 
reflect anaplerotic growth or growth associated with a 
heterotrophic lifestyle. Thus, the carbon limitations in 
Sas medium, likely restricted the complete reduction 
of nitrate to N2 and hindered cell growth, suggestive 
that PSE-93 was dependent on organic carbon.

Indeed, enhanced sulfide oxidation (2.6 μM 

Fig. 4. Arcobacter single-cell activity and sulfur content at the Peruvian upwelling station U1a (60 m depth). 

C-HCO - as-
similation rates and cell sulfur content of Arcobacter Arcobacter) 

Arcobacter
Chapter 5.     
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h-1) and nitrate reduction (4.6 μM h-1) rates were 
observed when PSE-93 was grown with glucose and 
yeast extract (Table 2). Growth on acetate yielded 
the greatest sulfide oxidation (6.6 ± 0.67 μM h-1) 
and nitrate reduction (6.2 ± 1.69 μM h-1) rates (Fig. 
6c and Table 2) for PSE-93. Moreover, the nitrite 
that formed as an intermediate was completely re-
duced to N2 by the end of the experiment (Fig. 6c). 
Concomitantly in this experiment, 13C-labeled acetate 
was assimilated into PSE-93 biomass with a single-
cell assimilation rate of 1.55 ± 0.19 fmol C cell-1 d-1, 
derived from the 13C-enrichment, the background 

label, and the cell carbon 
content. PSE-93 growth on 
acetate, sulfide and nitrate 
was also manifested by high 
cell densities of 4 x 106 cells 
mL-1 (with a doubling rate 
of 1.8 per day), which were 
comparable to Arcobacter 
cell densities at station U1a 
(Fig. 2b). Similar cell densi-
ties were previously reported 
for sulfidic Namibian shelf 
waters (2). 

In separate incubation 
experiments, designed to 
test PSE-93 growth under 
even lower nitrate concen-
trations (i.e. 20 μM nitrate 
to 100 μM sulfide), showed 
a similar capacity to oxidize 
sulfide, reduce nitrate and 
assimilate acetate (Fig. 6d). 
However, rates of sulfide 
oxidation (1.10 ± 0.01 μM 
h-1), nitrate reduction (0.91 
± 0.04 μM h-1) and acetate 
assimilation (0.17 ± 0.04 
fmol C cell-1 d-1) were lower 
than in the experiments with 
higher nitrate concentrations 
(Table 2). Nevertheless both 
sulfide, nitrate and acetate 
amendment experiments 

demonstrate that PSE-93 is capable of chemolitho-
heterotrophic growth, coupling sulfide oxidation and 
nitrate reduction to acetate assimilation. PSE-93 could 
also grow heterotrophically coupling acetate oxida-
tion to nitrate reduction (Fig. 6e). However, nitrate 
reduction (1.3 ± 0.22 μM h-1) and acetate assimilation 
(0.38 ± 0.06 fmol C cell-1 d-1) rates were over 4-fold 
lower, and likewise the calculated doublings per day 
(0.79) were two-fold lower compared to PSE-93 rates 
reported with sulfide, nitrate and acetate (Fig. 6e and 
Table 2). 

Thus, the genome analysis and the physiological 

Fig. 5. Metabolic model of Arcobacter PSE-93 based on the genome analy-
sis. -

assimilation pathways are indicated. Pathways for acetate and propionate assimi-
lation are highlighted by the red arrows. No autotrophic pathways for CO2

-

CoA) involved in biosynthetic reactions are indicated by the dotted rectangle. 
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Fig. 6. Arcobacter 
PSE-93 activity and 
growth. Activity and 

and 
performed in 
Sas medium. 

were performed 
in saNS medium 
as follows: (b) sul-

and 

nitrate (20 μM) and 
-

trate and C-acetate. 
Cell densities were 
below the detection 
limit in panel b. Error 
bars represent the 
standard deviation 
from triplicate incuba-

Note the variability in 

oxidation and nitrate reduction 
activity in amendment experi-
ments. 
in synthetic seawater (Sas) media or 
North Sea seawater (saNS) media as 

rates shown here were determined 
from the change in the substrate 

of detection. 

Sas: NO3
- + HS-  + HCO3

- 0.70 ± 0.20 0.50 ± 0.20 

saNS: NO3
- + HS- + HCO3

- 1.29 ± 0.26 1.00 ± 0.04 

saNS: NO3
- + HS- + Glucose 1.50  4.1 

saNS: NO3
- + HS- + Yeast extract 2.60 4.7 

saNS: NO3
- + HS- + Acetate 6.60 ± 0.67 6.20 ± 1.69 

saNS: NO3
- (low) + HS- + Acetate 1.10 ± 0.01 0.91 ± 0.04 

saNS: NO3
- + Acetate  1.3 ± 0.22 
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experiments demonstrate that the Arcobacter strain 
PSE-93 is an obligate heterotroph, capable of chemo-
lithoheterotrophic and chemoorganoheterotrophic 
growth. Moreover, these experiments show that 
sulfide, nitrate and acetate could sustain the high 
Arcobacter cell densities and rates of nitrate reduc-
tion observed in situ (Fig. 2 and 6).  

Ecophysiology of a 
chemolithoheterotroph

The chemolithoheterotrophic physiology of Arcobacter 
PSE-93 suggests that it is well-suited to the sulfide and 
organic matter rich environment in Peru shelf waters. 
Acetate, a short chain fatty acid produced during the 
degradation of organic matter via fermenting bacte-
ria could be essential to support Arcobacter growth 
in the Peruvian OMZ waters. Studies of sediments 
and redoxcline interfaces have highlighted a diverse 
consortium of Arcobacter species capable of assimi-
lating acetate under sulfidic conditions (21, 25) (Fig. 
3). In permanently sulfidic marine basins, acetate 
concentrations are often highest in sulfidic bottom 
waters and in the redoxcline of sulfidic stations, in 
some cases reaching upwards of 3 μM (57, 58). These 
environments not only exhibit elevated rates of dark 
carbon fixation, but also high rates of both acetate 
production and acetate assimilation (0.05 to 0.5 μM 
d-1) (58). Although acetate was not measured in situ, 
around the time of sampling, shallow Peruvian OMZ 
shelf waters reported high concentrations of dissolved 
organic matter (80-100 μmol L-1) in both surface 
and in benthic-influenced bottom waters (59). In 
the Peruvian upwelling, Arcobacter could assimilate 
acetate by converting it to acetyl-CoA (by acetyl-CoA 
synthetase), which then enters gluconeogenesis, the 
partial TCA cycle and other biosynthesis pathways 
(Fig. 5). 

Such chemolithoheterotrophic growth confers 
energetic advantages over a chemolithoautotrophic 
physiology. For pyruvate, a key building block in 
biosynthesis, autotrophic CO2 fixation requires be-
tween 0.6-2.3 mol ATP mol-1 C per mol of pyruvate 
formed, while acetate assimilation requires only 0.5 
mol ATP mol-1 C per mol of pyruvate formed (60). 

Our enrichment culture experiments show that PSE-
93 more efficiently assimilates C under heterotrophic 
as compared to autotrophic conditions. A growth 
factor for PSE-93 assimilating acetate, while oxidiz-
ing sulfide with nitrate was determined of 3.1 mol 
C assimilated per mol H2S oxidized, based on the 
PSE-93 single cell acetate assimilation (1.55 fmol C 
cell-1 d-1) and sulfide oxidation (0.50 fmol C cell-1 d-1) 

rates. This growth factor exceeds factors reported for 
cultivated chemolithoautotrophic sulfide-oxidizing 
bacteria, which range from 0.35-0.58 mol C assimi-
lated per mol H2S oxidized (61-63)(Callbeck et al., 
Chapter 5). Thus, the lower energy constraints of 
PSE-93 may enable Arcobacter (and presumably other 
sulfide-oxidizing chemolithoheterotrophic bacteria) 
to displace/outcompete chemolithoautotrophs (e.g. 
SUP05 bacteria (Fig. 2c and 3)) for available sulfide 
and nitrate when labile organic matter is replete. The 
favorable energetics may therefore enable the Peruvian 
upwelling Arcobacter to rapidly bloom under highly 
sulfidic and organic matter rich conditions.

The advantage of a chemolithoheterotrophic 
physiology is, however, not without its drawbacks. 
The requirement of labile organic matter, along with 
sulfide and nitrate, places Arcobacter at a competi-
tive disadvantage alongside chemolithoautotrophic 
bacteria that are able to generate biomass (i.e. via CO2 
fixation) independently of organic matter availability. 
This ultimately constrains Arcobacter to sulfidic and 
organic matter rich shelf waters. In addition, com-
pared to other co-occurring sulfide-oxidizing bacteria 
(e.g. SUP05), Arcobacter showed no capacity to store 
intracellular sulfur. For instance, the PSE-93 genome 
contained a complete sulfide oxidation Sox pathway; 
as opposed to a truncated pathway missing soxCD 
genes that have been shown in other sulfide oxidiz-
ers to be correlated with intracellular sulfur storage 
(64). In further support, the single-cell sulfur content 
observed in the Peruvian upwelling Arcobacter were 
significantly lower (ANOVA, df= 2, p<0.001) than 
SUP05 and non-Arcobacter Epsilonproteobacteria 
cells (Fig. 4a, c). This might place Arcobacter at a 
disadvantage under dynamic shelf conditions. For 
example, SUP05 bacteria, which co-occur with 
Arcobacter in the sulfidic shelf waters, continues to 
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denitrify using stored intracellular elemental sulfur 
and are more widespread in the Peruvian upwelling 
OMZ (Callbeck et al., Chapter 5). Nevertheless, in the 
zone where Arcobacter dominates, it likely contributes 
significantly to measured rates of denitrification and 
stands as a key barrier to the release of toxic sulfide 
into overlying waters. 

Such a chemolithoheterotrophic metabolism has 
been remained overlooked in sulfidic environments, 
where chemolithoautotrophic bacteria are thought to 
be primarily responsible for the oxidation of dissolved 
sulfide in OMZs and closed basins (2, 3, 8, 12, 30, 31). 
A  broader review of the marine literature shows that 
only a few microbes have the been identified with 
the capacity for chemolithoheterotrophy (19, 65-70). 
Our combined study using in situ, physiological and 
genomic techniques demonstrates that litho-heter-
otrophy may play an important role in eutrophic, 
sulfide-rich upwelling environments. With expanding 
OMZs (71), and increased anthropogenic induced 
eutrophication of coastal regions (6), the areas where 
sulfide-oxidizing, denitrifying heterotrophs such as 
Arcobacter thrive are likely to increase.
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Supporting information

Arcobacter -
Arcobacter abundances are represented as the percent 

List of stations sampled during the M93 research cruise February-March, 2013.  

Abbreviated station 
name (used in text) 

M90 station 
name 

Date and time 
sampled 

Latitude (°S) Longitude (°E) 

U2 295 Feb 9, 02:02  -12.38 -77.19 

L1 318 Feb 11, 11:40  -12.64 -77.53 

L3 391 Feb 20, 21:04 -12.67 -77.82 

L2 399 Feb 22, 12:23 -12.52 -77.60 

U3 412 Feb 24, 10:00 -12.31 -77.30 

U1a 413 Feb 25, 01:00 -12.23 -77.18 

U4 420 Feb 25, 16:00 -12.87 -76.58 

U5 421 Feb 25, 18:00 -12.94 -76.66 

U1 471 Mar 13, 09:50  -12.23 -77.18 
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O MZs are central areas in the global ma-
rine nitrogen budget, despite represent-
ing less than 1% of the ocean volume 

(1). The highly eutrophic and low-oxygen waters of 
OMZs sustain an active nitrogen cycle along with 
substantial nitrogen loss rates driven by anammox 
and denitrification. While nitrogen cycling dominates 
OMZs, eutrophic conditions in combination with 
widespread functional anoxia also drive an active and 
tightly coupled sulfur cycle in these waters (Chapter 
4). Together both anammox and sulfide-oxidizing 
denitrifying bacteria contribute to the removal of 
fixed nitrogen. The aim of this thesis was to disen-
tangle the processes regulating the distribution and 
activity of anammox and sulfide-oxidizing bacteria in 
the framework of OMZ hydrodynamics. This work 
employed an interdisciplinary approach involving 
cultivation, metagenomics, 15N-labelled stable isotope 
incubation experiments, and single-cell techniques in 
combination with oceanographic tools. The following 
section places the major findings (highlighted in Fig. 
1) from this thesis work in context of our current 

understanding of OMZ biogeochemistry. 

Interaction of N-cycling processes: 
importance of oxygen in regulating 
N-loss 

Organic matter remineralization, nitrate reduction 
to nitrite, and DNRA are important sources of nitrite 
and ammonium supporting anammox activity; while 
microaerobic ammonium and nitrite oxidization are 
important sinks (2-5). Previous studies have shown 
that microaerobic ammonium and nitrite oxidization 
processes can continue to operate under nanomolar 
concentrations of oxygen and thereby potentially 
outcompete anammox for available nitrite and am-
monium in OMZs (6). In the broad, functionally 
anoxic zones of the ETSP and Arabian Sea OMZs, 
the overlap of anammox and nitrification is most 
likely to form in oxycline waters (3, 4), and in areas 
where oxygen is introduced via mixing processes into 
the OMZ (6-8). Thus, the role that oxygen plays in 
structuring the microbial community and nitrogen 

 -



135

loss processes is complex. The BoB proved to be an in-
teresting test case to examine the effects of low oxygen 
on nitrogen loss. Unlike the ETSP region and Arabian 
Sea, the BoB contained low, but persistent oxygen 
concentrations (sub-micromolar) below the subeu-
photic zone (Chapter 2). Despite the persistent oxygen 
concentrations, qPCR gene abundance data revealed 
that these waters support a complete N-cycling com-
munity consisting of anammox, denitrification and 
nitrification processes, with similar zonation as in 
other OMZs. Using 15N-labelled stable isotope incuba-
tions we showed further that the BoB supports low 
rates of anammox activity. However, anammox rates, 
based on NH4

+ incubation experiments, were only 
measureable when NO2

- was amended. Process rates 
in combination with the general lack of a secondary 
nitrite maximum suggested that nitrite availability 
limited anammox activity. In situ oxygen manipula-
tion experiments revealed that anaerobic anammox 
and aerobic nitrite oxidation activities could co-exist 
at low-levels of oxygen, in line with findings elsewhere 
(6, 9). Together our results indicate that the low but 
persistent oxygen concentrations in the BoB support 
nitrite oxidization indirectly restricting the amount 
of nitrite available for anammox.

If the nitrite limitations were lowered, by remov-
ing the last traces of oxygen in the water column, 
then the BoB would become a major global sink 
of fixed nitrogen (Chapter 2). Global warming or 
anthropogenic eutrophication could prompt such a 
decline in dissolved oxygen. The rise in global tem-
peratures would lower the solubility of oxygen in 
water, thereby contributing to ocean deoxygenation. 
A fifty-year survey of dissolved oxygen indicates that 
OMZs are expanding (10), in accordance with global 
ocean deoxygenation trends (11). In addition, the 
fluvial input of fertilizers into coastal systems could 
enhance primary productivity and organic matter 
respiration thereby attenuating dissolved water col-
umn oxygen concentrations. A number of major 
rivers (e.g Ganges River) that are in contact with 
heavily populated drainage areas, discharge into the 
BoB, making it one of the most impacted areas of 
anthropogenic riverine input (12). While the high 
degree of atmospheric fixed nitrogen deposition into 

the BoB (12), attributed to the immense combus-
tion and agriculture emissions from surrounding 
lands (13); could induce more widespread regional 
eutrophication. Even a slight increase in organic mat-
ter, which is predicted based on model simulations 
(12), may push the BoB past its tipping point and 
closer towards resembling the biogeochemistry of 
other major OMZs. The BoB, is thus, an important 
bellwether of global change, but is one of the most 
understudied of the major OMZ regions. This thesis 
work articulates that continual long-term monitor-
ing of N-loss in these waters is needed in order to 
assess how regional biogeochemistry will change in 
face of anthropogenic induced eutrophication and 
global warming. 

Influence of mesoscale and submesoscale 
hydrodynamics on anammox and 
denitrification 

Despite the ubiquity of mesoscale eddies in the ocean 
(14) and their capacity to mediate the vertical trans-
port of nutrients (15, 16), the impact of eddies on 
primary production and nitrogen loss processes in 
OMZs remains poorly constrained. Such features 
are known to drive the vertical transport of nutrients 
by Ekman and non-linear Ekman forces (otherwise 
known as submesoscale dynamics). These transport 
processes do not act uniformly across the eddy; wind-
driven Ekman transport operates in the eddy center, 
while submesoscale dynamics, driven by the eddies 
horizontal velocities, are greatest along the eddy pe-
riphery (15-17). Models predict that submesoscale 
vertical transport velocities exceed Ekman wind-
driven velocities in the eddy center by an order of 
magnitude (17). 

In OMZs, the few studies that have investigated 
N-loss within eddies have employed only geochemical 
tools (N*, δ15N, and N2/Ar) to quantify N-loss (18-21). 
These studies find that N-loss signatures are highest 
in the eddy center, coinciding with where the high-
est chlorophyll concentrations are observed (18-21). 
This enhanced activity is attributed to Ekman driven 
vertical transport, in what’s known as the ‘hotspot’ the-
ory (18-21). However, these enhanced geochemical 
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signatures reported in the eddy center (18-21), may 
have alternatively reflected the trapping of N-loss 
signatures from coastal waters caused by the inward 
swirling velocity of the eddy (17, 22). In contrast with 
previous OMZ eddy studies, we demonstrate using 
15N-labelled incubation experiments that anammox 
rates are highest on the eddy periphery. Although the 
center of the eddy reported the highest volumetric 
chlorophyll concentrations, depth-integrated chlo-
rophyll was greatest along the eddy periphery coin-
ciding with the measured rates of anammox activity 
(Fig. 1; Chapter 3). The enhanced depth-integrated 
chlorophyll and subsequent organic matter export, 
driven by submesoscale dynamics, likely fueled the 
measured rates of nitrogen loss. Given the ubiquity 
of eddies, and the heterogeneity of anammox rates 
(Chapter 1; Fig. 4a), we suggest that mesocale ed-
dies and the associated submesoscale dynamics are 
important drivers of offshore primary production 
and nitrogen loss in ETSP waters.

Mesoscale eddies, during their development 
in shelf waters; also mediate extensive cross-shelf 
transport of coastal chlorophyll and nutrients off-
shore (22-24). Widespread and persistent cross-shelf 
advection in OMZs is apparent in satellite remote 
sensing imagery (Chapter 1: Fig. 2). Some studies 
invoke cross-shelf transport processes as an ex-
planation for the presence of sulfate-reducing and 
sulfide-oxidizing denitrifying bacteria in sulfide-free 
offshore OMZs waters, which they posited originated 
from coastal sulfidic waters (25, 26). Alternatively, 
Canfield et al., (27), employing metagenomics and 
rate process incubation experiments, proposed the 
presence of a cryptic sulfur cycle operating in off-
shore OMZ waters. Time-integrated geochemical 
records of sulfate reduction show no discernable 
signal in ETSP waters, (albeit the method sensitivity 
is at the detection limit of observed rates by (27); see 
Chapter 4) (28). Nevertheless, the consistent finding 
of sulfide-oxidizing denitrifying bacteria in microbial 
community surveys of sulfide-free offshore waters of 
all major OMZs is perplexing. We empirically dem-
onstrated, using molecular, stable-isotope and single-
cell approaches in combination with oceanography, 
that eddies mediate the co-transport of sulfidic shelf 

chemistry and sulfide-oxidizing denitrifying bacteria 
from the coast into the open ocean (Chapter 5).

Our findings affirm that sulfidic shelf waters rep-
resent large inventories of elemental sulfur (7.0 x 108 
moles) and sulfide-oxidizing nitrate-reducing bacteria 
(up to 106 cells ml-1) that intermittently exchange with 
offshore waters by eddy-driven transport (Chapter 5 
and 6). Sulfide-oxidizing denitrifying bacteria within 
the SUP05 cluster (“Candidatus Thioglobus perditus”) 
and Arcobacter dominate in sulfidic waters, and are 
therefore susceptible to offshore transport. However, 
despite co-occurring in sulfidic waters “Ca. T. perditus” 
and Arcobacter exhibited different distributions in off-
shore ETSP waters; a subject of further investigation 
in Chapters 5 and 6. Metagenomics and cultivation 
approaches revealed that both “Ca. T. perditus” and 
Arcobacter have a capacity to oxidize sulfide and to 
reduce nitrate to N2, contributing to the elevated 
rates of denitrification measured in sulfidic waters 
(Fig. 1). For growth, “Ca. T. perditus” was reliant 
on autotrophic CO2 fixation, while in contrary to 
previous hypothesizes; Arcobacter was incapable of 
fixing CO2 autotrophically, but was instead depen-
dent on organic matter for growth. As an obligate 
heterotroph Arcobacter grew best in the presence of 
sulfide and nitrate. This chemolithoheterotrophic 
metabolism gave Arcobacter a competitive advantage 
over chemolithoautotrophs for available sulfide and 
nitrate. This finding thus demonstrates that litho-
heterotrophy may play an important role in the highly 
sulfidic and eutrophic waters of OMZs, where it was 
assumed that such waters are detoxified by primarily 
chemolithoautotrophic bacteria. 

In contrast to Arcobacter, chemolithoautotrophic 
“Ca. T. perditus” bacteria, not restricted by carbon 
availability and with a capacity to store or to utilize 
co-transported elemental sulfur were more wide-
spread (Chapter 5). Based on 13C-HCO3

- single-cell 
uptake rates SUP05 bacteria remained active not only 
in sulfidic shelf waters, but also continued to thrive, 
in waters transported from the shelf into the open 
ocean. This indicated that “Ca. T. perditus” bacteria 
are well-adapted to dynamic low-sulfide conditions. 

“Ca. T. perditus” capacity to utilize elemental sulfur 
ostensibly fueled the rates of denitrification measured 
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in offshore ETSP waters. Indeed, in ETSP waters 
sporadic rates of denitrification are often reported in 
close proximity to the coast and are associated with 
elevated chlorophyll concentrations in surface waters 
(29) (Chapter 1; Fig. 4). Cross-shelf filaments, as seen 
in remote sensing imagery, form frequently off the 
Peru coast and can extend hundreds of kilometers 
into the open ocean, with similar phenomena also 
occurring off the coast of Chile where cryptic sulfur 
cycling was observed (Chapter 5). Eddy-driven lateral 
advection combined with “Ca. T. perditus” ability to 
denitrify and thrive on elemental sulfur in waters void 
of sulfide feasibly underlines reports of cryptic sulfur 
cycling and nitrogen loss by denitrification in OMZs. 

Together, using an interdisciplinary approach, 
this thesis demonstrates that mesoscale eddies and 
eddy-driven submesoscale dynamics play a pivotal 
role in regulating the distribution and activity of 
anammox and denitrification in ETSP waters (Fig. 
1). At present, mesoscale and submesoscale dynamics 
are not yet incorporated into regional models due to 
the limited spatial resolution. Parameterization of 
vertical and horizontal transport dynamics associ-
ated to mesocale eddies will enable a more accurate 
estimation of the marine OMZ nitrogen budget.  

Directions for future research

This thesis touched on a number of characteristics of 
OMZ biogeochemistry (N- and S-cycling processes) 
and oceanography (mesoscale and submesoscale 
dynamics). In which direction do we proceed next? 
In Chapter 4 we outline open questions related to 
OMZ sulfur cycling. In this outlook, I focus on outlin-
ing areas of research coupling biogeochemistry and 
oceanography that I believe are of research interest. 
As was highlighted in this thesis, mesoscale eddy 
dynamics have the potential to underpin various 
facets of OMZ biogeochemistry including primary 
production, nitrogen loss and the distribution of 
microbes. However, our understanding of the im-
pact of regional mesoscale and submesoscale hy-
drodynamics on OMZ sulfur and nitrogen cycling 
is still in its infancy. A number of caveats and gaps in 
our knowledge persist that can be attained through 

multidisciplinary approaches. 

1 To date, the factors controlling sulfidic event 
formation in ETSP waters are unknown. In 

other OMZs, sulfidic events are prone to develop 
during seasonally anoxic periods. For example, in the 
Namibia upwelling, large sulfidic events form during 
enhanced water column stratification periods, driven 
by changes in seasonal wind-stress patterns (30, 31). 
Whereas in the Arabian Sea, anoxic bottom waters 
are enhanced following the monsoon rains, which 
create a freshwater lens isolating shelf bottom waters, 
and thereby establishing conditions conducive for 
sulfate reduction and sulfide accumulation (32). In 

Fig. 2. Enhanced anammox activity in the eddy-

are described in Chapter 5. Station U1 is the sul-

The error bar represents the standard error. b.d = 
below the limit of detection.
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the ETSP region, regional remote sensing of sulfur 
plumes has revealed that sulfidic events form and 
dissipate at irregular intervals and on much smaller 
spatial-temporal timescales, suggesting that other 
physical forces are at play (see Chapter 4). 

Mesoscale eddies are potential triggers of sulfidic 
event formation. The development of a sulfidic event 
forming adjacent to a mesoscale eddy (22), reported 
in Chapters 5 and 6, was perhaps no coincidence. 
The tracking of the subsurface eddy by bottom water 
velocity measurements showed that during its forma-
tion the Peru-Chile undercurrent, which normally 
runs poleward along the shelf, was diverted around 
the eddy, causing stagnant curent velocities in shelf 
waters adjacent to the eddy (22). During this stagnant 
period, nitrate depleted conditions intensified over 
the upper shelf, which may initiated the sulfidic event 
described in February-March 2013 (Chapters 5 and 
6). As the eddy propagated westward, conditions pro-
gressively reversed (22): the fast-moving Peru-Chile 
undercurrent resumed along the upper shelf, and in 
accordance sulfide declined and nitrate increased at 
shelf stations (data not shown). The replenishment of 
nitrate concentrations over the shelf in concert with 
the flushing of any coastal sulfide/sulfur away may 
have contributed to the termination of the sulfidic 
event reported in February-March, 2013. While this 
offers an exciting glimpse into the mechanisms po-
tentially regulating sulfidic event foramtion in ETSP 
waters, I caution that further work is needed to fully 
assess the impact of eddies on sulfidic event regulation. 

2 Eddy-driven cross-shelf transport has potentially 
important implications for OMZ biogeochemis-

try. Gruber et al., (23) highlight that the lateral advec-
tion of chlorophyll from the coast into offshore waters 
followed by its subduction by submesocale processes 
contributes to lowering the overall productivity of 
upwelling regions. In addition, our findings show 
that mesoscale eddy activity underlines the distribu-
tion of sulfide-oxidizing denitrifying bacteria and 
the transport of elemental sulfur in offshore waters. 
Presumably, eddy-driven horizontal transport also ef-
fects other coastal OMZ processes. For instance, rates 
of anammox activity in the offshore eddy influenced 

station L1 (see Chapter 5), exceeded rates measured 
at the non-eddy influenced station L2 (Fig. 2), sug-
gesting that eddy-driven cross-shelf transport may 
also redistribute coastal anammox activity into the 
offshore ETSP region. Whether eddy-driven pro-
cesses also co-transport ammonium is unknown, but 
would be worthy of further investigation as this may 
represent a supply of ammonium fueling offshore 
ETSP anammox activity. Employing biogeochemical 
methods in concert with oceanography may help to 
further resolve the impact of eddy-driven cross-shelf 
transport mechanisms on OMZ N-cycling processes. 

3 How do we improve upon current sampling 
strategies for OMZs? Our findings articulate 

that high-resolution sampling is needed to constrain 
the mesoscale (~10-100 km) and submesoscale (<10 
km) dynamics that dominate OMZ nitrogen loss. 
Improving sampling resolution, is as simple as taking 
more stations across a defined transect, but could 
be improved using the side-by-side deployment of 
autonomous gliders. The advantage of gliders is that 
they provide near-real time information regarding 
current velocities and nutrients ahead of the research 
vessel, permitting more informed decisions on where 
to perform ship-based experiments (e.g. 15N-labelled 

 A hypothetical research vessel and glider 
track (black line) is overlaid over sea surface height 
altimetry. Anticyclonic and cyclonic mesoscale ed-
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stable isotope incubation) (e.g.Fig. 3). This is particu-
larly important as mesoscale eddies and associated 
submesocale dynamics can change rapidly. Using this 
approach, mesoscale and submesoscale features could 
be sampled more accurately, providing a synoptic view 
of the various spatial temporal dynamics that govern 
OMZ biogeochemistry and N-cycling processes. I 
hope that work presented in this thesis will help guide 
the design of future sampling strategies in OMZs.
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Water column biogeochemistry of oxygen minimum zones 
in the eastern tropical North Atlantic and eastern tropical 

South Pacific Oceans
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Abstract

Recent modeling results suggest that oceanic oxygen levels will decrease significantly over the next de-
cades to centuries in response to climate change and altered ocean circulation. Hence, the future ocean 
may experience major shifts in nutrient cycling triggered by the expansion and intensification of tropical 
oxygen minimum zones (OMZs), which are connected to the most productive upwelling systems in the 
ocean. There are numerous feedbacks among oxygen concentrations, nutrient cycling and biological 
productivity; however, existing knowledge is insufficient to understand physical, chemical and bio-
logical interactions in order to adequately assess past and potential future changes. In the following, we 
summarize one decade of research performed in the framework of the Collaborative Research Center 
754 (SFB754) focusing on climate–biogeochemistry interactions in tropical OMZs. We investigated the 
influence of low environmental oxygen conditions on biogeochemical cycles, organic matter formation 
and remineralization, greenhouse gas production and the ecology in OMZ regions of the eastern tropical 
South Pacific compared to the weaker OMZ of the eastern tropical North Atlantic. Based on our findings, 
a coupling of primary production and organic matter export via the nitrogen cycle is proposed, which may, 
however, be impacted by several additional factors, e.g., micronutrients, particles acting as microniches, 
vertical and horizontal transport of organic material and the role of zooplankton and viruses therein.
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Selective organic matter mineralization leads to overestimation of 
oceanic nitrogen loss
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Abstract

Phytoplankton growth in the Ocean is nitrogen limited because the fixation of N2 cannot make up for the 
removal of fixed inorganic nitrogen (nitrate, nitrite and ammonium) by anaerobic microbial processes. 
Biogeochemical and ocean circulation models are used to quantify oceanic gain and loss of fixed nitrogen 
(N). These models generally assume that biological uptake and release of inorganic N and phosphorus 
(P) occurs with a nearly constant N:P ratio of 16:1 (Redfield 1958) and that negative deviation of this 
so-called Redfield ratio is due to the loss of fixed inorganic N as N2 gas (Gruber & Sarmiento 1997). Here 
we show that preferential organic P remineralization strongly biases N-loss estimates for one of the main 
regions of oceanic N-loss, the Peruvian Oxygen Minimum Zone (OMZ). The analysis of the elemental 
and molecular composition of organic matter from the Peruvian OMZ revealed a strong preference 
in organic P mineralization relative to N upon organic matter breakdown. The resulting preferential 
release of inorganic P accounts for nearly half of the inorganic N:P ratio based N-deficit for Peruvian 
OMZ waters, which was so far solely attributed to N-loss processes. This substantially lower N-deficit 
agrees well with low N-loss rates determined from 15N-incubations. Our combined results indicate that 
N-loss estimates based on inorganic nutrient stoichiometry might be overestimated by as much as 50% 
for marine OMZ waters.
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Corrosive metabolism of the oil-field sulfide-oxidizing nitrate-
reducing epsilonproteobacterium Sulfurimonas sp. strain CVO

Sven Lahme1,4, Cameron M. Callbeck2, Ian Head1, Casey Hubert3

Abstract

Nitrate injection for souring and corrosion control is widely applied in the oil industry. However, in vitro 
and in situ trials have shown that nitrate injection has the potential to accelerate iron corrosion under 
certain conditions. In this regard, sulfide-oxidizing nitrate-reducing bacteria (soNRB) are frequently as-
sociated with oil exploitations and have been linked to MIC during souring control via nitrate injection. 
To gain a better mechanistic understanding of nitrate- and soNRB-mediated corrosion, we conducted a 
detailed metabolic analysis of the oil field soNRB Sulfurimonas sp. strain CVO during MIC at varying 
nitrate to sulfide (N/S) ratios. Strain CVO accelerated corrosion to 0.20–0.27 mm/y at high N/S ratios 
(>1.4) and corrosion decreased by nearly 50% during nitrate limitation (N/S ≤1.3). Detailed S and N 
compound speciation revealed formation of a variety of potentially corrosive metabolic intermediates 
(e.g. biogenic S0, S2O3

2–, SO3
2–, NO2

–) and sterile incubations with individual S and N compounds revealed 
biogenic S0 and NO2

– as the main corrosion agents. In addition, the presence of FeS on iron coupons had 
a stimulating effect on both S0 and NO2

– corrosion and reaction rates. Additional RNA sequencing was 
conducted to identify genes involved in the formation of these corrosive intermediates. Gene expression 
analysis suggests involvement of a putative polysulfide reductase (psrABC) in oxidation of H2S to S0. 
On the other hand, genes coding for sulfide quinone reductases (sqr) as well as a truncated thiosulfate-
oxidizing multi-enzyme complex (soxCDYZ) showed high expression during S0 oxidation phase. In 
addition, various genes coding for hypothetical cytochrome c proteins showed increased expression in 
the presence of metallic iron and might be involved in iron storage or additional redox processes. The 
combination of corrosion and gene expression analysis allowed identification of metabolic key-processes 
involved in corrosive events and refines our understanding of oil-field MIC processes to improve existing 
souring and corrosion mitigation strategies. 
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A new player in the Marine N cycle? Genome and physiology of a 
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Abstract

Phytoplankton growth in the Ocean is nitrogen limited because the fixation of N2 cannot make up for the 
removal of fixed inorganic nitrogen (nitrate, nitrite and ammonium) by anaerobic microbial processes. 
Biogeochemical and ocean circulation models are used to quantify oceanic gain and loss of fixed nitrogen 
(N). These models generally assume that biological uptake and release of inorganic N and phosphorus 
(P) occurs with a nearly constant N:P ratio of 16:1 (Redfield 1958) and that negative deviation of this 
so-called Redfield ratio is due to the loss of fixed inorganic N as N2 gas (Gruber & Sarmiento 1997). Here 
we show that preferential organic P remineralization strongly biases N-loss estimates for one of the main 
regions of oceanic N-loss, the Peruvian Oxygen Minimum Zone (OMZ). The analysis of the elemental 
and molecular composition of organic matter from the Peruvian OMZ revealed a strong preference 
in organic P mineralization relative to N upon organic matter breakdown. The resulting preferential 
release of inorganic P accounts for nearly half of the inorganic N:P ratio based N-deficit for Peruvian 
OMZ waters, which was so far solely attributed to N-loss processes. This substantially lower N-deficit 
agrees well with low N-loss rates determined from 15N-incubations. Our combined results indicate that 
N-loss estimates based on inorganic nutrient stoichiometry might be overestimated by as much as 50% 

for marine OMZ waters.
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