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Abstract

The sulfur cycle is an important, although understudied facet of today’s modern oxygen minimum zones
(OMZs). Sulfur cycling is most active in highly productive coastal OMZs where sulfide-rich sediments interact with
the overlying water column, forming a tightly coupled benthic-pelagic sulfur cycle. In such productive coastal sys-
tems, highly eutrophic and anoxic conditions can result in the benthic release of sulfide leading to an intensification
of OMZ-shelf biogeochemistry. Active blooms involving a succession of sulfide-oxidizing bacteria detoxify sulfide
and reduce nitrate to N, while generating nitrite and ammonium that augment anammox and nitrification. Fur-
thermore, the abiotic interactions of sulfide with trace metals may have the potential to moderate nitrous oxide
emissions. While sulfide/sulfur accumulation events were previously considered to be rare, new evidence indicates
that events can develop in OMZ shelf waters over prolonged periods of anoxia. The prevalence of these events has
ramifications for nitrogen loss and greenhouse gas emissions, including other linked cycles involving carbon and
phosphorous. Sulfur-based metabolisms and activity also extend into the offshore OMZ as a result of particle micro-
niches and lateral transport processes. Moreover, OMZ waters ubiquitously host a community of organosulfur-based
heterotrophs that ostensibly moderate the turnover of organic sulfur, offering an exciting avenue for future research.
Our synthesis highlights the widespread distribution and multifaceted nature of the sulfur cycle in oceanic OMZs.

Large-scale thermohaline circulation maintains a well-
oxygenated ocean, with the exception of certain regions called
oxygen minimum zones (OMZs). OMZs are situated along con-
tinental margins where coastal upwelling of nutrient rich
waters causes intensified primary productivity in surface waters
(Carr 2001). As a result, the downward flux of organic matter
stimulates microbial respiration that lowers dissolved oxygen
concentrations in the water column. Most marine waters typi-
cally have lower oxygen concentrations below the euphotic
zone; however, in OMZs, this deficit is exacerbated by poor
regional ventilation. Traditionally, the low-oxygen water mass
is demarcated at a cutoff of < 20 uM of O,. At this cutoff, OMZs
comprise approximately 1% of the global ocean volume (Lam
and Kuypers 2011). The major OMZs are located in the eastern
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tropical South Pacific (ETSP), the eastern tropical North Pacific
(ETNP), the eastern tropical South Atlantic (ETSA), the Arabian
Sea (AS), and the Bay of Bengal. However, in some of these
regions, dissolved oxygen concentrations can fall far below the
20 uM definitional threshold, to levels even below the detec-
tion limit (a few nanomoles per liter) of the most sensitive oxy-
gen sensors, (Karstensen et al. 2008; Revsbech et al. 2009;
Tiano et al. 2014), which we refer to hereafter as anoxic.

OMZ waters, especially those with low nanomolar to
undetectable oxygen, host a diverse assemblage of anaerobic
microorganisms that transform nitrate, nitrite and ammonium
through the processes of anammox (anaerobic ammonium
oxidation using nitrite) and denitrification, to produce N, gas.
The production of N, effectively removes fixed nitrogen from
the biosphere, which is referred to as nitrogen loss. Conse-
quently, these low-oxygen waters promote substantial fixed
nitrogen loss that strongly impact the marine nitrogen budget
(Dalsgaard et al. 2003; Kuypers et al. 2003, 2005; Ward et al.
2009). Estimates indicate that OMZs are responsible for 60-90
Tg N yr~! (DeVries et al. 2012), or roughly 20-40% of marine
nitrogen loss (Codispoti et al. 2001), and are major emitters of
the climate-active gas, N,O (Naqvi et al. 2000; Arevalo-
Martinez et al. 2015; Arévalo-Martinez et al. 2019).
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A growing body of work indicates the presence of a wide-
spread and persistent sulfur cycle in OMZs. Indeed, the poten-
tial for sulfur cycling is large. Even though sulfate reduction
has a low free energy yield, holding one of the lowest posi-
tions on the redox tower (after nitrate, manganese oxides, and
iron oxyhydroxides), marine sulfate concentrations (28 mM)
are much higher than concentrations of other more favorable
electron acceptors, which are found in nanomolar to micro-
molar levels. The large sulfate pool, in combination with the
high organic matter load of OMZs, provides a large supply of
substrate  for heterotrophic  sulfate-reducing bacteria
(Jorgensen 1982). This is hypothesized to be the basis of the
sulfur cycle and generates inorganic sulfide, in turn, fueling
sulfide-oxidizing bacteria and the production of reduced sulfur
intermediates, such as elemental sulfur, sulfite, and thiosulfate
(Canfield et al. 2005).

Moreover, the large sulfate pool supports assimilatory sul-
fate reduction that generates organic sulfur. The inventory of
organic sulfur further drives organosulfur-based heterotrophs
that thrive from the breakdown of organic sulfur-containing
compounds to reduced inorganic sulfur species. Together, the
sulfur cycle encompasses the transformation of both inorganic
and organic sulfur (Fig. 1). The various sulfur transformation
processes also have the potential to span a wide range of redox
conditions. The sulfur cycle is well known to be active in
sulfide-rich anoxic sediments (Wasmund et al. 2017;
Jorgensen et al. 2019), with recent discoveries of microniches
inside particles and sulfur storage in some sulfur-based
microbes further expanding the niche for sulfur cycling to the
sulfide-poor OMZ (Canfield et al. 2010; Bianchi et al. 2018;
Callbeck et al. 2018). In addition, many organosulfur-based
heterotrophs can use oxygen as the electron acceptor for
growth, which broadens the extent of the sulfur cycle to
include the oxycline overlying the OMZ where dissolved
organic sulfur (DOS) concentrations are large.

The organisms that mediate the transformation of inorganic
and organic sulfur in OMZs are phylogenetically diverse. The
diversity of sulfur-based microbes was recently examined in the
permanently stratified and sulfide-rich waters of the Black Sea—
an important model environment for oceanic OMZs (van Vliet
et al. 2020). The survey by van Vliet et al. (2020) find that
sulfur-based microbes span 11 phyla, and that many of these
taxonomic assemblages occur in both oceanic OMZs and strati-
fied basins, demonstrating broad community similarities
between these two environments. Understanding sulfur-based
microbes in oceanic OMZs may therefore provide important
insight into factors driving diversification in sulfur-utilizing
groups in analogously stratified basins and vice versa. On the
other hand, some sulfur-based microbes appear to be more prev-
alent in oceanic OMZs. Moreover, sulfur-related microbes in
oceanic OMZs can have different metabolic capabilities com-
pared to their sister lineages in stratified basins. Thus, by under-
standing sulfur-based taxa in the context of oceanic OMZs we
may also reveal adaptations unique to these environments.
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Fig. 1. The microbial sulfur cycle in oxygen minimum zones. The sulfur
cycle is comprised of both inorganic and organic sulfur species. The blue
and red lines indicate inorganic and organic sulfur transformation path-
ways, respectively. Pathways shown by dotted lines are expected to occur
in OMZ waters, but have limited evidence for to date. Complementary
pathways of microbial sulfate reduction and sulfide oxidation produce/
consume sulfide (H.S), respectively. These pathways also generate inter-
mediate sulfur species that include elemental sulfur (59, thiosulfate
(S2037) and sulfite (SO37), which can be released into the environment.
Produced intermediates, can be further reduced/oxidized to yield sulfate
or sulfide, respectively. Produced sulfur intermediates can also be
disproportionated to yield sulfide and sulfate. Sulfur-containing organic
matter is produced from the assimilation of sulfate into biomass. Reduced
sulfur intermediates, thiosulfate, sulfite and sulfide can be generated from
the degradation of organic sulfur-containing metabolites (Org-S). For
instance, produced sulfite from organic sulfur degradation can be oxi-
dized or reduced to sulfate or sulfide, respectively. In this reaction, the
organic matter sulfur moiety ultimately serves as the source of sulfur.

A deep examination of sulfur-related microbes will further
provide insight into other linked biogeochemical cycles
involving nitrogen, cartbon and phosphorous. Functional gene
surveys have uncovered potential for sulfur-based microbes to
influence regional greenhouse gas emissions and nitrogen loss,
as well as provide key substrates driving anammox—one of
the most important nitrogen removal pathways in OMZs. In
addition, some sulfur-related microbes have a capacity for
nitrogen and carbon fixation, contributing to the generation
of organic matter; while others may facilitate the release of
dissolved phosphate with possible feedback effects on primary
productivity in waters overlying the OMZ. Thus, investigating
these sulfur-based microbes including their distribution and
activity in OMZs will help to predict/quantify chemical fluxes
of other linked cycles. Such findings will not only have
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implications for oceanic OMZs, but will help to constrain pro-
cesses in analogously stratified basins.

Here, we provide a synoptic view of oceanic OMZ sulfur
cycling spanning from eutrophic upper shelf waters (< 200 m
water depth) where highly active sulfur cycling prevails, to the
offshore OMZ detached from the benthic fluxes of reduced
sulfur (>200 m water depth). For detailed insight into key
functional genes and metabolic pathways associated to sulfur-
based microbes in OMZs and shelf sediments we recommend
the reviews by van Vliet et al. 2020 and Wasmund et al. 2017.
Our synthesis here highlights the ecophysiologies of key
sulfur-based microbes, their affinities for sulfur, their niche
partitioning between various habitats, and their impact on the
tightly coupled nitrogen, carbon, and phosphorous cycles in
oceanic OMZs. We also partly draw on research from stratified
basins that are either seasonally or permanently sulfidic
including the Cariaco Basin, Black Sea, Saanich Inlet, and Mar-
iager Fjord. Finally, we discuss the hydrodynamic processes
that shape the distribution and activity of sulfur-based
microbes—and explore the potential for widespread organic
sulfur degradation in oceanic OMZs.

Sulfidic events and sulfur cycling associated with the
upper shelf

The benthic-pelagic coupled sulfur cycle

The first indications of an active sulfur cycle operating in
OMZs dates as far back as the 19™ century. In 1852, off the
coast of Peru, Dr. J. L. Burtt depicted the release of sulfide,
which can be characteristically detected by its odor:

The first premonition of what was to produce a remark-
able destruction among fish, was the discoloration of
the water of the bay, from a marine green to a dirty
milk-white hue, followed by a decided odor of the gas;
so much of it being present on many occasions as
directly to blacken a clean piece of silver, and to blacken
paint work in a few hours. (Burtt 1852)

These phenomena, otherwise known as “sulfidic events” can
result in sudden fish death, which were shrouded in mystery for
over a century since Dr. Burtt’s first account. In the past decades,
scientific advances in biogeochemistry and microbial ecology,
coupled with large research expeditions and remote sensing tech-
nologies have provided a holistic understanding of sulfidic events
and the active sulfur cycle that prevails over the OMZ shelf.

The intensified input of organic matter along the coastal
upwelling region fuels enhanced activity of heterotrophic
sulfate-reducing bacteria in the shelf OMZ sediments (Fossing
1990; Ferdelman et al. 1997, 1999; Briichert et al. 2003). In
dissimilatory sulfate reduction, sulfate is transported into the
cell, where it is activated with ATP sulfurylase (Sat) generating
adenosine-5'-phosphosulfate (APS). APS is reduced by the solu-
ble APS reductase to sulfite with two electrons (Ramos et al.
2012) and then further to sulfide with six electrons

Sulfur cycling in oxygen minimum zones

Table 1. Gibbs free energy of key sulfur-based reactions under
both standard and nonstandard conditions representing the
OMZ. Nonstandard state conditions were calculated according to
the following concentrations: 41 uM O,, 28 mM sulfate, 1 nM
sulfide, 1 uM sulfite, 1 uM thiosulfate, 10 uM nitrate, 5 uM nitrite,
3 uM ammonium, 10 nM N,O, 10 M acetate (C;H305), 10 uM
acetaldehyde (CH3CHO), 1 nM taurine (C,H;NSO3), 2.2mM
bicarbonate (HCOj3 ). Other conditions were as follows: tempera-
ture 14°C and pH 7.5. The abbreviation DNRA stands for dissimi-
latory nitrate reduction to ammonium.

AG® AG
Reaction stoichiometry (kJ mol)
Oxygen/nitrate reduction coupled to sulfide oxidation
HS +20, > SO +H* -763 -756
HS +8NOs +3%H* > SO, +%N, +%H,0  -769 -661
HS +2NO; +H* = SO.* +N,0 + H,0 -668 -567
HS +4NO; > SO, +4NO, +H* -461 -468
HS + 2% NO; + 7 Ht > S°+ 1N, + % H,0 -252 -135
Elemental sulfur oxidation
S°+ 6 NO; +% H,0 > SO,% +% Ny + % H* -517 -526

Sulfite and thiosulfate oxidation
$:0:7 + 8 NO; + % H,0 > 250,27+ %N, +2%H* -743 -701
SO;> +% NO; + 2% H* > SO 7+ %N, + % H,0 -260 -209

DNRA coupled to sulfide oxidation

uoljew.ojsuel} injins )!ueﬁjom

HS + NO; + H* + H,0 > SO,* + NH,* -489 -411
Sulfate reduction

SO0,% + C,H;0, > HS +2HCOs -46 -88
Sulfite reduction

SO5% + % GH30, + % HY > HS + 3% HCO5 -108 -103
Disproportionation - inorganic sulfur ‘fermentation’
SOs> + % HY > %HS +3%S0,” -68 -44
$,057 + H,0 > HS +50,% + H* +26 -39
S®+H,0 > % H,S+%S0,% + 1 H* +59 -30

Taurine? - oxidative processes
C,H;NSO; +3 0, + H,O >
SO.%+ NH," + 3 H* + 2 HCO5
C,H,NSO; + 125 NO3” >
SO,”+ 9% N, + NH,* + 2 HCOs + % H*+ %5 H,0 -1269 -1239
Taurine? - fermentative processes®
CH;NSO;3 + H,0 >

-1251 -1365

HS + % C,H30, + HCO5 + NH,* + 2 H* 92 -225
C,H,NSO; + 5 H,0 >
% 5,057 4+ C,H30, + NH,* + H* -82 -140

Taurine? “degradation”
CH,NSO; + H,0 >
SO;% + CH;CHO® + NH,* + 2 H* 47 12
C,H,NSO; + % 0, + H,0 >
SO5¥ + CHs0, + NH," + 2 H*

uolnjew.ojsuei} injins D!UEEJO

-189 -302

2 G;° for taurine: -509.4 kJ mol

b Stoichiometry according to Denger et al. 1997 and Lie et al. 1999
< Acetaldhyde was used as the product of taurine degradation to
balance sulfite formation (at 25°C).
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catalyzed by dissimilatory sulfite reductase (Dsr) (Santos et al.
2015). 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 sulfate-reducing prokaryotes and is
currently found in five bacterial and two archaeal lineages
(Muyzer and Stams 2008), although the majority of sulfate-
and sulfur-reducing microbes in OMZ sediments are affiliated
with the class Deltaproteobacteria and the family
Desulfobacteraceae (Wasmund et al. 2017).

The activity levels of heterotrophic sulfate-reducing bacte-
ria in sediments depends on the quantity and quality of avail-
able organic matter. Preferred organic matter substrates
include volatile fatty acids, as well as more complex carbon
sources such as hydrocarbons, monocarboxylic acids, alcohols,
amino acids, sugars, and aromatic compounds (Canfield et al.
2005; Muyzer and Stams 2008). The oxidation of these organic
substrates via substrate-level phosphorylation can be sub-
divided into two distinct metabolisms: the incomplete oxida-
tion of organics producing acetate, or the complete oxidation
to CO, (Widdel 1988). While sulfate-reducing bacteria can
oxidize a variety of organic matter substrates, they generally
thrive from the by-products of fermentation, such as acetate,
which is a key compound fueling sulfate reduction in sedi-
ments (Beulig et al. 2018; Jorgensen et al. 2019). Using acetate
as the electron donor, sulfate-reducing bacteria gain moderate
amounts of energy (AG’ = —88 kJ mol™?) from the reduction of
sulfate to sulfide when calculated under OMZ conditions
(Table 1).

In OMZs, high organic matter concentrations, along with
the general absence of pore-water oxygen and nitrate, pro-
mote enhanced rates of sulfate reduction particularly in the
upper most sediment layer, where rates can reach hundreds of
nmol cm™3 d~! (Briichert et al. 2003; Maltby et al. 2016;
Jorgensen et al. 2019). Rates of sulfate reduction decrease with
depth and also decrease when moving away from the eutro-
phic upper shelf (Fossing 1990; Ferdelman et al. 1997, 1999;
Schubert et al. 2000, 2005; Briichert et al. 2003; Maltby et al.
2016). The sulfide generated by sulfate-reducing bacteria in
the upper sediment layer is recycled back to sulfate by co-
occurring filamentous sulfide-oxidizing bacteria (e.g.,
Thioploca), and to a small extent removed by pyrite formation
(Fossing et al. 1995; Schulz et al. 1999; Boning et al. 2004;
Dale et al. 2009; Maltby et al. 2016). This tightly coupled pro-
duction/consumption of sulfide contributes to the presence of
a pore-water “sulfide deficit” in the uppermost sediment layer
(Schulz et al. 1999; Schmaljohann et al. 2001; Gutiérrez et al.
2008; Prokopenko et al. 2013; Dale et al. 2016).

However, if stagnant and highly eutrophic conditions
arise over the upper OMZ shelf, the increased organic matter
input enhances rates of sulfate reduction at the water—
sediment interface. Increased sulfide production can eventu-
ally overrun the capacity of sulfide-oxidizing bacteria to
remove sulfide in the upper sediment layer resulting in the

Sulfur cycling in oxygen minimum zones

accumulation of sulfide. The release of sulfide into the water
column, otherwise known as a “sulfidic event”, is exacer-
bated during the formation of stagnant and stratified bottom
waters, which promotes the consumption of water-column
oxygen and nitrate (Dale et al. 2016; Sommer et al. 2016).
The release of sediment-generated sulfide into the overlying
water column can occur via passive molecular diffusion, but
can also be facilitated by ebullition with methane bubbles
(Martens and Val Klump 1980; Martens et al. 1998). Indeed,
the sulfide-rich muds of OMZs are generally accompanied by
active methanogenesis, with rates reaching up to 1.1
nmol cm~3 d~! that can contribute to gas charging in sedi-
ments (Maltby et al. 2016).

The benthic sulfide flux to overlying waters can be substan-
tial in OMZs, particularly when anoxic and stratified conditions
prevail (Pratihary et al. 2014; Sommer et al. 2016). On the ETSP
upper shelf, the sulfide flux has been measured at up to
14 mmol m~2 d~! (Sommer et al. 2016), and could possibly
reach up to 20 mmol m~2 d~' at its peak (Dale et al. 2016). This
sulfide flux is similar in magnitude to the benthic ammonium
flux of 18-21 mmol m~2 d~! (Sommer et al. 2016), and greatly
exceeds the release of phosphate and iron from OMZ sediments
of 0.2-1 mmol m™2 d~! (Noffke et al. 2012; Lomnitz et al. 2016;
Schlosser et al. 2018). Additional sulfide is supplied by moder-
ate rates of sulfate reduction in shelf bottom waters of 0.2-6.8
nmol L™! d7!, or up to 0.02mmol m~2 d~! (measured 3 m
above the sediment), albeit, this is considered a minor contribu-
tion compared to the benthic sulfide flux (Briichert et al. 2006;
Lavik et al. 2009). In most eutrophic OMZ shelf regions, sulfide
accumulates to low micromolar concentrations in bottom
waters over the course of days (Kasten and Jergensen 2000),
with the larger events reaching up to 15-33 uM of sulfide
(Naqvi et al. 2000; Lavik et al. 2009; Shenoy et al. 2012;
Schunck et al. 2013; Galan et al. 2014; Lomnitz et al. 2016; Cal-
Ibeck et al. 2018; Shirodkar et al. 2018).

The benthic-generated sulfide flux is eventually opposed by
an overlying nitrate flux. At the overlap of nitrate and sulfide,
a diverse consortium of sulfide/sulfur-oxidizing nitrate-
reducing bacteria catalyzes the detoxification of the sulfidic
event producing nontoxic sulfate with nitrate as the electron
acceptor (Lavik et al. 2009). Many OMZ sulfide-oxidizing bac-
teria employ the periplasmic sulfur-oxidizing multienzyme
SOX system (soxABCDXYZ) and/or the “reverse” siroheme-
containing sulfite reductase (rdsr) pathways (in conjunction
with other enzymes: the sulfide-quinone oxidoreductase (sqr)
or flavocytochrome C (fcc) oxidoreductase) to oxidize a range
of reduced sulfur species (see also Wasmund et al. 2017; van
Vliet et al. 2020).

The oxidation of sulfide is coupled to denitrification, which
is the stepwise reduction of nitrate to N, via four consecutive
enzymatic steps involving nitrate reductase (nar/nap: NO; ->
NO; ), nitrite reductase (nirS/nirK: NO, -> NO), nitric oxide
reductase (nor: NO - N,O), and finally, nitrous oxide reduc-
tase (nosZ: N,O - N,). Nitrate can also be reduced to form
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Fig. 2. Distribution and prevalence of sulfur plume activity in oxygen minimum zones. Sulfur plumes develop in eutrophic upper shelf waters (< 200 m
water depth). Sulfur plumes can also be transported into the offshore OMZ (> 200 m water depth) due to lateral transport processes (e.g., mesoscale
eddies). (A,B) Remote sensing images of sulfur plumes using the water-leaving reflectance wavelength of 560 nm (optimal waveband for sulfur plume
detection; Ohde et al. 2007; Ohde and Dadou 2018). The images shown are seasonal composites from 21 December to 20 March 2004-2005. The
images were acquired by moderate resolution imaging spectroradiometer (MODIS) downloaded from the NASA Ocean Color Database and processed
using SeaDas software (www.seadas.gsfc.nasa.gov/). In the world atlas globes, the contour line indicates 20 M of O, which represents the traditional
upper boundary of the OMZ water mass. The total area of the OMZ (at a 20 uM O, cutoff) is indicated by the red shading. The oxygen data is based on
world atlas data from 2013. Abbreviations indicated stand for: eastern tropical South Pacific (ETSP), eastern tropical North Pacific (ETNP), eastern tropical
South Atlantic (ETSA), Arabian Sea (AS), and the Bay of Bengal (BOB). (C,D) Seasonality of chlorophyll and sulfur plume development in the ETSP and
ETSA regions reproduced from Ohde 2018 and Echevin et al. 2008, and from Ohde and Dadou 2018 and Lamont et al. 2018, respectively. Panel c also
includes a marker gene associated to the SUPO5 clade; the cbbM gene is involved in carbon fixation via the Calvin—-Benson—-Bassham cycle, data is
reproduced from Léniz et al. 2017. Shown are the maximum ccbM copy numbers of the three sampled depths by Léniz et al. 2017. Note that panel C is
representing local remote sensing data off the coast of Callao from 11.8°S to 12.4°S; while panel D presents regional remote sensing covering the
Namibian shelf from 22°S to 26°S, hence the differences in sulfur plume size between the two studies.

ammonium, otherwise known as dissimilatory nitrate reduction
to ammonium (DNRA; involving nrfA). As a carbon source, sul-
fide-oxidizing bacteria either fix CO, into biomass or assimilate
organic carbon for growth (e.g., acetate), designated as chemo-
lithoautotrophy and chemolithoheterotrophy, respectively. The
former was generally believed to dominate sulfide oxidation in
shelf waters, with recent evidence now suggesting that the latter
also contributes to sulfide oxidation during a sulfidic event
(Callbeck et al. 2019).

At the pelagic nitrate-sulfide chemocline, with nitrate in
excess, sulfide-oxidizing bacteria gain a moderate to high
amount of energy (AG’ = —661kJ mol~!; Table 1) from the
oxidation of sulfide to sulfate. If sulfide is in excess over
nitrate, then elemental sulfur is a more common by-product
of sulfide oxidation (AG’ = —135kJ mol™!). Since elemental
sulfur oxidation to sulfate is the rate-limiting step (Cervantes
et al. 2009), elemental sulfur tends to accumulate at the
nitrate-sulfide chemocline reaching up to 20 uM (Lavik et al.
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2009; Callbeck et al. 2018, 2019), similar to stratified basins
(Zopfi et al. 2001a; Hayes et al. 2006; Li et al. 2008). The pres-
ence of elemental sulfur gives the water a milky-turquoise dis-
coloration (Weeks et al. 2002, 2004), which is very likely what
Dr. Burtt had observed off the coast of Peru. These sulfur-rich
water masses can also be detected by satellite remote sensing
as elemental sulfur plumes exhibit a maximum reflectance at a
wavelength of 560 nm (Ohde et al. 2007). This wavelength is
distinct from the spectral profile of other features, such as
algal blooms and sediment resuspension. At their apex, sulfur
plumes can reach over 10,000 km? in size and envelope large
swaths of the upper shelf off the coast of Namibia and Peru
(Ohde et al. 2007) (e.g., Fig. 2). Apart from elemental sulfur,
sulfide oxidation at the nitrate-sulfide chemocline generates
other reduced sulfur species such as thiosulfate and sulfite,
reaching concentrations of up to 400 nM at the chemocline
(Callbeck et al. 2018). Eventually microbial activity oxidizes
the elemental sulfur, along with other reduced sulfur species
to sulfate (AG’ = =209 to —701 kJ mol~!; Table 1).

Sulfide, thus, is generally detoxified in shelf bottom waters
with little to no impact on higher life in the oxygenated sur-
face waters. In some cases, however, the giant toxic sulfide
plume can enter the oxic layer, as happened in January 2009
off the coast of Callao, Peru (Schunck et al. 2013). In severe
cases where sulfide permeates the oxygenated surface waters,
it can result in mass migrations and die-offs of fish and inver-
tebrates (Copenhagen 1954; Levin et al. 2009), akin to the
scene illustrated by Dr. Burtt in 1852. Understanding the con-
ditions that promote moderate and severe sulfidic events will
help enable their forecasting in the future, and this will be
important for managing critically important food stocks.
Indeed, the highly productive marine upwelling regions sup-
port some 17% of global fish catches (Carr 2001).

Seasonal patterns and controls of upper shelf sulfur
cycling

Using a benthic-pelagic model, Dale et al. 2017 estimated
that the release of benthic sulfide is triggered when organic
matter rain rates generally exceed 20 mmol m~2 d~'. In addi-
tion, the formation of stratified, stagnant bottom waters that
aid in drawing down water-column oxygen and nitrate con-
centrations is another important prerequisite to the release of
benthic sulfide (Sommer et al. 2016). A myriad of factors gov-
erns water-column anoxia and primary production in upwell-
ing regions, and these factors can vary on local, seasonal and
interannual time scales. We briefly explore these factors as
well as the frequency of sulfide/sulfur accumulation in upper
shelf waters in the AS, ETSP and ETSA regions.

Arabian Sea (West Indian shelf)

The monsoon-driven upwelling AS region, located in the
North Indian Ocean, maintains high chlorophyll a concentra-
tions in surface waters and a perennial offshore OMZ (Naqvi
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et al. 2000, 2006; Jensen et al. 2011). However, the AS shelf
off Western India is ventilated by a deep upwelling water mass
that maintains low, but persistent O, concentrations of
~ 20 uM. Oxygen and nitrate in these nearshore waters
become depleted following the heavy rainfall of the summer
monsoon. This heavy rainfall induces a fresh/warm water lens
overtop of saline/cold upwelled waters, isolating the bottom
waters from the coastal upwelling and prompting water-
column stratification (Naqvi et al. 2006; Levin et al. 2009). In
addition, the monsoon period renews nutrients to the surface
waters by vertical mixing, which stimulates a strong increase
in surface primary productivity from August to September in
the postmonsoon period (Naqvi et al. 2006). The combination
of water-column stratification causing the drawdown of oxy-
gen and nitrate, along with enhanced organic matter export,
promotes sediment sulfate reduction and the release of ben-
thic sulfide. The accumulation of sulfide in bottom waters has
been well documented from ship-based measurements to arise
in September-October and dissipates in November (Naqvi
et al. 2006; Shenoy et al. 2012). The sulfide plume, at its peak,
can span a large section of the West Indian upper shelf
(~ 19,000 km?) based on transects made off the coast of Goa
to Kochi (Naqvi et al. 2000; Shirodkar et al. 2018). Unfortu-
nately, sulfur plume detection by remote sensing is difficult as
a result of the intensive cloud coverage off the West Indian
shelf.

The West Indian shelf, in contrast with other marine
upwelling regions off the coast of Peru/Chile and Namibia, is
arguably one of the most anthropogenically influenced OMZs.
This region receives significant monsoonal river runoff from
the surrounding agricultural-dominated landscape and major
urban environments (Naqvi et al. 2006). The added fertilizer
input intensifies coastal eutrophication and contributes to
expanding low-oxygen regions (Diaz and Rosenberg 2008).
Given the densely populated surroundings, the AS shelf is
expected to host larger and more intense sulfidic events in the
future as a result of increasing agricultural demands and grow-
ing coastal eutrophication.

Eastern tropical South Pacific (Peruvian and Chilean shelf)

In contrast to the AS region, the eastern boundary upwell-
ing in the ETSP and ETSA (Fig. 2A,B) promotes upper shelf
anoxia over much broader periods of time. In the ETSP region,
the perennial coastal upwelling of nutrient-rich waters sus-
tains some of the highest rates of primary production in the
ocean (Carr 2001). The high rates of organic matter export
combined with the long water residence time maintain a per-
manent OMZ (Fuenzalida et al. 2009). Over the upper shelf,
the general absence of oxygen (with the exception of El Nifio
events; Stramma et al. 2016) means that nitrate is the last pos-
sible oxidant for microbial sulfide oxidation, and hence, the
last barrier to the release of benthic sulfide to the water
column.
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Nitrate-rich conditions prevail over the ETSP shelf in
autumn and winter as a consequence of strong vertical mixing
induced by upwelling (Echevin et al. 2008; Dale et al. 2017).
In contrast, lower vertical mixing rates and a shift toward
nitrate-depleted bottom waters coincides with the spring—
summer phytoplankton bloom (Fig. 2C). This same period cor-
responds with a fivefold increase in the organic matter rain
rates to the sediment, from 37 +22 to 206 + 116 mg C m™>
d~! from the winter to the summer (Echevin et al. 2008; Dale
et al. 2015, 2017). As a result, the eutrophic and anoxic
spring-summer period produces an increase in the number of
remotely detected sulfur plumes from December to May
(Ohde 2018), which is in line with benthic-pelagic models of
the ETSP region (Dale et al. 2017). The increase in sulfur
plume development in spring-summer is also demarcated by a
rise in the number of genes associated with key sulfide-
oxidizing bacteria within the SUPOS clade (Fig. 2C) (Léniz
et al. 2017). The presence of SUPOS5 bacteria has served as a
marker of sulfidic/anoxic conditions in previous studies (Forth
et al. 2015).

Across the ETSP upper shelf, hotspots of sulfide/sulfur accu-
mulation develop off the coast of Peru, from Callao to Pisco,
and consistently off the coast of Chile in Concepcién Bay (Fig.
2A) (Schunck et al. 2013; Sommer et al. 2016; Callbeck et al.
2018; Ohde 2018). The area from Callao to Pisco (12-15°S) is
characterized by diatomaceous, rapidly accumulating muds.
These muds are subject to high particulate organic carbon rain
rates (over 20 mmol m~2 d~!) in the austral summer (Dale
et al. 2015), and therefore exhibit a high organic carbon con-
tent and high rates of sulfate reduction in surface sediments
(Boning et al. 2004). Moreover, this area is frequented by
wind-driven mesoscale eddies (Chaigneau et al. 2008, 2009,
2013), which enhance anoxia over the upper shelf, resulting
in a drawdown of nitrate and the release of benthic sulfide
(Sommer et al. 2016; Thomsen et al. 2016b; Callbeck
et al. 2018).

In contrast, the upper shelf sediments north of 11°S have
lower particulate organic matter rain rates (Dale et al. 2015),
and hence, the calcareous mud accumulating here has lower
organic carbon concentrations (Suess et al. 1987) and lower
rates of sulfate reduction in surface sediments compared to
the southern shelf (Boning et al. 2004). While remotely
detected sulfur plumes are apparent in the northern ETSP
region (Fig. 2A), there are currently no reports of sulfide accu-
mulation verified by ship-based measurements.

Apart from seasonal and local patterns, sulfidic events also
exhibit strong intraseasonal and interannual variability driven
by remote wind-forcing (Ohde 2018). Wind-driven equatorial
Kelvin waves produce nearshore coastal-trapped waves that
propagate along the length of the ETSP coastline (Belmadani
et al. 2012). Coastal-trapped waves, identified by their distinct
anomalies in sea-surface height, have an important influence
over the Peru-Chile undercurrent (PCUC). The PCUC is a
strong (10-15 cm s™!) subsurface poleward flow that ventilates
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the ETSP shelf (Chaigneau et al. 2013). Downwelling coastal
trapped waves tend to intensify the nearshore PCUC causing
it to broaden in size and increase in velocity up to 30 cm s+
over a period of 20-80 d (Chaigneau et al. 2013; Pietri et al.
2013). The intensification of the PCUC promotes a deepening
of the oxycline enabling greater ventilation and enhanced
nitrate concentrations in upper shelf bottom waters (Graco
et al. 2017; Espinoza-Morriberén et al. 2019; Lidke et al.
2019). Oxygenation events, induced by coastal trapped waves,
exhibit intraseasonal variability and are often associated with
strong El Nifio phases (Chaigneau et al. 2013; Pietri et al.
2013; Lidke et al. 2019). Consequently, the El Nifio phase is
associated with a complete lack of sulfur plumes, with sulfur
plumes then confined to the neutral or La Nifia phases
(Ohde 2018).

Eastern tropical South Atlantic (Namibian shelf)

Similar to the ETSP region, the ETSA Namibian shelf is char-
acterized by perennial upwelling (Hutchings et al. 2009), which
supports high primary productivity in surface waters nearly
year-round. The austral summer, however, is associated with
especially high surface primary productivity and organic matter
export rates to sediments compared to the austral winter (Fig.
2D), which promote active sulfate reduction in upper sedi-
ments (Schulz et al. 1999; Briichert et al. 2003, 2006; Neumann
et al. 2016). Over this same period, a more oxygen-poor water
mass prevails over the shelf (Monteiro and van der Plas 2006;
Monteiro et al. 2008; Ohde and Dadou 2018; Lamont et al.
2019). The combination of high organic matter export from
the photic zone during the summer bloom, and the persistence
of a more stratified and oxygen depleted water mass over the
shelf, contribute to the observed spike in medium to large scale
(1500-10,000 km?) sulfur plumes in February—-August, spanning
from 18°S to 25.5°S (Ohde and Dadou 2018) (Fig. 2B,D). This
strong seasonal pattern is also consistent with shipboard and
remote sensing-based studies (Weeks et al. 2004; Ohde et al.
2007; Lavik et al. 2009). Furthermore, during the peak sulfur
plume season there are reports of mass die-offs of fish and
invertebrates related to sulfide toxicity and anoxia (Hamukuaya
et al. 1998; Cockcroft 2002; Monteiro et al. 2008).

In contrast, from September to January, only small sulfur
plumes are observed of less than 1500 km? (Fig. 2D). This
same time period is associated with strong vertical mixing and
the presence of distinctly more oxygenated waters over the
upper shelf (Monteiro and van der Plas 2006; Ohde et al.
2007; Lavik et al. 2009; Ohde and Dadou 2018). Apart from
these seasonal patterns, ETSA coastal-trapped waves further
play a role in regulating the intraseasonal activity of sulfur-
plume development (Ohde and Dadou 2018). Overall, the
spring-summer period of the ETSP and ETSA sustains a broad
anoxic window, lasting 180-200 d of the year (with the excep-
tion of the El Nifio phase), which enables the release of ben-
thic sulfide and the detection of sulfur plumes.
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Termination of sulfidic events by a succession of
sulfide-oxidizing bacteria

Even though anoxic periods can prevail in spring-summer
across large sections of the ETSP/ETSA upper shelf (<200 m
water depth), individual sulfur plumes fluctuate in intensity
over a time span of days as a consequence of small-scale
hydrodynamic features such as internal waves and mesoscale
eddies (Ohde et al. 2007; Lavik et al. 2009; Callbeck et al.
2018, 2019). From our own observations, sulfide-containing
bottom waters can rapidly change within a few hours at the
same sampling station. Some sulfide-oxidizing nitrate-
reducing bacteria employ strategies (e.g., intracellular sulfur
storage) to cope with the variable fluxes of reduced sulfur and
nitrate, enabling survival over a long period (e.g., Thioploca
and SUPOS bacteria). Other sulfide-oxidizing bacteria appear
to bloom opportunistically on shorter time scales when
induced by exceptionally high sulfide (> 10 4uM) and organic
matter concentrations (e.g., Arcobacter). Overall, a diverse
microbial community of sulfide/sulfur-oxidizing bacteria is
responsible for detoxifying sulfide/sulfur-containing upper
shelf OMZ waters.

Benthic sulfide oxidation

The oxidation of benthic sulfide proceeds first near the
water-sediment interface where dense mats of giant sulfur
bacteria such as Thioploca thrive. Thioploca bacteria are recog-
nized by their long filamentous sheaths that organize into a
trichome bundle (Maier and Gallardo 1984). These sheaths are
anchored up to 20 cm deep in the sediment with the top
extending a couple of centimeters into the overlying water
column (Huettel et al. 1996). Densely packed mats of
Thioploca have been reported to cover vast sections of the
upper shelf across all major OMZs (Fossing et al. 1995; Schulz
et al. 1999; Schmaljohann et al. 2001; Gutiérrez et al. 2008;
Prokopenko et al. 2013). As a result of the large benthic sulfide
flux, upper Peruvian shelf sediments are densely populated by
Thioploca sp. (Dale et al. 2016; Sommer et al. 2016). Inside
their long filamentous sheaths, Thioploca filaments migrate
between the nitrate-rich overlying waters and the sulfide-rich
underlying sediments (Zopfi et al. 2001b). In the presence of
high concentrations of sulfide of over 200 uM, Thioploca oxi-
dizes sulfide at enhanced rates (6220 ymolS per dm?® cell
biovolume per h) and produces elemental sulfur that is then
stored in intracellular vacuoles (Huettel et al. 1996; Hogslund
et al. 2009) (Fig. 3E). When sulfide concentrations are low,
Thioploca oxidizes stored intracellular sulfur to sulfate.

The ability of Thioploca to balance sulfur oxidation under
varying sulfide fluxes is complemented with a capacity to store
nitrate, providing added flexibility under nitrate-depleted con-
ditions (Fossing et al. 1995). Another closely related giant sul-
fur bacterium, Thiomargarita namibiensis, is found at the ETSA
water—-sediment interface. T. namibiensis, which is comprised
of chains of coccoid cells that are separated by a sheath
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(Schulz et al. 1999), exhibits a similar capacity to store intra-
cellular sulfur and nitrate like its sister group Thioploca (Schulz
et al. 1999; Winkel et al. 2016). Both ETSA-Thiomargarita and
ETSP-Thioploca are, thus, well adapted to the dynamic sulfide
and nitrate fluxes in OMZ shelf regions (Thamdrup and Can-
field 1996; Ferdelman et al. 1997).

In the sulfide-rich sediments off the coast of Chile, micros-
copy and metagenomic sequencing has recently identified a
novel nonvacuolated filamentous sulfur bacterium, “Can-
didatus Venteria ishoeyi” within the family Thiotrichaceae, a
distant relative to Thioploca (Fonseca et al. 2017). The draft
genome indicates that it contains an abundance of sulfide/sul-
fur oxidation pathways (Fonseca et al. 2017). However, the
prevalence of “Ca. Venteria ishoeyi” in the Chilean upper
shelf and how it responds to changing sulfide fluxes differ-
ently than Thioploca/ Thiomargarita is not yet clear. Apart from
large sulfur bacteria, sulfide-oxidizing microbes within the
epsilonproteobacteria and gammaproteobacteria are also likely
to contribute to benthic sulfide oxidation (Wasmund et al.
2017). Overall, however, the abundance of giant sulfur bacte-
ria in many of the major OMZs suggests that they play an
important role in buffering the release of benthic sulfide, as
evidenced by the sulfide deficit in upper sediment pore-water
profiles (Schulz et al. 1999; Schmaljohann et al. 2001; Gutiér-
rez et al. 2008; Prokopenko et al. 2013; Dale et al. 2016).

Sulfide oxidation by blooms of epsilonproteobacteria and
gammaproteobacteria

When the benthic sulfide flux exceeds the buffering capac-
ity of giant sulfur bacteria, the release of sulfide into the over-
lying water column stimulates pelagic blooms of sulfide/
sulfur-oxidizing bacteria, that reach up to 10° cells mL™" at
the nitrate-sulfide chemocline (Lavik et al. 2009; Callbeck
et al. 2018, 2019). Under high sulfide concentrations (> 10
uM), the community of pelagic sulfide-oxidizing bacteria is
dominated by epsilonproteobacteria within the genera
Arcobacter and Sulfurovum spp. (Grote et al. 2008, 2012; Lavik
et al. 2009; Wright et al. 2012; Rodriguez-Mora et al. 2013;
Schunck et al. 2013; Forth et al. 2015; Callbeck et al. 2019;
Michiels et al. 2019) (Fig. 3F,G).

The genus Arcobacter, for example, was shown to dominate
the microbial community reaching > 10° cells mL™" (or 25%
of the total microbial community) when bottom-water sulfide
concentrations exceeded 10 uM H,S (Callbeck et al. 2019). At
stations containing lower bottom-water sulfide concentrations
(< 10 uM H,S), Arcobacter abundances decreased to < 10° cells
mL™!, or below 3% of the microbial community. Other stud-
ied Arcobacter members, have also been shown to tolerate high
sulfide concentrations (Sievert et al. 2007). Arcobacter peruensis,
cultivated from ETSP upper shelf waters, showed a capacity to
metabolize sulfide and nitrate while using organic matter
(e.g., acetate) for growth (Fig. 3G). The assimilation of acetate
into biomass is energetically more favorable than the assimila-
tion of CO, via a chemolithoautotrophic metabolism
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Fig. 3. Ecophysiology and niche partitioning of sulfur-based microbes in OMZs. Phylogenetic diversity of near-full length 16S rRNA genes recovered
from waters of the ETSP upper shelf (blue; < 200 m water depth), and the offshore OMZ (red; > 200 m water depth). The ETSP 16S rRNA gene sequences
recovered from the upper shelf and offshore region (RV Meteor M93 expedition) were previously deposited under the accession numbers
MG518493-MG518517 and MH916845-MH916849, see also Callbeck et al. 2018, 2019. The unrooted consensus tree was calculated using the neighbor
joining, parsimony, and maximum likelihood methods. The metabolic model of key sulfur-based metabolisms identified are based on ETSP recovered
metagenomes, and when available, empirically tested by physiology experiments from ETSP or Saanich Inlet cultivated isolates, described in-text. Shown
are pathways related to dissimilatory sulfur and nitrogen transformation processes identified in key sulfur-based microbes in OMZs (oxygen respiration
not shown). The microbes with a capacity to store intracellular metabolites such as elemental sulfur/polysulfide (blue), nitrate (orange), and
polyphosphate (PolyP; yellow) are shown. Also indicated is the central carbon metabolism (green): Heterotrophy is represented by an abundance of
organic matter transport systems and relies on organic matter for assimilable carbon, while a strict autotroph relies on carbon fixation for growth (e.g.,
by the Calvin-Benson-Bassham (CBB) or reductive tricarboxylic acid (rTCA) cycles) and a mixotroph employs a mixture of both metabolisms.

2368



Callbeck et al.

(Callbeck et al. 2019). The favorable energetics of a chemo-
lithoheterotrophic metabolism explain how Arcobacter are able
to rapidly bloom in the sulfide- and organic-rich upper shelf
waters off the coast of Peru and Namibia (Lavik et al. 2009;
Callbeck et al. 2019). Off the coast of Peru, for instance, sur-
face and benthic-influenced bottom waters contain up to
80 to 100 uM of dissolved organic matter (Loginova et al.
2016), which is possibly utilized by Arcobacter during a sulfidic
event.

Arcobacter also co-occurs with specialist sulfur-oxidizing
bacteria that are believed to be supported by the large inven-
tory of elemental sulfur reported in ETSP/ETSA upper shelf
waters (Lavik et al. 2009; Callbeck et al. 2018), which can
reach up to 7.0 x 108 mol of S° (Callbeck et al. 2018). For
instance, in the sulfide/sulfur-rich bottom waters off the coast
of Peru blooms of epsilonproteobacteria comprised mainly of
Arcobacter and Sulfurovum/Sulfurimonas (Fig. 3F) (Schunck et al.
2013; Callbeck et al. 2019). Other chemocline studies have
shown that the latter members are chemolithoautotrophs
with a known role in sulfur oxidation. Sulfurimonas, for
instance, has a capacity to activate cyclooctasulfur (Sg), which
could provide an advantage at utilizing elemental sulfur
(Pjevac et al. 2014). Some members have a truncated Sox path-
way that produces thiosulfate from elemental sulfur oxidation
(Lahme et al. 2020). Meier et al. 2017 have additionally shown
that Sulfurovum/Sulfurimonas have a variable sulfur binding site
in the SoxY gene, possibly providing an advantage at
responding to changing reduced sulfur fluxes. Single-cell anal-
ysis (by nanoSIMS) of ETSP Arcobacter-Sulfurovum aggregates
found that Sulfurovum spp. were highly active with respect to
carbon fixation (0.72 fmol C cell"* d™%), and the cells appeared
to be enriched in sulfur, particularly in comparison to
Arcobacter and SUPOS (Callbeck et al. 2019). Indeed, some
members of Sulfurovum have been reported to accumulate
intracellular sulfur globules (Smith et al. 2017). We therefore
suspect that Sulfurovum/Sulfurimonas, which compete for pro-
duced sulfur, act in consortium with Arcobacter to oxidize sul-
fide/sulfur accumulation in the upper shelf OMZ waters.

When sulfide concentrations fall to < 10 uM in upper shelf
waters, the microbial community shifts from epsilon-
proteobacteria-dominated to a dominance by gammapro-
teobacteria, mostly within the SUPOS clade (Grote et al. 2008,
2012; Lavik et al. 2009; Wright et al. 2012; Schunck et al.
2013; Hawley et al. 2014; Forth et al. 2015; Callbeck et al.
2018). Key members of the SUPOS5 clade include “YCandidatus
Thioglobus perditus” (Callbeck et al. 2018), and “Candidatus
Thioglobus autotrophicus” (Shah and Morris 2015), which have
been identified in the ETSP and the seasonally stratified Saan-
ich Inlet, respectively. SUPO5 members are predominantly
chemolithoautotrophic with a capacity to fix CO, via the
Calvin-Benson-Bassham pathway, while using either oxidized
nitrogen species (e.g., nitrate) or oxygen for respiration
(Walsh et al. 2009; Schunck et al. 2013; Hawley et al. 2014;
Shah et al. 2016, 2019) (Fig. 3D).
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Physiological experiments demonstrate that SUPOS grows
best at low sulfide concentrations (<10 pM), reaching 106
cells mL™!, whereas concentrations exceeding this threshold
hinder growth (Shah et al. 2019). SUPOS bacteria in the ETSP
region have been found to reach 10° cells mL™' at stations
with less than 10 xM sulfide (Callbeck et al. 2018, 2019), while
in the stratified Black Sea, SUPOS5 cell abundances show a neg-
ative correlation with increasing sulfide concentrations
(Glaubitz et al. 2013). Similarly, SUPOS bacteria at hydrother-
mal vent sites tend to occupy the sulfide-diffuse outer edge
where sulfide concentrations are more uniform, while
epsilonproteobacteria Sulfurovum and Sulfurimonas dominate
at the sulfide-rich vent inlet (Meier et al. 2017). These studies
therefore indicate that SUPOS5S has an affinity for low sulfide
concentrations, especially relative to epsilonproteobacteria.

Furthermore, single-cell analysis indicates that ETSP-SUPOS
bacteria, identified off the coast of Peru, have a capacity to
store intracellular elemental sulfur (Callbeck et al. 2018; Shah
et al. 2019). This conclusion was also supported by the pres-
ence of sulfur-storage globule proteins (Sgp) as well as a trun-
cated Sox pathway in recovered SUPOS metagenomes (Walsh
et al. 2009; Callbeck et al. 2018; Shah et al. 2019). The trun-
cated Sox pathway, missing the soxCD genes, is especially
common in microbes that have the capacity to store intracel-
lular sulfur (Dahl et al. 2005; Ghosh and Dam 2009; Walsh
et al. 2009). The ability of SUPOS to store intracellular sulfur
(Callbeck et al. 2018; Shah et al. 2019), combined with its
affinity for low-sulfide concentrations, could explain how they
are able to persist throughout the spring—summer anoxic
period in the ETSP region (Léniz et al. 2017) (Fig. 2C), and
even when dissolved sulfide is absent (Crowe et al. 2018).

Sulfide/sulfur metabolizing microbes of growing interest

Another microbe group that may contribute to the transfor-
mation of sulfur in OMZ settings is Marinimicrobia, previously
known as SAR406, or Marine Group A. While various Mar-
inimicrobia clades exist, spanning different redox conditions
(Hawley et al. 2017)), some members thrive in the sulfide/sul-
fur-rich bottom waters of OMZs (Schunck et al. 2013;
Bertagnolli et al. 2017; Hawley et al. 2017; Plominsky et al.
2018; Callbeck et al. 2019). Recovered genomes of Mar-
inimicrobia encode a polysulfide reductase that may be
involved in either sulfur oxidation or polysulfide/sulfur reduc-
tion to sulfide (Wright et al. 2014; Bertagnolli et al. 2017;
Hawley et al. 2017; Thrash et al. 2017) (Fig. 3A). In this regard,
Hawley et al. 2017 found that polysulfide reductase (psrABC)
was up-regulated in waters containing low nitrate and sulfide
(Hawley et al. 2017). Whether the polysulfide reductase recov-
ered in Marinimicrobia serves an oxidative or reductive role in
the transformation of sulfur is still ambiguous. Nevertheless,
Marinimicrobia has a putative role in the transformation of
sulfur and sulfur-polysulfides in upper shelf OMZ waters and
in stratified basins.
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Some unexpected sulfide-oxidizing candidates have also
been identified in recent years in OMZs. Nitrococcus, is an
abundant nitrite-oxidizing bacteria in some OMZs (Fiissel et al.
2012, 2017). A study of ETSA Nitrococcus found genes encoding
for the sulfide/quinone oxidoreductase sqr (Fiissel et al. 2017),
which is responsible for oxidizing sulfide to elemental sulfur or
polysulfide (Frigaard and Dahl 2008; Ghosh and Dam 2009).
In line with its genomic capacity for sulfide oxidation, the
ETSA Nitrococcus cell abundances peaked in the anoxic bottom
waters near the sulfide-rich sediments. These cells were also
shown to be enriched in sulfur (Fussel et al. 2017). Fiissel
(2017) further demonstrated that N. mobilis, a closely related
type-strain to the ETSA Nitrococcus, was able to oxidize sulfide
in laboratory experiments, raising the possibility that
Nitrococcus has an alternative mode of growth involving the
sulfur cycle. Another study of sulfide-rich Peruvian shelf waters
recovered a novel heterotrophic N,-fixing diazotroph within
the Roseobacter group that has a genomic capacity to oxidize
sulfide (Martinez-Pérez et al. 2018). Together, these studies
highlight that sulfide oxidation possibly extends to phyla
other than epsilon- and gammaproteobacteria, widening the
diversity of sulfide-oxidizing bacteria in OMZ shelf waters.

Anoxygenic photosynthesis

The nitrate-sulfide chemocline could additionally support
anoxygenic photosynthesis by anaerobic green- and purple-
sulfur bacteria. For instance, in permanently stratified basins
and freshwater lakes, with sufficient light penetration,
anoxygenic photosynthesis contributes substantially to the
oxidation of sulfide in the chemoclines (Overmann and Man-
ske 2006). In the chemocline of the Black Sea, the anoxic chlo-
rophyll maximum is dominated by the green sulfur bacteria,
Chlorobium. Chlorobium has a special capacity to grow under
extremely low-light conditions (0.001 gmol photons m™2 s™')
oxidizing sulfide while generating elemental sulfur, otherwise
known as anoxygenic photosynthesis (Overmann and Manske
2006; Marschall et al. 2010).

In the ETSP region, a functional and phylogenetic gene sur-
vey have identified green sulfur bacteria closely affiliated to
Chlorobium limicola and Chlorobium tepdium (Stewart 2011). In
the sulfide-rich upper shelf waters off the coast of Peru, recent
work has also identified sequences belonging to Chlorobium
(Christiansen and Loscher 2019; Preprint), and the presence
of a small anoxic chlorophyll maximum (Schunck et al. 2013).
To the best of our knowledge, these studies are the first to
identify green sulfur bacteria in the modern OMZ, albeit, in
situ evidence of active anoxygenic photosynthesis by green
sulfur bacteria is still needed. In the Proterozoic ocean
(ca. 2400 million years ago), the once sulfide-rich bottom
waters were hypothesized to have supported widespread
anoxygenic photosynthesis (Johnston et al. 2009). If
anoxygenic photosynthesis is active in today’s modern OMZ,
then these sulfide-rich upper shelf waters could serve as an
important model ecosystem for the past ancient ocean.

Sulfur cycling in oxygen minimum zones

Sulfur disproportionation

Organisms disproportionating sulfur compounds might
also occupy the OMZ chemocline. Sulfur compound dispro-
portionation catalyzes the inorganic “fermentation” of inter-
mediate sulfur compounds to produce sulfide and sulfate
(Finster 2011). Specifically, inorganic sulfur compounds such
as elemental sulfur, thiosulfate and sulfite act as both the elec-
tron acceptor and electron donor, with concentrations of
these intermediates peaking in the ETSP OMZ chemocline
(Callbeck et al. 2018). Known thiosulfate disproportionating
bacteria of the genus Desulfocapsa have been identified in the
chemocline of some stratified basins (Finster 2011; Forth et al.
2015). Moreover, natural abundance sulfur isotope signatures
indicate that disproportionation is active in the chemoclines
of some permanent and seasonally stratified basins (Neretin
et al. 2003; Sgrensen and Canfield 2004). In OMZs, it remains
unknown whether sulfur-compound disproportionation is a
significant process contributing to the turnover of elemental
sulfur, thiosulfate, and sulfide. One difficulty in identifying
this sulfur compound disproportionation is that the genes
involved are largely indistinguishable from those required for
sulfate reduction (Finster 2011). We hypothesize that because
the thermodynamics of disproportionation are near the ener-
getic limit (AG’ = =30 to —44 k] mol™'; Table 1), this mode of
growth is difficult to sustain due to the episodic nature of the
reduced sulfur fluxes in OMZ upper shelf waters.

Virus-microbe interactions influence sulfidic event
termination

Once the flux of benthic sulfide subsides, the blooms of
sulfide-oxidizing bacteria in upper shelf waters are likely to
decline in size. In addition to sulfide availability, virus-
microbe interactions might also moderate bloom termination.
A record of microbe-virus interactions can be assessed from
metagenomic surveys and from single-cell genomic sequenc-
ing (Cassman et al. 2012; Roux et al. 2014). In Saanich Inlet,
which experiences seasonal anoxic/sulfidic conditions, nearly
one-third of SUPOS5 cells identified were infected by the
viruses: Caudovirales (common to marine environments), and
Microviridae (exclusive to a SUPOS subclade) (Roux et al. 2014).
The clonality of recovered Microviridae sequences, and the aug-
mented infection rate, suggested that the virus-host interac-
tion is an important mechanism regulating the SUPOS bloom
(Roux et al. 2014). In addition, the acquisition of Dsr genes by
the virus, and its hijacking of the host’s metabolic system,
could potentially trigger the host to accelerate sulfur oxida-
tion. A broader analysis of OMZ viral populations, indeed,
finds a number of viromes with sox and dsr genes, as well as
genes involved in assimilatory sulfate reduction, inorganic sul-
fur metabolism and dimethylsulfoniopropionate degradation
(Cassman et al. 2012; Roux et al. 2014, 2016). This growing
body of work indicates that viruses shape the flow of sulfur-
based genes in the OMZ possibly contributing to the meta-
bolic flexibility of some sulfur-based microbes.
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Offshore OMZ sulfur cycle

Aside from active sulfur cycling in benthic influenced
coastal OMZ waters, biogeochemical and metagenomic evi-
dence indicates that a sulfur cycle exists in the nitrate-rich off-
shore waters of the ETSP region detached from benthic
processes (Canfield et al. 2010). With increasing distance from
the eutrophic upper shelf, the OMZ becomes further discon-
nected from the vertical benthic fluxes of sulfide, ammonium,
and iron; with fluxes being largely negligible at stations over
200 m water depth (Bohlen et al. 2011; Sommer et al. 2016;
Schlosser et al. 2018). Even though dissolved sulfide does not
accumulate in these waters, sulfide amendment experiments
with waters collected from the offshore OMZ find high, but,
variable rates of sulfide oxidation ranging from 2.4 to
22 nmol S L™' d7!, suggesting that sulfide-oxidizing bacteria,
such as SUPOS bacteria, are present and possibly active in
these offshore OMZ waters (Canfield et al. 2010). Congru-
ently, sequences affiliated to the SUPOS cluster is one of the
most consistently identified taxon, with a sulfur-based metab-
olism, in the offshore ETSP region and in other OMZs void of
sulfide (Fuchs et al. 2005; Stevens and Ulloa 2008; Canfield
et al. 2010; Stewart et al. 2012; Wright et al. 2012; Carolan
and Beman 2015; Bristow et al. 2017; Callbeck et al. 2018).
However, unlike in sulfidic shelf waters where SUPOS bacteria
can make wup 50% of the microbial community,
SUPOS-affiliated genes persist outside of sulfidic waters at low
to moderate abundances (Fuchs et al. 2005; Stevens and Ulloa
2008; Canfield et al. 2010; Carolan and Beman 2015; Bristow
et al. 2017) with SUPOS cell densities comprising between 0%
and 17% of the microbial community (Callbeck et al. 2018).
In addition, active expression of rdsr genes, putatively
involved in the oxidation of sulfide, has been reported in the
core of the ETSP and ETNP, with most genes being affiliated to
SUPO5S bacteria (Stewart et al. 2012; Carolan and
Beman 2015).

Other clades with a putative role in offshore sulfur and
nitrogen transformation include Marinimicrobia (Marine
Group A/ Sar406), which is also abundant in sulfidic shelf
waters (Wright et al. 2012; Hawley et al. 2017). The persistent
and widespread distribution of Marinimicrobia and SUPOS
contrasts with other sulfide-oxidizing bacteria. For instance,
ETSP Arcobacter and Sulfurovum are more restricted to the
upper shelf, and thereby more dependent on the benthic
fluxes of sulfide and sulfur (Callbeck et al. 2018, 2019).
Whereas the widespread distribution of SUPOS5 implies that it
has a more versatile ecophysiology, which is less reliant on
the benthic sulfide flux (Walsh et al. 2009; Shah et al. 2019).

Sulfate-reducing bacteria have been identified from functional
and phylogenetic gene marker surveys in ETSP offshore waters
including Desulfobacca, Desulfatibacillum, Desulfobacterium,
Desulfococcus, and Syntrophobacter species (Canfield et al. 2010;
Stewart et al. 2012). Moreover, two novel sulfate-reducing bacte-
ria strains within Desulfovibrio oceani have been isolated from
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offshore OMZ waters off the Peruvian coast (Finster and Kjeldsen
2010). Rates of sulfate reduction have been measured in offshore
OMZ waters ranging from 1.3 to 12.0 nmol L™! d™' at two sta-
tions off the coast of Chile (Canfield et al. 2010). Time-
integrated indicators of sulfate reduction have been studied in
an attempt to quantify rates of sulfate reduction in the offshore
OMZ. Sulfate reduction imparts natural abundance isotope sig-
natures of sulfur (*3$/32S, 3$/3%S) and oxygen (**0/'°0), and the
isotope composition of sulfate was analyzed to constrain dissimi-
latory sulfate reduction processes in anoxic waters collected in
the ETSP region (Johnston et al. 2014). However, no clear signa-
ture of water-column sulfur cycling was observed, in that, the
ETSP collected samples were isotopically comparable to the
global mean. The lack of a signature in ETSP waters does not
necessarily contradict a sulfur cycle operating in offshore waters,
as observed experimentally, because the time-integrated maxi-
mum rates of sulfate reduction as constrained by the '®0 sulfate
data (6.4-64 nmol L' d™* depending on the assumed water resi-
dence time) were at or above the mean rate directly measured by
Canfield et al. (2010). This demonstrates that the 80 sulfate
method is not yet sensitive enough to capture the ETSP sulfur
cycle.

An ETSP model with an implemented nitrogen—sulfur cycling
component predicts that organic matter export rates are suffi-
cient to sustain sulfate reduction activity throughout the OMZ
(Azhar et al. 2014). Azhar et al. (2014) estimated that depth-
integrated sulfate reduction could amount to 0.36 mmol m~2
d™! based on the given chemistry and organic matter input,
which was in good agreement with measured rates of 0.28-
1.00 mmol m~2 d~! (Canfield et al. 2010).

Role of microniches and lateral transport processes

How a sulfur cycle occurs in the open ocean ETSP region
under nitrate-rich conditions is ambiguous, as sulfate reduc-
tion should be outcompeted by nitrate reduction based on
energetic considerations. One hypothesis is that the microbes
that carry out sulfate reduction and sulfide oxidation are
housed within marine snow aggregates (Fig. 5) (Wright et al.
2012). Such aggregates would theoretically act as both a source
of organic matter and a substrate for attachment (Karl et al.
1984; Alldredge and Cohen 1987; Woebken et al. 2007), and
nitrate could potentially be depleted internally due to a diffu-
sional limitation (Stief et al. 2016). A model simulation of par-
ticle sinking in the ETSP predicts that sulfate reduction could
develop in the particle core of both small (< 100 gm) and large
(> 0.5 mm) diameter aggregates (Bianchi et al. 2018). Further-
more, larger sinking particles (> 0.5 mm) may even develop
anoxic microenvironments in oxic waters above and below
the OMZ (Bianchi et al. 2018).

Size fractionation studies have demonstrated that SUP0OS
has an affinity for growth in association with aggregates
(Fuchsman et al. 2011; Ganesh et al. 2014). Microscopy analy-
sis has found both SUPOS bacteria and sulfate-reducing bacte-
ria in close spatial association inside aggregates at both an
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offshore and upper shelf ETSP station (Callbeck et al. 2018).
Albeit, the offshore station located 70 km from the coast was
influenced by cross-shelf transport as discussed below. These
in situ observations, in combination with a particle model
(Bianchi et al. 2018), suggest that sulfur cycling could be feasi-
bly housed in aggregate microniches. Inside the sinking parti-
cle the diffusion of ambient nitrate into the aggregate is likely
consumed by sulfide-oxidizing nitrate-reducing bacteria. Sub-
sequently, the nitrate void particle core, in combination with
organic matter promotes sulfate reduction, generating a sulfide
gradient that drives sulfide-oxidizing bacteria. This
microstructuring of the sulfur cycling community does, how-
ever, require further validation by state-of-the-art particle
embedding techniques combined with confocal laser scanning
microscopy (Lukumbuzya et al. 2019).

The offshore OMZ sulfur cycle can also be sustained by lat-
eral transport processes from the coast. Previous studies have
shown that cross-shelf transport induced by mesoscale eddies is
a prevalent phenomenon in OMZs that contributes to the long-
range transport of chlorophyll, nutrients, and trace metals, such
as iron, from the coast into the open ocean (Gruber et al. 2011;
Kondo and Moffett 2015; Nagai et al. 2015; Thomsen et al.
2016b). Mesoscale eddies are known to propagate in shelf
waters adjacent to areas of active benthic-pelagic sulfur cycling
(Chaigneau et al. 2008, 2009). Despite the absence of dissolved
sulfide, recent evidence indicates that the offshore OMZ
receives a large inflow of cross-shelf transported elemental sul-
fur, which forms at the chemocline in a sulfidic event (Callbeck
et al. 2018). Cross-shelf transported elemental sulfur can also be
observed in remote sensing images in both the ETSP and ETSA
regions (Weeks et al. 2002, 2004; Ohde et al. 2007; Ohde 2018;
Ohde and Dadou 2018) (e.g., Fig. 2A,B).

An analysis of an offshore advected sulfur-rich water mass
demonstrated abundant and active SUPOS bacteria that were
enriched in intracellular sulfur and fixed CO, into biomass.
While outside of the advected plume, SUPOS abundances were
markedly lower, and cells contained less sulfur with lower rates
of CO, assimilation (Callbeck et al. 2018). This contrast at two
offshore stations suggested that SUPOS remain active in waters
transported offshore from coastal sulfidic events, and are able to
sustain their activity by utilizing intracellular and/or co-
transported elemental sulfur (Callbeck et al. 2018). Thus, the
ETSP-SUPOS bacteria appear to be well adapted to thrive at low-
sulfide/sulfur concentrations (Callbeck et al. 2018), which is
consistent with the high-affinity sulfide oxidation rates reported
in the ETSP region (Crowe et al. 2018), and in line with the eco-
physiology of the cultivated SUPOS isolate (Shah et al. 2019).

Cross-shelf transport may additionally contribute the redis-
tribution of coastal particles into the open ocean (Thomsen
et al. 2016a). Given the potential for particles to host anoxic
microniches (Bianchi et al. 2018), sulfate reduction might be
active in advected particles, which could partly account for
active sulfate reduction in offshore OMZ waters, but this
requires further examination.

Sulfur cycling in oxygen minimum zones

The biogeochemical implications of the sulfur cycle on
other linked cycles

The transformation of inorganic sulfur, via the reductive
and oxidative branches of the sulfur cycle, exerts an important
influence over other element cycles including nitrogen, car-
bon, and phosphorus. We explore the effects of sulfur cycling
on these various linked cycles both when sulfide accumulates
in upper shelf bottom waters (Fig. 4B), and when water-
column sulfide is absent following a sulfidic event (Fig. 4A). In
addition, we highlight key sulfur-based microbes that mediate
the turnover of nitrogen, carbon and phosphorous. In the last
section, we examine the biogeochemical implications of the
offshore sulfur cycle and its heterogenous distribution in
the OMZ.

N;, NO,, and N,O production

In the OMZ, nitrate is the primary oxidant for reduced sul-
fur species, and thereby sulfide-/sulfur-oxidizing bacteria con-
tribute directly to the removal of fixed nitrogen via sulfide-/
sulfur-dependent denitrification (Figs. 4A,B, 5). Like heterotro-
phic denitrification, sulfide-dependent denitrification is the
stepwise reduction of nitrate to N, via intermediates NO; ,
NO, and N,O.

During a sulfidic event (Fig. 4B), the nitrate-sulfide interface
in upper shelf OMZ waters supports some of the highest rates
of denitrification in marine environments, with maximum
rates ranging between 500 and 2500 nmol N L™ d™' for mod-
erately sized sulfidic events (~ 10 uM H,S), with exceptionally
high rates of 6500 nmol N L™! d~" when sulfide exceeds 20 uM
(Kalvelage et al. 2013; Schunck et al. 2013; Galan et al. 2014;
Callbeck et al. 2018, 2019). The measured rates of sulfide-
driven denitrification in the ETSP region are markedly higher
than the maximum rates of anammox reported in the same
waters of 8-250 nmol N L' d™! (Kalvelage et al. 2013; Schunck
et al. 2013; Galan et al. 2014; Callbeck et al. 2018). In the
sulfide-rich bottom waters of the Saanich Inlet, rates of denitri-
fication up to 3360 nmol N L™! d~! were observed, which also
surpassed rates of anammox (Michiels et al. 2019). In the ETSP
region, sulfide-driven denitrification over the shelf off central
Chile (~ 4500 km?, sulfidic for 200 d) contributes to as much
as 0.5 Tg N yr! (Galan et al. 2014). Likewise, sulfide-driven
denitrification off the coast of Callao-Pisco is estimated to con-
tribute to 0.3 Tg N yr! (~ 5500 km?, sulfidic for 180 d; Cal-
Ibeck et al. 2018. 2019). Together, these ETSP-denitrification
hotspots total a production of 0.8 Tg N yr~!, which is substan-
tial considering that nitrogen loss by anammox—a key path-
way contributing to fixed nitrogen removal in OMZs—is
estimated at 3.1 Tg N yr~! in ETSP shelf waters (Kalvelage et al.
2013). Given the numerous other sulfur plumes identified in
ETSP waters (Fig. 2A), it is probable that sulfide-/sulfur-driven
denitrification contributes to even greater nitrogen loss.

Nitrite, a substrate required by anammox bacteria, can also
be supplied by sulfide-dependent nitrate reduction to nitrite.
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Fig. 4. The upper shelf OMZ sulfur cycle (< 200 m water depth) and its tight coupling with nitrogen, carbon and phosphorous cycling, including its
influence on trace metal mineralogy. The schematic model is based on findings reported in previous studies, the values and data pertaining to the sche-
matics and major themes are discussed in-text. Two contrasting upper shelf OMZ scenarios are shown: (A) no H,S bottom waters where nitrate is
replenished to the upper shelf (Kuypers et al. 2005; Lam et al. 2009; Bohlen et al. 2011; Noffke et al. 2012; Kalvelage et al. 2013; Dale et al. 2015, 2016,
2017; Fissel et al. 2017); and scenario (B) which is characterized by the accumulation of H,S in bottom waters (Lavik et al. 2009; Schunck et al. 2013;
Galan et al. 2014; Dale et al. 2015, 2016; Lomnitz et al. 2016; Sommer et al. 2016; Callbeck et al. 2018, 2019; Schlosser et al. 2018). The yellow-green
color in panel B represents the accumulation of elemental sulfur, which is generated from the oxidation of sulfide. At the nitrate-sulfide chemocline, ben-
thic released sulfide is oxidized by sulfide-oxidizing nitrate-reducing bacteria (dotted rectangular box), which use dissolved inorganic and organic carbon
for growth, otherwise known as chemolithoautotrophy and chemolithoheterotrophy, respectively. If green sulfur bacteria, such as Chlorobium, are present
at the nitrate-sulfide chemocline, they may contribute to nitrogen fixation, via anoxygenic photosynthesis (Christiansen and Léscher 2019). Solid arrows
colored in red and blue indicate processes occurring in the bottom waters and in the sediments, respectively. Dotted colored lines represent water-sedi-
ment fluxes. The color of the circles corresponds to different nutrient and chemical compounds involving sulfur (blue), nitrogen (orange), carbon (green),
phosphorous and metal-sulfides (yellow). Abbreviations stand for: POM, particulate organic matter; DIC, dissolved inorganic carbon; DOM, dissolved
organic matter; TPO,, total dissolved phosphate; PolyP, polyphosphate; DNRA, dissimilatory nitrate reduction to ammonium.

In sulfide containing co-culture experiments, with anammox
and a autotrophic denitrifier (Sulfurimonas denitrificans), the
sulfide-oxidizing bacteria generated up to 65-75% of the nitrite
requirements of anammox (Russ et al. 2014). Furthermore,
microbial community models of OMZs have predicted that
sulfide-driven nitrate reduction to nitrite is tightly coupled
with anammox to produce N, gas (Louca et al. 2016; Hawley
et al. 2017; Michiels et al. 2019). In the ETSP region, rates of
sulfide-driven nitrate reduction to nitrite have been measured
from 100 to 2500 nmol N L' d~'. These rates greatly exceed
the rates of nitrate reduction to nitrite of 80-250 nmol N L™!
d™! at stations outside of the sulfide plume (Kalvelage et al.
2013). If the full size and frequency of the ETSP sulfur plumes

are considered (Fig. 2), sulfide-driven nitrate reduction to
nitrite in the ETSP upper shelf could offer a substantial supply
of nitrite for anammox.

Sulfide-driven denitrification might also be responsible for
the accumulation of N,O in OMZ shelf regions (Naqvi et al.
2000, 2006; Arevalo-Martinez et al. 2015; Kock et al. 2016;
Bourbonnais et al. 2017; Arévalo-Martinez et al. 2019). Inter-
estingly, N,O production was shown to increase with increas-
ing organic matter input (Frey et al. 2020), which is a key
prerequisite to the formation of a sulfidic event. Moreover, in
the AS upper shelf, N,O production was shown to be linked to
a transition to water-column anoxia, and eventually the accu-
mulation of bottom water sulfide (Naqvi et al. 2000, 2006). In

2373



Callbeck et al.

Offshore OMZ

Enhanced

Sulfur cycling in oxygen minimum zones

Coastal OMZ

Settling
POM

Sulfur-driven

denitrification/
carbon fixation

Advected sulfur and/or "
intracellular sulfur "
|

Particle
“*. Sulfate reduction +*

Upper shelf
plume

Resuspension

Abiotic L
sulfurization

Deep waters

Burial

Fig. 5. Lateral transport of elemental sulfur and particle microniches sustain the offshore OMZ sulfur cycle (> 200 m water depth). The schematic repre-
sents a synthesis of work discussed in text (Canfield et al. 2010; Bianchi et al. 2018; Callbeck et al. 2018). The sulfide-oxidizing nitrate-reducing SUP05
bacteria are a key catalyst in the offshore sulfur cycle. In the ETSP region, SUP0O5 cells can be transported from the upper shelf into the offshore OMZ,
where they may metabolize advected or intracellular sulfur, driving nitrogen loss, nitrate reduction to nitrite and carbon fixation (dotted rectangular
box). SUPO5 may also be attached to particles along with other sulfate-reducing bacteria (Callbeck et al. 2018). Note that the sinking particle is not to
scale and is exaggerated for illustration purposes. In the environment, particles can range in size from 10 um to 5 mm in diameter; models predict that
both small (< 100 um) and large (> 0.5 mm) particles sinking in the OMZ can form zones of sulfate reduction in the aggregate core (Bianchi et al. 2018).
Solid arrows colored in red and blue indicate processes occurring in the coastal and offshore OMZ, respectively. Dotted colored lines represent water-sed-
iment or water-particlefluxes. The color of the circles corresponds to different nutrient and chemical compounds involving sulfur (blue), nitrogen
(orange), carbon and dissolved organic sulfur (green-blue). DIC, dissolved inorganic carbon; DOM, dissolved organic matter; DOS, dissolved organic sul-

fur; POM, particulate organic matter.

these waters, N,O accumulated up to 90 nM just above the
sulfide plume, near the nitrate-sulfide chemocline (Naqvi et al.
2000). In the ETSP upper shelf, N,O concentrations were
reported to increase, reaching a maxima of 35 nM in the
sulfide-rich bottom waters (Schunck et al. 2013). A number of
in situ incubation experiments suggest that ETSP sulfide-
oxidizing bacteria may contribute to this N,O production
(Canfield et al. 2010;Dalsgaard et al. 2014; Galan et al. 2014).
For example, Dalsgaard et al. 2014 showed that the addition
of sulfide (1 yM) to incubation experiments with ETSP waters
caused an increase in net N,O production by more than
4.5-fold (up to ~ 120 nmol L™' d™') relative to nonsulfide
amended experiments. Galan et al. 2014 performed similar
experiments, except with 5 uM sulfide, and observed a net
N,O production of 12-29 nmol L' d~*, with no N,O produc-
tion observed in sulfide-free controls. In other stratified basins,

studies have reported intensive N,O production at the nitrate-
sulfide interface, where rates of N,O production were similar
to rates of nitrate reduction to N, (Bonaglia et al. 2016).

Key microbial denitrifiers

Pelagic denitrifying blooms of epsilonproteobacteria and
gammaproteobacteria, which comprise of SUPOS, Arcobacter
and Sulfurovum/Sulfurimonas are likely candidates that mediate
sulfide-driven nitrate reduction to NO, , N,O, and Na.
A. peruensis, isolated from the ETSP region, contains not only
a complete set of denitrification genes, but was further shown
to produce N, in physiology experiments amended with sul-
fide, nitrate and organic matter (Callbeck et al. 2019). In addi-
tion, A. peruensis, was shown to produce nitrite either
transiently or as an end-product of nitrate reduction. For
instance, when organic matter was limiting, incomplete
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nitrate reduction producing nitrite was observed, suggesting
that the fate of nitrate reduction was moderated by the avail-
ability of organic matter.

The ETSP sulfide-nitrate chemocline exhibits active expres-
sion of the nitrate reductase gene, most of which are affiliated
to the SUPOS bacteria, suggesting that this group also plays a
considerable role in regulating the fate of nitrate (Schunck
et al. 2013; Léniz et al. 2017). Whether nitrate is reduced to
N, or produces nitrite or N,O as an end-product, depends on
the SUPOS member. For instance, the recovered metagenome
of SUPOS bacteria in ETSP waters contains a capacity for sulfide
oxidation coupled to complete nitrate reduction to N,
(Callbeck et al. 2018). While a Saanich Inlet recovered SUPO5
metagenome was shown to lack the gene (n0sZ) necessary for
N,O reduction to N, (Walsh et al. 2009), and was also missing
the gene involved in nitrite reduction to NO, generating nitrite
in laboratory culture experiments (Shah et al. 2016). Alterna-
tively, the Saanich Inlet SUPOS works in consortium with Mar-
inimicrobia to catalyze the last step of N,O reduction to N,
(Hawley et al. 2017), possibly contributing to the elevated rates
of N, production in these sulfide-rich waters (Michiels et al.
2019). Whether the same SUPO5-Marinimicrobia interaction is
active in ETSP waters, given that ETSP-SUPOS has a capacity for
complete denitrification, is unclear.

What ultimately controls the fate of nitrate, and its
channeling to end products NO; , N,O, and N, by pelagic
SUPOS and Arcobacter, thus, appears to be dictated by a few
factors: (1) species heterogeneity (e.g., ETSP-SUPOS vs Saanich
Inlet SUPOS), (2) the coupling of sulfide-oxidizing bacteria
with other microbial groups (SUPOS5-Marinimicrobia), and
(3) the availability of certain requisite substrates, such as sul-
fide and organic matter. These three factors, in addition to the
abiotic interaction of sulfide with trace metals that influence
the metalloenzymes of denitrification (discussed below), are
all possible controls of sulfide-driven denitrification.

NH; production

Ammonium, another important substrate required by ana-
mmox bacteria, can be jointly supplied by benthic sulfate-
reducing and sulfide-oxidizing bacteria. The high surface
organic matter export rates that promote a sulfidic event (Fig.
2C,D), also enhance benthic sulfate reduction that in consor-
tium with fermenting bacteria, drives organic matter
remineralization and the release of benthic ammonium to the
water column. Moreover, the enhanced sulfide production in
sediments promotes the activity of giant sulfur bacteria
Thioploca and Thiomargarita, which reduce the nitrate stored
in there vacuoles to ammonium via DNRA (Fossing et al.
1995; Otte et al. 1999; Schulz et al. 1999). By utilizing the
nitrate stored in their vacuoles, DNRA activity by Thioploca
can be sustained for weeks during prolonged periods of
bottom-water anoxia when water-column nitrate is absent
during a sulfidic event (Dale et al. 2016). Estimates indicate
that sulfide-driven DNRA activity by giant sulfur bacteria can
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contribute up to 63% of the benthic ammonium flux. The
remainder of the flux is generally ascribed to ammonification
by the activities of sulfate-reducing bacteria, acting in consor-
tium with fermenting bacteria (Sommer et al. 2016).

The combined activities of sulfate reduction and sulfide-
driven DNRA during a sulfidic event result in high benthic
fluxes of ammonium. Measured fluxes can range from 1.5 to
21.2 mmol NH; m™2 d~! with the higher values occurring at
shallow stations less than 100m water depth (Sommer et al.
2016). By comparison, fluxes reported across a similar transect
with no apparent sulfide accumulation were between 3.5 and
4.0mmolm~2 d~!, suggesting that sulfidic events can enhance
the benthic ammonium flux (Bohlen et al. 2011; Sommer
et al. 2016). Congruently, elevated ammonium concentrations
of 5-10 yM have been reported in sulfide-rich bottom waters
(Nagvi et al. 2000; Lavik et al. 2009; Schunck et al. 2013; Cal-
Ibeck et al. 2018). Some evidence also indicates that water-
column rates of DNRA at the nitrate-sulfide chemocline
(40nmol L' d7', estimated at ~0.1 mmol NH; m~% d~') may
supply some additional ammonium (Schunck et al. 2013).

In the ETSP region, the benthic ammonium flux combined
with the enhanced rates of nitrite production at the pelagic
nitrate-sulfide chemocline, promote twofold higher anammox
activity at stations containing bottom water sulfide compared
to nonsulfidic stations (Kalvelage et al. 2013; Schunck et al.
2013; Callbeck 2017). While it was previously suggested that
anammox is inhibited by sulfide, in situ amendment experi-
ments affirm that anammox activity tolerated sulfide concen-
trations up to 1-2.5 uM (Dalsgaard et al. 2014; Michiels et al.
2019). Furthermore, anammox genes were found to be actively
expressed during a sulfidic event (Schunck et al. 2013). Thus,
even in the presence of sulfide, anammox appears to still com-
pete for available nitrite and ammonium generated by the sul-
fur cycle.

Abiotic interaction of sulfide with trace metals and its
feedback on the nitrogen cycle

The production of nitrite and N,O are tightly regulated by
the metalloenzymes of denitrification that produce and con-
sume these intermediates, and these enzymes are influenced
by the availability of trace metals such as iron and copper. In
sulfidic waters, sulfide may sequester trace metals such as cop-
per in the form of copper-sulfide precipitates. The
metalloenzymes of NirK involved in nitrite reduction to nitric
oxide, and NosZ involved in the last step of denitrification,
N,O reduction to N,, contain copper-rich active sites (Godden
et al. 1991; Brown et al. 2000; Nojiri et al. 2007; Glass and
Orphan 2012). Laboratory experiments using denitrifying bac-
teria have shown that inducing Cu-limitation by the addition
of chelating agents increases the production of nitrite and
N,O (Granger and Ward 2003; Manconi et al. 2006; Felgate
et al. 2012; Moffett et al. 2012). Similar observations are
reported with increasing sulfide concentrations, whereby
increasing sulfide induces lower nitrite and N,O reduction
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activity, while nitrate reduction to nitrite remains unchanged
at all sulfide concentrations (Pan et al. 2013; Pratihary
et al. 2014).

In OMZs, the sulfide-rich sediments and bottom waters are
likely sinks of copper, analogous to the sulfide-rich Cariaco
Basin (Tankéré et al. 2001). Although sulfide sequesters copper
(and many other transition metals), sulfide-rich sediments are
often a source of dissolved iron, as iron forms a relatively solu-
ble metal sulfide complex with sulfide (Saito et al. 2003;
Noffke et al. 2012; Scholz et al. 2014; Schlosser et al. 2018;
Plass et al. 2019). During a sulfidic event, the benthic iron flux
to overlying waters is substantial (Schlosser et al. 2018), and
may alleviate iron constraints for the Fe-rich denitrification
enzymes including nitrate reductase (NarGHI: NO; - NO; ),
the Fe-nitrite reductase (NirS: NO, - NO) and nitric oxide
reductase (C(NOR: NO - N,0) (Glass and Orphan 2012).

In the sulfide-rich bottom waters of the ETSP region, the
Cu-nitrite reductase (nirK) and nitrous oxide reductase (n0sZ)
exhibited lower levels of expression relative to the Fe-nitrate
reductase (Schunck et al. 2013; Léniz et al. 2017). Moreover,
in the presence of sulfide, rates of nitrate reduction to nitrite
well surpassed potential rates of N,O reduction to N,
(Schunck et al. 2013). Copper limitations induced by the addi-
tion of sulfide in ETSP amendment experiments might also
explain the net increase in N,O production relative to non-
sulfide amended experiments (Dalsgaard et al. 2014; Galdn
et al. 2014), in line with other studies (Pan et al. 2013;
Pratihary et al. 2014). It is therefore tempting to speculate that
sulfide-metal interactions might disproportionately affect the
various steps of denitrification differently during a sulfidic
event controlling the fate of nitrate, and its channeling to end
products NO; , N,O, and Np.

Local production of fixed-N and fixed-C in the anoxic zone
Nitrogen and carbon fixation are most active in the oxygen-
ated surface waters, which sustain elevated primary productiv-
ity as a result of nutrient upwelling. The sinking of surface
generated organic matter, in turn, provides fixed carbon and
nitrogen to the OMZ driving an active nitrogen and sulfur
cycle. While part of this sinking material is remineralized in
the water column by heterotrophs, mounting evidence indi-
cates that sulfidic events could additionally support the local
generation of fixed nitrogen and carbon in the anoxic zone.

In the ETSP region, elevated rates of nitrogen fixation were
detected in sulfide-rich bottom waters during a sulfidic event,
reaching up to 10 nmol NL™! d7!, or 0.5 mmol Nm=2 d™!
(Loscher et al. 2014; Sommer et al. 2016). Even though these
rates are 2-3-fold lower compared to rates of nitrogen fixation
in surface waters (Loscher et al. 2014), newly fixed nitrogen in
the anoxic zone could partly offset local nitrogen loss (Halm
et al. 2009). A metatranscriptomic survey of these ETSP waters
finds active expression of the NifH gene—the key enzyme
involved in nitrogen fixation—associated to green sulfur bac-
teria Chlorobium, as well as to Desulfovibionales and
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Desulfobacterales (orders of sulfate-reducing Dbacteria)
(Christiansen and Loscher 2019, preprint).

Elevated rates of dark carbon fixation are also associated
with the sulfide-rich waters, driven by chemolithoautotrophic
blooms of sulfide-oxidizing bacteria. Off the coast of Peru
and Chile, carbon fixation rates during sulfidic events can
reach from 900 to 2800 nmol C L~! d~! (Schunck et al. 2013;
Galan et al. 2014; Callbeck et al. 2018, 2019); with the
highest rates of carbon fixation occurring when stations con-
tain > 20 uM sulfide (Callbeck et al. 2019). Similarly high
rates of carbon fixation have also been reported in the
chemoclines of stratified basins up to ~ 2500 nmol C L™ d™*
(Taylor et al. 2001; Glaubitz et al. 2010; Michiels et al. 2019).
In the ETSP region, assuming that the total amount of sulfide
contained in these waters was oxidized for growth by
chemolithoautotrophic bacteria, then a singular sulfidic event
can represent up to ~ 30% of the photoautotrophic carbon
fixation (Schunck et al. 2013). This episodic increase in the
fraction of dark carbon fixation is similar in magnitude to
the amount of photosynthetic surface production exported
below the photic zone.

Single-cell CO, assimilation measurements indicate that
SUPOS, and epsilonproteobacteria (most likely Sulfurovum/Sul-
furimonas), account for a large fraction of the carbon fixation
rate in the nitrate-sulfide chemocline (Callbeck et al. 2018,
2019). Namely, the epsilonproteobacteria Sulfurovum/Sul-
furimonas had a nearly fourfold higher CO, fixation rate than
compared to SUPO5 of 0.72 and 0.19 fmol cell™* d~', respec-
tively (Callbeck et al. 2019). Given the abundance of
Sulfurovum/Sulfurimonas during a sulfidic event, they are
expected to play an important role in generating organic mat-
ter in the anoxic zone. Other autotrophic bacteria, such as
Marinimicrobia, might further contribute to carbon fixation
(Hawley et al. 2017), although in situ rates of CO, fixation
remain unquantified for this clade.

Apart from lithoautotrophy, emerging evidence indicates
that chemolithoheterotrophic bacteria may additionally thrive
in these organic- and sulfide-rich bottom waters (Callbeck
et al. 2019). A. peruensis, isolated from a sulfidic event, is capa-
ble of assimilating acetate for growth, while oxidizing sulfide
and reducing nitrate. Indeed, previous chemocline studies
have observed elevated rates of acetate assimilation in the
sulfide-rich Cariaco Basin (Ho et al. 2002). In OMZs, we posit
that the anoxic blooms of chemolithoheterotrophic and
chemolithoautotrophic bacteria are sustained, in part, by the
release of dissolved organic and inorganic carbon from sedi-
ments (Dale et al. 2015; Loginova et al. 2016).

The presence of deep anoxic blooms have therefore poten-
tial to represent major sinks of dissolved inorganic and
organic carbon, providing an input of fixed-C, and fixed-N,
below the photic zone. This local input is expected to enforce
sulfate reduction and sulfide accumulation in upper shelf sedi-
ments (Schunck et al. 2013), and possibly enhance nitrogen
loss (e.g., Callbeck et al. 2021).
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The release of dissolved phosphate

In OMZs, intensive sulfur cycling at the water—sediment
interface plays an important role in moderating the release of
dissolved phosphate to the water column. Since phosphate is
a key nutrient limiting primary productivity, its release to the
water column is predicted to cause greater eutrophication with
positive feedback effects on nitrogen and sulfur cycling. While
anoxic sediments generally contribute to the benthic release
of phosphate, field observations suggest that the benthic
phosphate flux to the water column is enhanced during a sulf-
idic event. For instance, a sulfidic event off the coast of Peru
(with up to 33 uM HS™ in bottom waters) observed a total ben-
thic dissolved phosphate flux of 1 mmol m~2 d~' (Lomnitz
et al. 2016), which was twofold higher than the flux measured
in the absence of a sulfidic event (Bohlen et al. 2011; Noffke
et al. 2012).

The increase in the benthic phosphate flux during a sulfidic
event can be partly ascribed to the activities of sulfate-
reducing and sulfide-oxidizing bacteria. The high rates of sur-
face exported organic matter that induce a sulfidic event (Fig.
2C,D), also fuel greater sulfate reduction that increases organic
matter remineralization producing phosphate in shelf sedi-
ments (Lomnitz et al. 2016).

The release of phosphate is further compounded by the
activities of giant sulfur bacteria, such as Thioploca and Thio-
margarita. Thioploca/ Thiomargarita has a capacity to store phos-
phate inside intracellular vacuoles in the form of
polyphosphate. Evidence indicates that these bacteria uptake
large amounts of phosphate when sulfide concentrations are
low (Schulz and Schulz 2005; Goldhammer et al. 2010), but
oxidize stored polyphosphate reserves when sulfide concentra-
tions increase, resulting in an efflux of dissolved phosphate
(Brock and Schulz-Vogt 2011). In OMZ sediments, Thioploca/
Thiomargarita exhibit a spatial correlation with the accumula-
tion of pore-water phosphate and apatite formation (Schulz
and Schulz 2005; Goldhammer et al. 2010; Bailey et al. 2013).
Furthermore, functional gene surveys affirm that genes related
to polyphosphate degradation are upregulated in the presence
of sulfide (Jones et al. 2016). Together, the intensive sulfur-
based activity at the water—sediment interface not only influ-
ences the carbon and nitrogen cycles, but also has conse-
quences for phosphorous cycling in OMZs.

The benthic-pelagic sulfur cycle in the absence of bottom
water sulfide

Once the release of benthic sulfide declines (Fig. 4A), the
sulfur cycle at the water-sediment interface continues to play
a major role in upper shelf biogeochemistry (Dale et al. 2017).
Following a sulfidic event, nitrate is replenished to upper shelf
bottom waters, while organic matter rain rates are typically
reduced compared to an active sulfidic event (Dale et al.
2016, 2017).

Under nitrate-rich conditions, in the absence of sulfide, pelagic
rates of sulfide-driven denitrification decrease dramatically,
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leaving anammox as the dominate nitrogen removal pathway in
the water column. While pelagic denitrification subsides benthic
sulfide-driven DNRA continues, which marks a large shift from
nitrogen removal to mainly nitrogen recycling by DNRA (Bohlen
et al. 2011; Pratihary et al. 2014; Dale et al. 2016; Neumann et al.
2016; Sommer et al. 2016). Some sulfide-driven denitrification
remains in sediments, but, giant sulfur bacteria appear to out-
compete denitrifying bacteria for available nitrate (Dale et al.
2017), where they draw a downward flux of pelagic nitrate to the
sediment to replenish vacuole nitrate stores. Field observations in
the ETSP region indicate that benthic fluxes of ammonium are as
much as five times lower in the absence of a sulfidic event
(Bohlen et al. 2011; Sommer et al. 2016). Nevertheless, benthic
sulfide-driven DNRA and ammonification (by sulfate reducing
bacteria) continue to release ammonium to the water column at
up to 3.7 mmol m~2 d~'. Estimates suggest that the benthic
ammonium flux could account for 50% of the ammonium
requirements of anammox activity in OMZ shelf waters
(Kalvelage et al. 2013; Dale et al. 2016).

In addition, the sulfide-rich shelf sediments can some-
times be a small but significant flux of nitrite to the overly-
ing water column. For instance, nitrite concentrations often
increase moving toward the bottom waters of the upper shelf
OMZ (Farias et al. 2009; Fiissel et al. 2012, 2017; Galan et al.
2014; Léniz et al. 2017). While a substantial fraction of
nitrite production involves pelagic heterotrophic nitrate
reduction to nitrite (Lam et al. 2009), another possible source
may arise from the activities of giant sulfur bacteria
Thioploca/ Thiomargarita in sediments. In addition to produc-
ing ammonium as a result of DNRA, Thioploca can also gener-
ate nitrite under nitrate limiting conditions, which can leak
from the cell and accumulate in subsurface pore waters (Otte
et al. 1999; Prokopenko et al. 2006, 2013). A small fraction
of this pore-water nitrite accumulation may subsequently dif-
fuse into the water column. For instance, in the ETSP and
ETSA upper shelf the maxima benthic nitrite flux was from
5 to 150 ymol m~2 d7', albeit, the nitrite flux is sometimes
directed into the sediments depending on the location
(Bohlen et al. 2011; Neumann et al. 2016; Sommer
et al. 2016).

Benthic-generated nitrite and ammonium likely contrib-
ute to the active rates of anammox and nitrification, which
are reported in upper shelf bottom waters (Kuypers et al.
2005; Lam et al. 2009; Lavik et al. 2009; Fiissel et al. 2012,
2017; Kalvelage et al. 2013; Galan et al. 2014). Thus, despite
the absence of sulfide, the highly active sulfur cycle in the
water-sediment interface plays an integral role in moderat-
ing the pelagic inventories of nitrite and ammonium with
important implications for anammox and nitrification year-
round (Dale et al. 2017). When conditions promote the ben-
thic release of sulfide, the nitrate-sulfide chemocline exhibits
a shift back to nitrogen removal by denitrification, along
with accelerated rates of anammox and N,O production
(Fig. 4B).
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Moving offshore

In the offshore OMZ, the sulfur cycle is expected to have
similar biogeochemical implications for the carbon and nitro-
gen cycle as to the upper shelf sulfur cycle. Sulfur cycling
activity and the other linked processes also appear to be het-
erogeneously distributed in the offshore OMZ, as a conse-
quence of lateral transport processes. As described earlier,
ETSP cross-shelf transport, can contribute to the redistribution
of large inventories of elemental sulfur, produced during a
sulfidic event into the open ocean OMZ. In addition, the off-
shore advected plume is associated with active chemoli-
thoautotrophic SUPOS bacteria (Callbeck et al. 2018).

In the ETSP sulfur plume, single-cell measurements indicate
that SUPOS bacteria contributed to substantial carbon fixation
with rates reaching 8.4 mmol C m~2 d~!, comparable to the sulf-
idic upper shelf of 13.4 mmol C m~2 d~! (Callbeck et al. 2018).
Moreover, the offshore sulfur plume exhibited elevated nitrate
reduction to N, and nitrate reduction to nitrite with rates aver-
aging 7.9 and 17.8 nmol NL™! d™', respectively (Fig. 5). The
ability of SUPOS to store intracellular sulfur, or metabolize
advected sulfur, combined with its genomic capacity for denitri-
fication, suggested that it may be responsible for measured rates
of nitrate reduction in the offshore advected plume. Overall,
denitrification in plume waters accounted for nearly one-fifth of
total nitrogen loss, with the remainder attributable to anammox
(Callbeck 2017; Callbeck et al. 2018). In addition, the enhanced
rates of nitrate reduction to nitrite in the sulfur plume contrib-
uted to nearly one-half of the required nitrite for anammox
(Callbeck 2017; Callbeck et al. 2018). ETSP rate measurements
are also comparable with an ETSP model that estimated that
sulfide-driven denitrification could account for nearly one-
fourth of total nitrogen loss; while sulfide-driven nitrate reduc-
tion to nitrite supports one-fourth of the nitrite supply for ana-
mmoX (Azhar et al. 2014).

In contrast, in offshore ETSP waters outside of the sulfur
plume, SUPOS CO, fixation rates were negligible and mean
rates of nitrate reduction to N, (0.7 nmolNL™! d~') and
nitrate reduction to nitrite (7.7 nmol N L™' d™!) were lower
compared to waters sampled inside the sulfur plume. The dif-
ference in activity between the two offshore stations sampled
in and outside of the sulfur plume, suggests that a large degree
of variability is inherent to the offshore ETSP region. Congru-
ently, in past offshore ETSP surveys a similar degree of vari-
ability is observed in denitrification rates, with maximum
rates ranging from 0 to 19 nmol N L™ d~! (Thamdrup et al.
2006; Hamersley et al. 2007; Lam et al. 2009; Canfield et al.
2010; Dalsgaard et al. 2012; Kalvelage et al. 2013). Unfortu-
nately, '*N-labeled stable isotope experiments as used to
quantify nitrogen transformations, are unable to distinguish
between heterotrophic or sulfur-driven denitrification. How-
ever, the evidence for cross-shelf advected elemental sulfur,
and sulfur-accumulating SUPOS bacteria described above,
raises the possibility that sulfur-driven denitrification could be
another pathway contributing to offshore ETSP nitrogen loss.

Sulfur cycling in oxygen minimum zones

Furthermore, the frequent transport of coastal sulfur plumes
into the open ocean (Weeks et al. 2002, 2004; Ohde et al.
2007; Ohde 2018; Ohde and Dadou 2018) (e.g., Fig. 2A),
implies that sulfur-driven chemolithoautotrophy might have
a larger impact on offshore ETSP nitrogen loss and carbon fix-
ation than previously believed.

Apart from the activities of sulfur-driven denitrification,
the offshore rates of OMZ sulfate reduction indicate that
organic matter remineralization producing ammonium could
support nitrogen loss by anammox. Measured rates of sulfate
reduction of 12+ 5 nmol L' d7!, amounted to 33% of off-
shore organic carbon remineralization (Canfield et al. 2010).
Using Redfieldian C : N ratios, the measured sulfate reduction
rate could yield up to 0.30 mmol NH; m~2 d~', roughly 22%
of the ammonium needed to sustain offshore anammox activ-
ity (Canfield et al. 2010). At a station located 44 km from the
coast, which had lower average sulfate reduction rates
(1.3+0.6 nmol L™t d71), sulfate reduction accounted for 8% of
anammox ammonium requirements (Canfield et al. 2010).
Estimates from an offshore ETSP model suggest that organic
matter remineralization by sulfate reduction could account for
36% of offshore remineralization (Azhar et al. 2014). This
modeled rate is in close agreement with the measured rates of
sulfate reduction (Canfield et al. 2010). A more recent ETSP-
OMZ estimate, using a size-resolved particle simulation model,
predicts that sulfate reduction could contribute up to 5% of
particulate organic matter remineralization (Bianchi et al.
2018). Despite the variability, modeling and rate process mea-
surements suggest that sulfate reduction could be a significant
supply of ammonium for anammox bacteria in the ETSP
region. Although more direct measurements of sulfate reduc-
tion are needed to better understand the full extent and vari-
ability of this process in the offshore OMZ.

Potential for DOS degradation in OMZs

The ocean contains nearly 7 Pg (10" g) of DOS (Ksionzek
et al. 2016), with marine upwelling regions representing major
hotspots of DOS production (Kloster et al. 2006; Lana et al.
2011; Ksionzek et al. 2016; McParland and Levine 2019).
Work in the Canary and Benguela upwelling systems indicates
that these eutrophic waters are active areas of remineralization
of DOS-containing compounds, with indications of preferen-
tial DOS removal relative to dissolved organic carbon (DOC)
(Ksionzek et al. 2016).

In marine upwelling regions, phytoplankton DOS synthesis
and the sinking of their biomass offer an important source of
DOS to OMZ waters (Landa et al. 2019). Further contributions
occur as a result of local secretions of DOS by diel vertical
migrating zooplankton (Clifford et al. 2017; Tutasi and
Escribano 2020). Moreover, abiotic sulfurization of organic
matter in sulfide-rich sediments is posited to also contribute
to the large DOS inventory in OMZs (Pohlabeln et al. 2017).
Abiotic sulfur incorporation into DOM has been observed in
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sediment cores collected from the Peru margin, with
organosulfonates comprising 20-40% of the sulfur species
(Eglinton et al. 1994; Vairavamurthy et al. 1994), and
extremely high concentrations of DOS (up to 442 nM) have
been reported in association with OMZ shelf waters (Andreae
1985; Shenoy et al. 2012).

The large DOS inventory supports organosulfur-based het-
erotrophy by marine microorganisms (Moran and Durham
2019; Tang 2020). These microbes employ a number of
organic matter transport systems and degradation pathways to
gain energy from the vast array of DOS compounds available
in the marine environment. While a great number of DOS
compounds exist as reviewed elsewhere (Moran and Durham
2019; Tang 2020), the chemical composition of DOS is
roughly defined according to the chemical oxidation state of
the organic sulfur containing moiety. More oxidized sulfur
metabolites include taurine, and its derivatives, hypotaurine,
methyltaurine, isethionate, and N-acetyltaurine contain a sul-
fonate moiety (R-SO3); while more reduced forms of DOS,
such as dimethylsulfide, contain a methyl-sulfur (S-Rj ). Sub-
sequently, when DOS is metabolized by heterotrophic
microbes it generates reduced and oxidized forms of inorganic
sulfur species (e.g., sulfide, thiosulfate and sulfite).

Although our understanding of DOS degradation in OMZs
is rudimentary; we briefly explore some key organisms that
could ostensibly contribute to DOS recycling in the OMZ
and oxycline. We specifically focus on the fate of the organic
sulfur metabolite, taurine (Table 1). Taurine is an important
labile amino-acid like compound produced from algae and
zooplankton, where it can reach concentrations of up to
200 mM inside some cells (Clifford et al. 2017). Once
released into the environment, taurine utilization can gener-
ate a wide range of energy yields for heterotrophic bacteria
(AG' = =12 to —1365 k] mol~!; Table 1). In addition, some
heterotrophs also use taurine as the sole source of assimilable
carbon, nitrogen, and sulfur (Durham et al. 2019). This dual
role as an energy source and as a source of assimilable car-
bon, nitrogen and sulfur may explain why free dissolved tau-
rine concentrations are maintained at low nanomolar levels
due to its rapid uptake by marine heterotrophs (Clifford et al.
2019). Indeed, a diverse assemblage of heterotrophs carry a
capacity for taurine uptake and remineralization, suggesting
that taurine is important to many microbes in the marine
realm (Clifford et al. 2019), and the same likely holds true
for organic-rich OMZs.

Taurine degradation coupled to S-species oxidation

Due to the oxidized nature of the sulfonate moiety, the des-
ulfonation of taurine leads to sulfoacetaldhyde and eventually
to sulfite and acetate generation (AG’ = —302 kJ mol~}; Table
1). The produced sulfite from taurine desulfonation can be fur-
ther oxidized for energy gain by the rDsr pathway, or by the
family of molybdenum-containing sulfite-oxidizing enzymes
YedYZ and SorAB (Kappler 2008), producing sulfate (also see
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Fig. 1). The initial desulfonation of taurine is catalyzed by the
enzyme TauD, which is an oxygenolytic dioxygenase that
requires molecular oxygen (Kertesz 2000; Tang 2020). Overall,
the complete oxidation of taurine to sulfate, ammonium, and
bicarbonate generates significant energy yields when using
either nitrate or oxygen as the electron acceptor (AG' = —1239
and —1365 k] mol™; Table 1). In the oxygenated ETSP surface
waters, the most prevalent microbes involved in taurine
uptake and recycling is mediated by the cosmopolitan mem-
bers SAR11 and Roseobacter (Bergauer et al. 2018; Clifford et al.
2019; Tang 2020).

In deeper ETSP waters, taurine uptake genes are dominated
by SAR324 and Arctic96BD-19 (Landa et al. 2019).
Arctic96BD-19 within the Gammaproteobacteria is a hetero-
trophic sister lineage of the SUPOS5 clade. While SUPOS is
widely distributed in OMZs (Fig. 6A), Arctic96BD-19 exhibits
an even broader distribution in the ocean than compared to
SUPOS  (Fig. 6B). SAR324 is found within the
Deltaproteobacteria (Yilmaz et al. 2016), and like Arctic96BD-
19, it is also omnipresent in the ocean, including all major
marine upwelling regions (Stevens and Ulloa 2008; Fuchsman
et al. 2011; Wright et al. 2012; Allers et al. 2013; Beman and
Carolan 2013; Hawley et al. 2014; Forth et al. 2015; Thrash
et al. 2017). Specifically, Sar324 and Arctic96BD-19 distribu-
tions tend to correlate with low-oxygen concentrations
(< 70 uM) (Aldunate et al. 2018), indicating that these mem-
bers possibly thrive in the OMZ oxycline. Here, Arctic96BD-19
bacteria putatively grow via a mixotrophic metabolism, with a
capacity for autotrophy as well as a reliance on organic matter
for growth (Swan et al. 2011; Marshall and Morris 2013; Spietz
et al. 2019).

Among the array of organic matter degradation pathways,
Arctic96BD-19 encodes for the tauD, as well as taurine uptake
genes tauABC (Marshall and Morris 2015; Landa et al. 2019).
Moreover, a Saanich Inlet OMZ Arctic96BD-19 isolate showed
some growth on taurine and thiotaurine (Spietz et al. 2019).
Other water-column studies of phytoplankton blooms, observed
an upregulation of taurine genes associated to Arctic96BD-19
(Georges et al. 2014). Similarly, the mixotrophic SAR324 clade,
although poorly characterized, encodes for carbon fixation,
including various pathways involved in organic matter degrada-
tion and taurine desulfonation by TauD (Swan et al. 2011; Sheik
et al. 2014; Landa et al. 2019; Tang 2020). Complementing their
heterotrophic capacity, both Sar324 and Arctic96BD-19 carry
genes for reduced sulfur degradation via rdsr pathways, includ-
ing genes for sulfite oxidation (Swan et al. 2011; Sheik et al.
2014; Spietz et al. 2019), suggesting that sulfite generation from
taurine could be further oxidized to sulfate.

Given that Sar324 and Arctic96BD-19 favor low-oxygen
concentrations (<70 uM) (Aldunate et al. 2018), these
mixotrophs are posited to play a role in taurine/DOS degrada-
tion coupled to oxygen respiration in the OMZ oxycline.
Future work might also consider whether organosulfur-based
heterotrophs, such as Sar324 and Arctic96BD-19, are partly
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Fig. 6. Distribution of SUPO5 and Arctic96BD-19 clades. SUPO5 (A) and Arctic96BD-19 (B) abundances are represented as the percentage of associated 16S
rRNA sequences in metagenomic and amplicon sequencing datasets from TARA Ocean and OSD, Ocean Sampling Day 2014 (OSD2014) as well as from
other OMZ metagenomic data sets (Walsh et al. 2009; Canfield et al. 2010; Wright et al. 2012; Schunck et al. 2013). The highest reported SUP05 and
Arctic96BD-19 abundances at each station are indicated. Note that studies using quantitative polymerase chain reaction (qPCR) (Carolan and Beman 2015;
Bristow et al. 2017) and fluorescence in situ hybridization(FISH) (Lavik et al. 2009; Glaubitz et al. 2013; Callbeck et al. 2018) based approaches to quantify
SUPO5 and Arctic96BD-19 bacteria are highlighted with triangles. Map abbreviations indicated stand for: eastern tropical South Pacific (ETSP), eastern tropical
North Pacific (ETNP), eastern tropical South Atlantic (ETSA), Arabian Sea (AS), Saanich Inlet (SI), and the Bay of Bengal (BOB). Mapping of 16S rRNA gene
sequence reads from the TARA Ocean and OSD data sets was performed according to (Martinez-Pérez et al. 2016). Near full-length published and
unpublished 16S rRNA gene sequences from previously identified SUPO5 and Arctic96BD-19 species were used as a BLASTn classification reference database.
A cutoff of (percent query coverage + percent alignment identity)/2 > 98% was used to assign either SUPO5 or Arctic96BD-19 identity to a read.

fueled by cross-shelf transported elemental sulfur (Callbeck
et al. 2018).

Other members that carry a genetic capacity for DOS degra-
dation include the recently characterized ETSP Sagittula
castanea within the Roseobacter clade, which was isolated from
sulfide-rich upper shelf waters (Martinez-Pérez et al. 2018). Pre-
vious studies have found Roseobacter members in close associa-
tion with sulfide-rich marine sediments and in the oxic-anoxic
redoxcline, suggesting that some members of this diverse phy-
lum can thrive under sulfidic conditions (Sorokin 1995; Lenk
et al. 2012). Interestingly, the ETSP S. castanea, was capable of
both aerobic and anaerobic growth, and its genome encoded

for genes involved in dimethylsulfide utilization as well as a
complete Sox pathway akin to other Roseobacter members
(Martinez-Pérez et al. 2018). Dimethylsulfide degradation is
common to Sagittula stellata E-37 (the next closest type strain
to ETSP S. castanea), and also has been shown to oxidize sul-
fite and thiosulfate, although it is unclear if this is directly
connected with organic sulfur degradation (Gonzilez et al.
1999; Boden et al. 2011). Organic sulfur utilization might
also extend to chemolithoautotrophic SUPOS bacteria, which
were shown under laboratory conditions to grow using
thiotaurine, but not taurine or dimethylsulfoniopropionate
(Shah et al. 2019). Whether a similar capacity for organic
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sulfur utilization exists in other OMZ-SUPOS bacteria is cur-
rently unknown.

Anaerobic taurine degradation coupled to sulfite reduction
to sulfide

The presence of oxygen is critical to the function of many
desulfonation enzymes (mono-/di-oxygenases), such as TauD,
because it enables the C—S bond cleavage in DOS via the gen-
eration of oxygen radicals. However, recent emerging evidence
has characterized a novel C—S bond cleaving enzyme, within
the family of glycyl radical enzymes called IsIA that does not
require oxygen for its catalysis of DOS. The complete anaero-
bic taurine desulfonation pathway was characterized in the
strict anaerobe Bilophila wadsworthia (Peck et al. 2019), which
proceeds first by deamination of taurine to sulfoacetaldehyde.
Sulfoacetaldehyde is then reduced to isethionate by a NADH-
dependent reductase (e.g., Halodesulfovibrio oceani; Fig. 3H). In
the critical C—S bond cleavage step, sulfite is liberated from
isethionate catalyzed by the isethionate sulfite-lyase (IslA).
Acetaldehyde is oxidized to acetyl-CoA and eventually incor-
porated into biomass via gluconeogenesis; while the liberated
sulfite is reduced to sulfide by Dsr. Thus, the sulfonate moiety
ultimately serves as the source of sulfur (also see Fig. 1). Apart
from B. wadsworthia, the desulfonation enzyme IslA, has also
been identified in Desulfovibro spp. (62% amino acid identity)
as well as a number of other genera associated to the
deltaproteobacteria (Peck et al. 2019), more commonly identi-
fied in OMZs (Canfield et al. 2010; Finster and Kjeldsen 2010;
Schunck et al. 2013).

In the ETSP region, two strains of D. oceani were isolated
from offshore waters off the coast of Peru (reclassified as
Halodesulfovibrio oceani; Finster and Kjeldsen 2010; Shivani
et al. 2017). Both strains demonstrated a capacity for taurine
reduction producing sulfide and ammonium as end products
(Finster and Kjeldsen 2010). Halodesulfovibrio oceani also dem-
onstrated a capacity to reduce sulfate to sulfide, likely via
canonical sulfate reduction. Interestingly, a draft genome of
Halodesulfovibrio spirochaetisodalis JC271, the next closest type
culture (Shivani et al. 2017) has a complete taurine metabo-
lism pathway including taurine outer membrane permeases
and the desulfonation gene cluster isIA with 72% gene iden-
tity to B. wadsworthia. The ability for ETSP H. oceani to use tau-
rine to generate sulfide (Finster and Kjeldsen 2010), indicates
that taurine could function as an alternative electron acceptor
to sulfate.

The ability to use taurine as an electron acceptor offers some
key advantages. In contrast with sulfate reduction, which
requires one ATP to reduce sulfate to sulfite, the use of taurine
does not require ATP to generate sulfite as the electron acceptor
(Peck et al. 2019). The fermentation of taurine to ammonium,
acetate, bicarbonate, and sulfite followed by the reduction of
sulfite to sulfide results in a Gibbs free energy yield of
—225 K mol™' (Table 1), making this reaction favorable under
OMZ conditions especially in contrast to canonical sulfate
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reduction (AG’' = —88 k] mol™). Furthermore, microbes capable
of utilizing taurine as the electron acceptor, via IslA, are not
exclusive to sulfate-reducing bacteria (Deltaproteobacteria), but
also include microorganisms in the phylum Firmicutes (Peck
et al. 2019). Moreover, DOS compounds other than taurine
could serve as organic-sulfite donors for anaerobic respiration,
including 2,3-dihydroxypropane-1-sulfonate, isethionate and
cyseate (Lie et al. 1996; Denger et al. 1997; Burrichter
et al. 2018).

The capacity of ETSP H. oceani to use taurine as an electron
acceptor importantly highlights that sulfide generation could
extend beyond canonical sulfate reduction in OMZs. Examin-
ing this, in combination with the rates of taurine turnover to
sulfite and sulfide on a larger scale, presents an exciting ave-
nue for future OMZ research.

Summary

Primary production and the export of organic matter is one
of the principal drivers of the OMZ sulfur cycle. Organic mat-
ter oxidation coupled to sulfate reduction and organosulfur
sulfidogenesis generate sulfide, as well as the various other
reduced sulfur intermediates, sulfur, thiosulfate and sulfite
(Fig. 1). Collectively, a diverse assemblage of microbes gain
energy from the turnover of organic and/or inorganic sulfur
species, and these microbes exhibit clear niche partitioning in
the OMZ (Fig. 3). In the offshore waters, a number of microbes
thrive as mixotrophs with a capacity for both organic and
inorganic sulfur transformation, with most exhibiting a stron-
ger reliance on organic matter for growth, including
Roseobacter, Arctic96BD-19 and Sar324. In coastal waters, the
benthic fluxes of sulfide and elemental sulfur support more
lithotrophic metabolisms, including Arcobacter, Sulfurovum,
Thioploca, and SUPOS (A. peruensis is a partial exception since
it can grow as a chemolithoheterotroph). These microbes have
additionally evolved strategies (e.g., intracellular sulfur stor-
age) to cope with changing reduced sulfur fluxes caused by
fluctuating hydrodynamics.

The microbial sulfur cycle, in turn, exerts significant con-
trol over other linked biogeochemical cycles involved in car-
bon, nitrogen and phosphorous (Figs. 4). The influence of the
sulfur cycle is most evident in shelf waters with direct contact
to the benthos. Here, the water-sediment sulfur cycle controls
not only the pools of dissolved inorganic and organic carbon,
but contributes to carbon and nitrogen fixation that drives
local organic matter generation in the anoxic zone. The local
input of organic matter is expected to reinforce a sulfidic
event, which is possibly compounded by the release of ben-
thic phosphate at the water—sediment interface stimulating
primary productivity in surface waters. Sulfur cycling also con-
tributes to the generation of both nitrite and ammonium—
key substrates for anammox and nitrification. In the upper
shelf OMZ, the enhanced activities of anammox in the pres-
ence of sulfide, in combination, with sulfide-driven
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denitrification at the chemocline promote substantial nitrogen
loss. Moreover, the abiotic interaction of sulfide with trace
metals may further regulate the emission of the climate-active
trace gas N,O. While sulfide/sulfur accumulations were previ-
ously considered to be rare (e.g., Fig. 4B), evidence now indi-
cates that these events occur frequently in the ETSP and ETSA
shelf waters over prolonged periods of anoxia 180-200 d of
the year (Fig. 2C,D).

Similar biogeochemistry to the upper shelf is reported in
the offshore OMZ. In these waters detached from benthic pro-
cesses, sulfur cycling is believed to be sustained by lateral
transport processes and particle microniches (Fig. 5). Lateral
transport processes drive the redistribution of coastal sulfur
plumes into the open ocean along with active sulfide-
oxidizing bacteria, such as SUP0OS. Offshore advected SUPOS
bacteria contribute to rates of sulfur-driven denitrification and
carbon fixation. Moreover, sinking particles (or particles
advected from the coast) are predicted to house microniches
that contain an active sulfur cycle that could explain the pres-
ence of measured rates of sulfate reduction in the offshore
OMZ. These measured rates of sulfate reduction potentially
support an important fraction of ammonium driving ana-
mmox. Given the intensity of sulfur cycling activity (Figs. 2,
4, 5), we hypothesize that the sulfur cycle plays a quantita-
tively significant role in biogeochemistry from the upper shelf
to the open ocean OMZ.

The potential for large scale sulfur cycling in OMZs is per-
haps even greater if DOS turnover is also considered. Microbes
with a capacity for organic sulfur degradation (e.g.,
Arctic96BD-19) are a persistent and widespread feature of
organic matter rich OMZs (Fig. 6B). Moreover, DOS com-
pounds, such as taurine, may provide a novel pathway of sul-
fide generation by sulfate-reducing bacteria in OMZs (e.g.,
H. oceani). The significance of organosulfonate degradation as
a source of reducing equivalents for sulfide-oxidizing and
sulfate-reducing bacteria in the offshore OMZ remains
unquantified, as does its potential linkage to the nitrogen
cycle or other elemental cycles.

A century and a half ago, Dr. Burtt observed the presence
of a highly active sulfur cycle operating off the coast of Peru.
What seemed like a mystery is today understood as a complex
benthic—pelagic interaction involving regional oceanography,
chemistry, and microbiology. Our still modest understanding
of the modern OMZ sulfur cycle continues to evolve at a great
pace. We praise the long-term monitoring efforts, which have
been instrumental in providing integrated water-column
fluxes, process rate measurements, and molecular data; and
when supplemented with remote sensing, have provided great
insight into the spatial-temporal dynamics of OMZ sulfur
cycling. Moreover, we encourage cultivation-dependent tech-
niques, as they continue to help disentangle the multi-
functionality of microbes and further serve to verify omic-
based metabolic models. Finally, modeling work, with inte-
grated regional hydrodynamics, will be critical to assessing the
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ramifications of the OMZ sulfur cycle on the tightly coupled
carbon and nitrogen cycles. We hope that work presented in
this synthesis will help guide the design of future research in
OMZs, and in similar anoxic environments.
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