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Sulfur metabolites in the pelagic ocean

Mary Ann Moran
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Abstract | Marine microorganisms play crucial roles in Earth’s element cycles through the
production and consumption of organic matter. One of the elements whose fate is governed by
microbial activities is sulfur, an essential constituent of biomass and a crucial player in climate
processes. With sulfur already being well studied in the ocean in its inorganic forms, organic
sulfur compounds are emerging as important chemical links between marine phytoplankton and
bacteria. The high concentration of inorganic sulfur in seawater, which can readily be reduced by
phytoplankton, provides a freely available source of sulfur for biomolecule synthesis. Mechanisms
such as exudation and cell lysis release these phytoplankton-derived sulfur metabolites into
seawater, from which they are rapidly assimilated by marine bacteria and archaea. Energy-limited
bacteria use scavenged sulfur metabolites as substrates or for the synthesis of vitamins, cofactors,
signalling compounds and antibiotics. In this Review, we examine the current knowledge of
sulfur metabolites released into and taken up from the marine dissolved organic matter pool by
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of cloud formation.
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states and chemistry.

Inorganic sulfur in the form of sulfate (SO,*) has one of
the highest concentrations of any dissolved constituent
in seawater (~28 mM), indicative of it being a major
component of marine salt. From this massive reservoir,
sulfur is taken up by marine microorganisms and syn-
thesized into a variety of organic molecules. Eventually,
most microbially produced organic sulfur is reminera-
lized and the oxidized sulfur atom returned to the sulfate
reservoir. In between, however, it plays central roles in
the biology of marine microorganisms and the food webs
they sustain, by functioning in metabolism, contributing
to membrane structure, supporting osmotic and redox
balance, and acting as allelochemicals and signalling mol-
ecules. Some marine microorganisms synthesize volatile
sulfur metabolites, and a fraction of these escape across
the air-sea interface. Despite the small absolute amount,
this is the largest natural source of sulfur that is released
into the atmosphere. Following oxidation, ocean-derived
sulfur influences the acid-base balance of aerosols and
rainwater and affects cloud nucleation at a global scale'~’.

Sulfur metabolite cycling begins when micro-
organisms acquire and reduce sulfate from seawater,
a straightforward process for most. The assimilatory
sulfate reduction pathway that converts readily availa-
ble sulfate to sulfide (H,S) for incorporation into organic
molecules is nearly ubiquitous in marine phytoplankton
and bacterioplankton. Once reduced, sulfur is converted
into the essential amino acids methionine and cysteine,
into cofactors such as biotin and S-adenosylmethionine
and into microbial sulfolipid* and taurolipid® mem-
branes. Sulfur-containing metabolites also function

microorganisms, and the ecological links facilitated by their diversity in structures, oxidation

as cell osmolytes® and redox buffers’. According to the
canonical elemental ratio of ocean plankton biomass
(C,,N(PS, ) (REFH, one atom of sulfur needs to be
assimilated into marine microbial biomass for every
95 atoms of carbon assimilated.

Although the inorganic sulfur reservoir in seawater
greatly exceeds microbial sulfur quotas, the conversion
of sulfate (S oxidation state +6) to cysteine (S oxidation
state —2) requires an eight-electron reduction. Producing
fully reduced sulfur from sulfate has an energy cost
to microorganisms of 1,815kJ mol’, as compared to
605kJ mol™ for producing fully reduced carbon from
CO, (REF”). The expense of sulfate reduction is not usu-
ally prohibitive for the photosynthetic phytoplankton in
the sunlit ocean. Bacterioplankton, on the other hand,
are often energy-limited, and therefore sulfur that has
already been reduced and incorporated into organic
matter is a valuable commodity. Bacteria can obtain
pre-reduced sulfur from the seawater dissolved organic
sulfur (DOS) pool, into which labile organic sulfur
compounds are released from phytoplankton and other
marine microorganisms. Two widespread marine bacte-
rial taxa, the proteobacterial groups SAR11 and SAR86,
have actually lost the sulfate assimilation pathway and
instead are wholly reliant on scavenging reduced sulfur
from seawater'>'".

The assimilation of sulfur for molecular biosynthesis
is one example of the accumulating evidence from both
biological and chemical perspectives of a decidedly
active role for sulfur metabolite pools in the aerobic
ocean. These recent discoveries (and rediscoveries)
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Osmolytes

Organic molecules used by
organisms to maintain cellular
water balance.

Assimilation

Process by which organisms
transform compounds into
organic molecules.

Biosynthesis

The process by which
organisms assemble the
components of molecules.

Biogeochemical

Relating to the cycling of
elements through biological,
geological and chemical
processes.

Tg
Teragram, 10'2 grams.

Stoichiometry

A quantitative measure of the
relationship among elements
in a chemical compound.

Turnover times

The times required to
completely renew the content
of reservoirs.

include the identification of a diverse suite of sulfur-
containing molecules synthesized by marine phy-
toplankton'*-*, characterization of numerous genes
mediating DOS metabolism in cultured and uncul-
tured marine microorganisms'", and recognition of
the unique biogeochemical roles of DOS in the ocean’s
microbial network®”. In this Review, we examine sulfur
metabolites, defined as sulfur-containing organic mole-
cules that are direct products of metabolism, that are
synthesized and catabolized by marine microorganisms
in the pelagic ocean, and explore how they function as
ecological links between ocean microorganisms.

Organic sulfur cycling in the ocean

An estimated 1,320 Tg of sulfur is fixed by marine phyto-
plankton into organic material annually®, of which
~600Tyg is subsequently released into seawater as DOS
by various biological processes (FIC. 1). The majority of
these phytoplankton-derived metabolites are taken up
from the DOS pool by marine bacteria on short times-
cales (minutes to days)®*"*2. The more reduced the sulfur
atom is in DOS compared to sulfate, the more readily it
can be incorporated into cellular material, and the more
energy it yields for bacteria when oxidized back to sul-
fate. A fraction of the DOS pool (~25Tg) is volatile and
effluxes to the atmosphere (~4% of annual DOS inputs),
whereas another ~1 Tg of DOS (0.2%) becomes part of
the ocean’s non-labile dissolved organic matter pool,
with an estimated average lifetime of ~4,000 years®.

Remineralization

The DOS in this last category includes molecules made
more resistant to bacterial processing from biological
and chemical transformations®. What is unmistaka-
ble from this rough budget, and what can change only
modestly as more information becomes available, is that
the vast majority of phytoplankton-produced organic
sulfur released into seawater is rapidly processed and
returned to an inorganic form by ocean bacteria*.
Because the sulfur metabolites travel through the
ocean’s organic matter reservoirs attached to carbon
molecules, microbial processing represents a link
between the marine carbon and sulfur cycles. There are
suggestions that this linkage may not always have tight
stoichiometry, with DOS molecules being cycled more
rapidly than the bulk dissolved organic carbon (DOC)
pool. Some coastal bacterioplankton communities have
been shown to preferentially process organic sulfur
from DOC, assimilating organic matter with a 1.6-fold
bias towards sulfur-containing molecules™. Similarly,
bulk elemental measures of surface ocean particulate
organic matter compared to depth-integrated values
and in situ sulfur assimilation rates indicate selective
consumption of newly synthesized organic sulfur in
the upper water column®. The sulfur-rich compound
dimethylsulfoniopropionate (DMSP), with a C:S ratio of
5:1, is the most significant single bacterioplankton sub-
strate so far identified, having high flux rates and very
fast turnover times in surface seawater®”. Deeper in the
ocean (1,000-5,000 m), the DOC-to-DOS ratios increase
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Fig. 1| Organic sulfur reservoirs and flux in the pelagic ocean. In the main cycle (white arrows), sulfate is synthesized into
organic sulfur compounds by phytoplankton (flux 1). Sulfur metabolites are subsequently released by phytoplankton
into the labile dissolved organic sulfur (DOS) pool, with secondary contributions by grazers and heterotrophic bacteria
(flux 2). Bacteria take up sulfur metabolites such as sulfonium compounds, sulfonates, sulfate esters and thiols from

the labile component of the DOS pool (flux 3). The sulfur in these organic compounds is subsequently returned to sulfate
by bacterial catabolism (flux 4). There are quantitatively minor leaks (black arrows) to the non-labile DOS reservoir via
the microbial carbon pump? (flux 5), to the atmosphere (flux 6) and from the non-labile DOS back to the sulfate pool
(flux 7). ?Data from REF.?°, PAssumes that 45% of fixed sulfur passes directly or indirectly into the DOS pool, and 55% is
entrained into the food web. “The refractory DOS formation rate is assumed to equal its removal rate; data from REF. %,
4DOS production minus non-labile DOS formation and air-sea exchange.
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C1 compound

An organic compound

that consists of a single
carbon atom with attached
hydrogen atom(s).

relative to the surface (<100 m)”. Sulfur-containing com-
ponents may therefore make up a more rapidly cycled
subset of both the labile and non-labile components of
the ocean’s DOC reservoirs.

Organic sulfur metabolites

Sulfur metabolites fall into a number of chemical classes,
defined on the basis of their sulfur oxidation state and
covalent bonding patterns. Among the most reduced
forms are the sulfonium compounds, which have three
organic substituents covalently bonded to a sulfur atom
in the -2 oxidation state (SR,") (FIC. 2). The best-studied
marine sulfur metabolite is the sulfonium compound
DMSP, estimated to account for a remarkable 3-10%
of the carbon fixed by marine phytoplankton'”***
and accumulating to intracellular concentrations of
up to 300 mM in phytoplankton cells’>*'. Other sul-
fonium compounds identified in the marine organic
sulfur pool include gonyol, gonylauline, dimethylsul-
fonioacetate and dimethylsulfoxonium propionate®*~**.
Phosphatidylsulfocholine, the sulfonium analogue of
phosphatidylcholine, serves as a membrane lipid in some
marine plankton®.

Two other classes of organic sulfur metabolites that
contain fully reduced sulfur (-2) are the sulfides (RSR),
which are the sulfur analogues of ethers, and thiols
(RSH), the sulfur analogues of alcohols (FIC. 2). Sulfur
metabolites in the sulfide group include the essential
amino acid methionine, the DMSP degradation product
dimethylsulfide (DMS), and the B vitamins thiamine and
biotin. Thiols include the essential amino acid cysteine,
homocysteine, the cofactor coenzyme A, the antioxi-
dant glutathione and the DMSP degradation product
methanethiol. The thiol functional group is important
in cellular redox reactions, including oxidation to an
organic disulfide (RSSR), in which the sulfur oxidation
state becomes —1. The disulfide dimethyldisulfide is
produced by marine phytoplankton and contributes to
marine aerosols®.

More oxidized sulfur metabolites with an oxidation
state of 0 include the sulfoxides, or compounds with a sul-
finyl (SO) functional group attached to two carbon atoms
(for example, dimethylsulfoxide (DMSO) and the sulfenic
acids (RSOH)). More highly oxidized sulfur metabolites
are sulfinic (RSO,H) and sulfonic (RSO,H) acids, with
oxidation states of +2, and +4, respectively (FIC. 2). The
sulfenic and sulfinic forms generally function as inter-
mediates in redox reactions and in the synthesis of sulfonic
acids and their associated sulfonate salts (RSO,"). The
simplest sulfonate, the C1 compound methanesulfonate, is
a product of DMS oxidation in the atmosphere, a portion
of which is deposited back into the sea”. The C2 sulfonates
(those having a C2 backbone) in seawater include the com-
patible solute taurine and its derivatives N-acetyltaurine,
isethionate, methyltaurine, homotaurine and hypo-
taurine. The C3 sulfonates are 2,3-dihydroxypropane-
1-sulfonate (DHPS), cysteate, sulfolactate and cysteinolic
acid (FIC. 2). Membrane sulfolipids can also contain sul-
fonate moieties. These include sulfoquinovosyldiacyl-
glycerol (SQDG) in the photosynthetic membranes of
marine microorganisms and cyanobacterial vesicles®,
and taurolipids in protist membranes®.
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Fig. 2 | Representative molecular structures and sulfur
oxidation states of marine sulfur metabolite classes.
The most reduced forms (top) are sulfoniums, sulfides and
thiols, including dimethylsulfoniopropionate (DMSP) and
the sulfur-containing amino acids methionine and cysteine.
More oxidized forms (middle) include disulfides, sulfoxides
and sulfones. The most oxidized (bottom), and therefore
least valuable to marine bacteria as a reduced sulfur source,
are sulfonates such as 2,3-dihydroxypropane-1-sulfonate
(DHPS) and sulfate esters such as choline-O-sulfate. DMDS,
dimethyldisulfide; DMSO, dimethylsulfoxide.

Sulfate esters (ROSO,") contain a fully oxidized sul-
fur (+6 oxidation state) that is linked to its carbon con-
stituents by oxygen. These include sulfated osmolytes
such as choline-O-sulfate, as well as the sulfated sugars
and saccharides that are common components of marine
plankton biomass. Sulfate saccharides represent a diverse
chemical class of sulfur-decorated cell wall matrix poly-
saccharides across many plankton lineages, includ-
ing glucuronomannan in diatoms and carrageenan in
red algae.

From a biogeochemical perspective, the most inter-
esting members of these varied classes of metabolites
are those that substantially contribute to the global
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<« Fig. 3| Biochemical pathways for marine microbial synthesis of sulfur metabolites.
The pathways outline current knowledge of the major biochemical routes for production
of dimethylsulfoniopropionate (DMSP) (part a), the sulfolipid sulfoquinovosyldiacylglyc-
erol (SQDQ) (part b) and C2 and C3 sulfonates (part c). Phytoplankton are the dominant
sources of these molecules in the surface ocean, although all three types can also
be synthesized by some bacteria. Dashed arrows represent hypothetical reactions.
AdoHcy, S-adenosylhomocysteine; AdoMet, S-adenosylmethionine; DHPS, 2,3-
dihydroxypropane-1-sulfonate; DMSHB, 4-dimethylsulfonio-2-hydroxybutyrate;
MMPA, methylmercaptopropionate; MTHB, 4-methylthio-2-hydroxybutyrate;
MTOB, 4-methylthio-2-oxobutanoic acid; MTPA, 3-methylthiopropylamine;
PAP, 3-phosphoadenosine 5’-phosphate; PAPS, 3-phosphoadenosine 5’-phosphosulfate;
SMM, S-methyl-L-methionine; THF, tetrahydrofolate; UDP, uridine diphosphate.

Heterotrophic
Describes an organism
that must obtain organic
compounds for growth
and energy.

Redox state
Ratio of the oxidized and
reduced forms of molecules.

Angiosperms

A major evolutionary group
of plants that has flowers and
produces seeds enclosed
within a carpel.

flux of sulfur-linked carbon between phytoplankton
and bacteria. However, the roles of most DOS com-
pounds are still unknown, with DMSP being the only
well-studied exception®*. Salt interference is a major
hurdle for the chemical analysis of organic sulfur com-
pounds in seawater, with salt concentrations 5-6 orders
of magnitude higher than those of DOS metabolites
(~600 mM, compared to low nanomolar or picomolar
levels, respectively)'*. Solid-phase extraction resins can
concentrate organic matter away from salt, but small and
polar metabolites do not adhere well”. Organic sulfur
compounds are also not well represented in metabolite
databases; for example, out of 25 sulfur metabolites iden-
tified in marine plankton by untargeted mass spectrome-
try in a recent study, only six were in existing databases'*.
In addition to the DOS metabolites discussed in the
following sections, new organic sulfur molecules with
roles in the pelagic ocean carbon and sulfur cycles likely
remain to be discovered.

Synthesis of organic sulfur metabolites

Marine phytoplankton are considered the principal syn-
thesizers of organic sulfur compounds in the ocean, an
expected role, given their responsibility for half of Earth’s
annual photosynthesis. Heterotrophic marine bacteria
acquire phytoplankton-derived DOS from seawater,
but they can also synthesize sulfur metabolites de novo,
albeit at considerably lower rates.

In phytoplankton, sulfate uptake and assimilation are
both highly regulated, in part because of the energetic
demands required for sulfate transport and reduction,
and also because of the role of sulfur metabolites in
photosynthetic activity and cellular redox state. Once
transported into a cell, the sulfate ion (sulfur oxida-
tion state +6) is very stable and requires activation by
ATP to produce 5’-adenylsulfate (APS) via ATP sulfu-
rylase. From APS, reduction to sulfite (+4) occurs by
APS reductase, a primary regulatory point for sulfate
assimilation in phytoplankton and plants that is linked
to growth rate and photosynthetic activity'**>*?, or —
more commonly for bacteria — by reacting with ATP
to form 3-phosphoadenosine 5'-phosphosulfate (PAPS)
and then sulfite. The sulfite formed by either route can
be used to generate sulfolipids or be further reduced to
sulfide (—2) by sulfite reductase. Free sulfide is incorpo-
rated into cysteine, the first stable, fully reduced sulfur-
containing organic compound in assimilation, through
the consecutive action of serine acetyltransferase and
O-acetylserine (thiol) lyase. Subsequent metabolism of
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cysteine through a variety of pathways generates other
key sulfur compounds (FIG. 3). Finally, PAPS also has a
second role in sulfate assimilation because it can act as
adirect sulfur donor to organic molecules. Thus, there are
three major entry routes of inorganic sulfur into the cell-
ular organic pool: sulfite incorporation into sulfolipids,
sulfide incorporation into cysteine and PAPS-mediated
sulfonation of organic compounds.

One sulfur metabolite that has been a particular
focus of oceanographic research is the sulfonium com-
pound DMSP, due largely to its high production rates
by phytoplankton (it can account for half the sulfur in
phytoplankton cell biomass*’) but also because volatile
degradation products have links to atmospheric sulfur
pools and the formation of cloud condensation nuclei'.
Three major pathways by which DMSP is synthesized
have been identified — transamination, methylation and
decarboxylation — that all begin with methionine (FIC. 3).
The transamination synthesis route is found across many
plankton lineages, including green algae, corals, cocco-
lithophores, diatoms, dinoflagellates and heterotrophic
bacteria*-*%, and it may be the most important source
of DMSP in the ocean. The methylation synthesis route
has two variations, one described in angiosperms and
one in bacteria’’~*’. The decarboxylation pathway has
been identified in a dinoflagellate®**! (FIC. 3). A variety
of structurally related sulfoniums can be produced from
DMSP. These include gonyol™*, dimethylsulfoxonium
propionate™, gonylauline, DMS-acetate® and phos-
phatidylsulfocholine®. It was thought that only eukary-
otic phytoplankton produce DMSP until the recent
molecular characterization of a DMSP biosynthetic gene
that encodes the key methyltransferase enzyme in the
transamination pathway in both eukaryotes (DSYB) and
bacteria (dsyB)*"*.

Sulfolipids are an abundant class of sulfur metabolites
predominantly found in the thylakoid membranes of
photosynthetic organisms, where light-dependent reac-
tions of photosynthesis occur. In eukaryotes and bacte-
ria, the sulfolipid SQDG is synthesized with a unique
head group, 6-sulfo-D-quinovose, which is a sulfonated
derivative of glucose wherein the 6-hydroxyl group is
replaced with a sulfonate group. Although the structure
of the sulfoquinovose head group and the SQDG lipid
was described by Benson and colleagues 60 years ago™,
the biosynthetic genes for the pathway (sqdABCD) were
not characterized until the 1990s, using the genetic sys-
tem of Rhodobacter sphaeroides™ . Two key enzymes
that have been well characterized are the uridine
diphosphate (UDP)-sulfoquinovose synthase (encoded
by sqdB) and the SQDG synthase (encoded by sqdD)
(FIC. 3). Identification of these enzymes subsequently
led to the characterization of similar biosynthetic path-
ways in cyanobacteria that involve a homologue of the
sqdB gene and the alternative SQDG synthase gene
5qdX™. In eukaryotes, SQDG is synthesized in a man-
ner similar to that of cyanobacteria, via the SQD1 (sqdB
homologue) and SQD2 (sqdX homologue) genes™**
(Supplementary Table 1).

The biosynthesis of C2 and C3 sulfonates is partially
characterized. In animals and plants, taurine is typically
derived from cysteine through a series of oxidation
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Catabolism

Metabolic breakdown of
molecules into smaller forms
during the production of
energy or for use in other
reactions.

and decarboxylation steps (FIC. 3). It appears that both
marine bacteria'**’ and eukaryotic algae*”*' have homo-
logues of genes in this pathway, but algae also possess a
serine-derived pathway, an example of PAPS-mediated
sulfonation transferring sulfite to generate cysteate®'.
Cysteate can then undergo decarboxylation to taurine,

Box 1| Marine phytoplankton and bacteria that synthesize sulfur metabolites

Heterotrophic bacteria

Heterotrophic bacteria are key transformers and recyclers of the marine organic
sulfur pool. Certain bacteria are capable of degrading dimethylsulfoniopropionate
(DMSP) to the climate-active volatile gas dimethylsulfide (DMS)*"7¢, a key step in
ocean—-atmosphere sulfur flux, whereas others synthesize signalling molecules from
available sulfur metabolites®. Heterotrophic bacteria also enable phytoplankton

to synthesize methionine and other essential sulfur compounds by supplying the
cofactor vitamin B,, (REFS'7*%%). Whereas some heterotrophic marine bacterial taxa are
capable of de novo synthesis of sulfur metabolites (for example, Rhodobacteraceae)*,
others must rely exclusively on organic sulfur compounds produced by neighbouring
microorganisms to meet their sulfur requirements (for example, SAR11 and SAR86)'**".

Cyanobacteria

Members include the Synechococcus and Prochlorococcus lineages, which were
first described in the 1970s and 1980s, respectively’*"**~. These small cells dominate
open-ocean, nutrient-poor regions of the sea and can substitute sulfolipids (that is
sulfoquinovosyldiacylglycerol) for phosphorus-containing lipids in order to deal
with the low phosphorus concentrations in their environment'**. Interestingly,
cyanobacteria also produce small sulfolipid-containing vesicles (100 nanometers)
that may be a source of dissolved organic sulfur (DOS) in the surface ocean®.

Prasinophytes

Members of the Chlorophyta (green algae) lineage gave rise to green plants. The
prasinophytes include the genera Ostreococcus and Micromonas, which are among
the smallest (~1 um) free-living eukaryotes'*****, These cells can make large quantities
of DMSP and taurine derivatives'.

Coccolithophores

Members include Emiliania, a phytoplankton genus that forms massive blooms that can
be seen from satellites. Coccolithophores are distinguished by an exoskeleton made of
calcium carbonate plates (called coccoliths). These cells synthesize large quantities

of DMSP and, notably, also harbour DMSP cleavage genes for the production of DMS*™.
They also synthesize the sulfonate 2,3-dihydroxypropane-1-sulfonate (DHPS)*.

Dinoflagellates

These cells typically harbour two flagella for motility, and they can be either armoured
with cellulose plates (theca) or unarmoured. Dinoflagellates generate large quantities
of DMSP**® and related sulfonium molecules*?, and they are notorious for their
toxin-producing bloom events in coastal systems called red tides.

Diatoms

These phytoplankton synthesize an intricate silica cell wall, called a frustule, whose
shape defines the two major diatom morphologies: centric (radial symmetry) and
pennate (bilateral symmetry). Their cell walls promote faster sinking rates and play an
important role in the export of organic matter from the surface ocean'*’. The sulfonates
DHPS and cysteinolic acid were first identified in diatoms in the 1960s'?; these

sulfur metabolites are now receiving new attention for their role in diatom-bacteria
interactions”>'"".

Diatoms ‘ ‘ Prasinophytes‘ ‘ ‘

Bacteria

Dinoflagellates H Coccolithophores H ‘

Ve

Cyanobacteria

1um

X XX

Phytoplankton

or alternatively it is proposed to go through a series
of dehydrogenase and aminotransferase reactions to
generate a variety of C3 sulfonates, including DHPS™.

Although limited, the initial data suggest character-
istic patterns of sulfur metabolite synthesis by marine
phytoplankton groups (BOX 1). Dinoflagellate cells accu-
mulate DMSP to high millimolar concentrations®’, and
taurine to micromolar concentrations'’. The meta-
bolome of the coccolithophore Emiliania huxleyi is
also high in DMSP®, along with DHPS and cysteate,
at millimolar and micromolar concentrations, respec-
tively'’. Diatoms are the most versatile synthesizers of
sulfur metabolites, producing DMSP, DHPS, cysteate
and sulfolactate, and in some species, isethionate and
taurine'*. Cyanobacteria metabolomes contain millimo-
lar concentrations of cysteate'*. These sulfur metabolites
are released from phytoplankton into the marine DOS
pool via a number of mechanisms. Export from living
cells (either passive or active®?**’), release into seawa-
ter by viral lysis* or protist grazing®, and leakage from
cells during bloom senescence® are the main processes
allowing heterotrophic bacteria access to a pool of labile
organic sulfur.

Catabolism of DOS metabolites

Once released into the seawater DOS pool, sulfur com-
pounds become available for uptake. Heterotrophic
bacteria are the main consumers of DOS, although
phytoplankton have been shown to incorporate exo-
genous organic sulfur, as well”~”°. For the metabolites
with central roles in cellular function, such as essential
amino acids, most major taxonomic groups are rep-
resented among the marine bacteria vying for them.
For metabolites with nonessential or easily substituted
functions, such as those that are one of many substrates
available in seawater organic matter, a narrower fraction
of marine bacteria tend to have the genetic capability
required for catabolism.

The marine bacteria that take up organic sulfur
compounds from the DOS pool shunt them to various
fates: incorporation into biosynthetic pathways, oxida-
tion for energy, and release from the cell in a reduced
form. Which of these outcomes occurs is influenced
by the oxidation state of S when it is assimilated,
whether the cell has met its biosynthetic sulfur quota,
and the toxicity of the sulfur-containing end products. The
well-studied metabolite DMSP is the only compound
for which all three fates are known to occur following
uptake, even simultaneously in the same cell. If bacteria
catabolize DMSP via the demethylation pathway, deg-
radation begins with methyl-group removal (mediated
by dmdA)"” and ends with methanethiol as the sulfur-
containing end product” (FIG. 4). Methanethiol is a vola-
tile metabolite with a fully reduced sulfur atom and can
be routed into the methionine biosynthesis pathway'"*';
oxidized as a source of energy’>”, with the sulfur typi-
cally being catabolized through the periplasmic sox
system (soxXYZABCD); or released into seawater with-
out further catabolism’. Marine bacteria may instead
degrade DMSP using the alternative cleavage pathway,
which is mediated by a variety of non-homologous
lyases*>”>’¢, with dddK and dddP being the most frequent
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Oligotrophic
An environment containing
low levels of nutrients.

Entner—Doudoroff
The name of a bacterial
pathway that catabolizes
glucose to pyruvate.

Mesopelagic

A region of the pelagic ocean
about 200-1,000m below
the surface, where light is
present but at levels of <1 %
of incident.

in the pelagic ocean®’. Phytoplankton also play a role
in catabolizing DMSP, and an algal DMSP lyase gene
(Almal) was recently found in coccolithophores and
dinoflagellates that generate large quantities of DMSP"
(Supplementary Table 1). These various lyases split
the DMSP molecule to produce DMS as the sulfur-
containing end product. DMS, like methanethiol, is a
volatile metabolite with a fully reduced sulfur atom;
its two known fates are further oxidation to sulfate or
DMSO and direct release through the cell membrane
into seawater”"”” from where it participates in air-sea
sulfur exchange (FIC. 1).

Some taxa of marine bacteria harbour genes for both
the DMSP demethylation and cleavage pathways (for
example, Rhodobacterales and SAR11 members)”"7>7¢
and express them simultaneously’®. Yet, explaining the
regulation strategies behind the various combinations
of possible catabolism routes remains a challenge, par-
ticularly because the release of DMS from bacterial
cells®?! is difficult to reconcile with the demand for
reduced organic matter in oligotrophic marine environ-
ments. Non-exclusive hypotheses to explain the regula-
tion of DMSP’s fate include response to an oversupply
of DOS relative to the cell’s sulfur quota™ and protec-
tion against reactive oxygen species, some of which
are generated within the DMSP degradation pathways
themselves?>>%.

Because the sulfur atom in sulfonates is consid-
erably more oxidized (+4) than that in DMSP (-2),
the outcome of their utilization by marine bacteria is
more constrained. There is only limited evidence that
sulfur from sulfonate is assimilated into biosynthetic
pathways by marine bacteria®, and in fact, the +4 oxi-
dation state of the sulfur and the potential toxicity of
sulfite (the sulfur-containing end product of sulfonate
catabolism®>*’) suggests relatively little benefit from this
strategy. Sulfite can be exported from bacterial cells by
several systems. Some bacteria transport sulfite into the
periplasm (via TauZ-type and TauE-type transporter
systems)®"%, where it can subsequently be oxidized
to sulfate via sulfite-oxidizing enzymes homologous to
SorAB*. Other bacteria can oxidize sulfite in the cyto-
plasmic membrane, either to sulfate via SoeABC** or
to APS via AprBA¥. Marine bacteria can harbour more
than one of these pathways in their genome. For exam-
ple, the Rhodobacterales bacterium Ruegeria pomeroyi
uses a TauZ-type system to export sulfite generated in
C3 sulfonate degradation pathways*, a SoeABC-type
system to export sulfite generated from C2 sulfonates™
and the SoxXYZABCD system to oxidize thiosulfate
generated from DMSP™.

Bacterial catabolism of the C6 sulfonate sulfoqui-
novose, a molecule that serves as the polar head group
for the membrane lipid SQDG, begins with hydrolysis
from SQDG by the gene yihQ™. As sulfoquinovose is
the sulfur analogue of glucose-6-phosphate, both known
sulfoquinovose catabolic pathways parallel those for
glucose catabolism: a glycolysis-like pathway (‘sulfo-
glycolysis’)’" and an Entner—Doudoroff-like pathway®”.
DHPS is the sulfur-containing end product of sulfogly-
colysis, whereas sulfolactate is the end product of the
Entner-Doudoroff-like pathway, and marine bacteria
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can further catabolize both via C3 sulfonate degradation
pathways (FIC. 4).

Information on the frequency of DOS catabolic sys-
tems in marine bacterial communities offers insights
into microbial networks that draw on organic sulfur
currencies. The DMSP demethylation gene (dmdA) was
found in 1 of 5 marine bacteria and archaea surveyed
using metagenomics across the world ocean, making it
the most abundant DOS utilization gene?; the DMSP
cleavage genes (sum of dddP, dddK and dddD) were
found in 1 in 12 heterotrophic bacterial cells. Among
genes for sulfonate processing, those mediating taurine
and DHPS utilization were most common (averaging 1
in 12 and 1 in 21 cells, respectively). The distribution
of DOS-processing genes in the ocean varies by depth.
DMSP genes occur at almost twofold higher frequencies
in the genomes of bacteria sampled from surface com-
pared to the mesopelagic waters, whereas sulfonate genes
for the uptake of taurine, N-acetyltaurine and isethion-
ate are almost twofold more frequent in genomes from
the mesopelagic””. These disparities likely reflect differ-
ences in the biological reactivity of DOS classes as well
as dynamic patterns of production sources with depth.
Environmental studies that incorporate gene expression
patterns provide further insight into the regulation of
these genes; for instance, sulfonate degradation genes'
and DMSP genes®*” are actively expressed in surface
ocean communities.

Ocean bacterioplankton genomes harbour genetic
systems for exporting sulfur-containing end products
similar to those described for cultured marine bacte-
ria, including sox genes for oxidizing reduced sulfur in
the periplasm, soeABC genes for oxidizing sulfide in the
cytoplasmic membrane, tauZ-type genes for exporting
sulfite into the periplasm, and the aprBA system for oxi-
dizing sulfite to APS*. New genes enabling oxidation
and the export of inorganic sulfur derived from sulfur
metabolites are being described’ and may be relevant
for marine bacteria.

Ecological networks

The roles of organic sulfur molecules in enabling eco-
logical links between pelagic ocean microorganisms
begin with the release of phytoplankton metabolites
into seawater (FIC. 1). Marine phytoplankton are esti-
mated to release 10-20% of fixed carbon directly into
the DOC pool in coastal systems®, and up to 40% in
oligotrophic systems”. One hypothesis to explain this
substantial organic matter release from living phyto-
plankton, referred to as ‘dissolved primary production™,
traces to the six-order-of-magnitude difference in meta-
bolite concentrations inside and outside cells; some
release may therefore simply represent passive leakage
of small and uncharged molecules through hydrophobic
cell membranes”. Metabolites can also be released
from phytoplankton by active exudation, for benefits
related to redox balance, defence and signalling. Finally,
phytoplankton export excess organic matter when a
stoichiometric imbalance occurs in biomass-building
components, a process referred to as ‘photosynthetic
overflow’. Of these three mechanisms for organic matter
release, the first two are known to include organic sulfur
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<« Fig. 4| Biochemical pathways for marine microbial catabolism of sulfur metabolites.
The pathways outline the two major degradation routes for dimethylsulfoniopropionate
(DMSP) (part a), referred to as demethylation and cleavage on the basis of the function
of the first enzyme in each pathway, and for sulfonate compounds (part b), for which
unique upper-pathway genes lead to a network of shared lower-pathway genes. Cytc,
Cytochrome c; DHPS, 2,3-dihydroxypropane-1-sulfonate; DMS, dimethylsulfide; FMN,
flavin mononucleotide; FMNH,, reduced flavin mononucleotide; MeSH, methanethiol;
MMPA, methylmercaptopropionate; MMPA-CoA, 3-methylmercaptopropionyl-CoA;
MTA-CoA, methylthioacryloyl-CoA; THF, tetrahydrofolate.

metabolites’'"". By contrast, photosynthetic overflow is
thought to consist of organic molecules with high carbon
content, such as carbohydrates'”, costing phytoplankton
relatively little when inorganic carbon and sunlight are
in ample supply®.

It is difficult to quantify the extents to which the
extracellular release of sulfur metabolites contributes
to phytoplankton fitness versus represents losses that
are too expensive or difficult to contain. In the case of
DMSP, possible benefits of release include deterring
protist grazing'”' and protecting against reactive oxygen
species'®; these gains potentially explain the observation
that DMSP serves as an attractant to phytoplankton taxa
unable to synthesize it”. Sulfur metabolites could also
be enlisted in the photosynthetic overflow mechanism,
whereby compounds that are energetically inexpensive to
produce from both inorganic carbon and inorganic sul-
fur act to keep the elemental stoichiometry balanced'"*
(FIC. 5). Consistent with this, increased DMSP production
has sometimes been observed in phytoplankton when
their growth is nitrogen limited'*>'%. Alternatively, the
release of sulfur metabolites could be used to balance
the reductant pool generated from photosynthesis
through the consumption of seven reducing equivalents
for each sulfate molecule reduced. Diel patterns in sul-
fonate accumulation in phytoplankton metabolomes
in the oligotrophic North Pacific'* are consistent with
roles in photosynthetic activity and redox balance during
daylight hours. Finally, sulfur metabolites could act as
low-cost, sulfur-decorated organic molecules that facili-
tate specific microbial interactions (FIC. 5). With DHPS,
for instance, the restricted ability for catabolism among
marine bacteria could provide a means for phytoplank-
ton to preferentially cultivate specific bacterial associ-
ates'””. These could include bacteria capable of providing
vitamin B ,, a cofactor for methionine synthesis and
methyl transfer that phytoplankton are unable to syn-
thesize'*. The feasibility of DOS-enabled mutualism and
antagonism between marine microorganisms is more
plausible in the context of particles and phycospheres
(the microzones surrounding living phytoplankton
that are rich in organic matter) that impart microscale
structure to exometabolite concentrations in the ocean.
Calculations suggest that direct release can generate
metabolite pools reaching 200-300nM organic carbon
at phytoplankton cell surfaces. Concentrations decrease
with distance from a phytoplankton surface at a rate pro-
portional to the cell diameter; thus, the larger the cell
(BOX 1), the more extensive the microzone'®.

Antimicrobial Other sources of DOS metabolites in seawater origi-
A chemical that kills or inhibits ~ nate from the activities of viruses and protists that prey
the growth of microorganisms. on plankton'"’. Infection by marine viruses alters the
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composition of the sulfur-containing exometabolites
released by host phytoplankton''! and bacteria''?, such as
methionine, homoserine and thiamine. Protist grazers
increase the release rate of phytoplankton-derived DMSP
derivatives into seawater as much as sixfold'"*, and other
sulfur metabolites are likely to track with them. For exam-
ple, DHPS concentration in the Thalassiosira pseudo-
nana metabolome approaches that of DMSP (3mM and
5-12mM, respectively)'®, and both would be released
during grazing. At the higher trophic levels of marine
food webs, the excretion and death of secondary produc-
ers are likely also to contribute compounds to the DOS
pool, although the 10-20% productivity loss expected at
each trophic transfer argues for phytoplankton having the
primary role in supplying DOS.

Several taxa of marine bacterioplankton are emerging
as DOS specialists, having the genetic capability to make
use of multiple organic sulfur metabolites. In the surface
ocean, SAR11 members can catabolize DMSP, DHPS
and taurine. In fact, the SAR11 isolate Pelagibacter strain
NP1 grows at its highest rate on the combination of just
these three compounds, with DMSP providing reduced
sulfur, DHPS providing carbon and energy and taurine
providing carbon and a glycine precursor, for which
SARI11 is auxotrophic'’. Rhodobacteraceae members can
catabolize DMSP, DHPS, cysteate, taurine, isethionate,
N-acetyltaurine and choline-O-sulfate. On the basis of
their genomic and ecological characteristics, it is likely that
SARI1 cells and the members of the Rhodobacteraceae
with streamlined genomes''* scavenge DOS from bulk
seawater as free-living cells. Rhodobacteraceae mem-
bers with large and well-regulated genomes, which are
proposed to have expanded their genomes coincident
with the diversification of eukaryotic phytoplankton'",
are instead presumed to process DOS in particle and
phycosphere microzones where concentrations are
high and dynamic. Less is known about the ecology
of bacterial DOS connoisseurs deeper in the water
column. In the deep ocean, the Thioglobus species or
SUPO5 group members carry genes for DMSP cleavage
and taurine uptake®>''*; SAR324 cells carry genes for
DMSP demethylation, DHPS catabolism and isethionate
uptake; and marine Actinomycetes species carry genes
for DMSP cleavage and N-acetyltaurine transport*>''°.

Once taken up by heterotrophic marine bacteria, sul-
fur metabolites fulfil a number of functions. In addition
to serving as a source of energy and reduced sulfur for
biosynthesis’, DMSP can also be concentrated inter-
nally to serve as an osmolyte, reaching 70 mM in some
marine bacteria'”’. Heterotrophic bacteria play a role in
the release of organic sulfur compounds into the DOS
pool, although likely in considerably lower amounts than
are released by phytoplankton. Bacterial-derived organic
sulfur exometabolites include thiamine and biotin'*,
the antimicrobial tropodithietic acid""” and the volatile
organic sulfur compounds methanethiol and DMS".

To explore the ecological links between sulfur meta-
bolites and marine microorganisms in the aerobic
ocean, we enumerated organic sulfur catabolism genes
in metagenomes from two oceanographic time series, the
Bermuda Atlantic Time-Series (BATS)'?’ and the Hawaii
Ocean Time-Series (HOT)"', in monthly samples over a
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Fig. 5 | The ecological network of marine microbial synthesizers and consumers of organic sulfur metabolites.
Organic sulfur compounds (left blue box) are produced primarily by phytoplankton and released into the dissolved
organic sulfur (DOS) pool by a variety of mechanisms, including passive leakage, active transport for redox balance or
photosynthetic overflow, protist predation and viral lysis, and lipid vesicle release (light green boxes). These molecules
are taken up from the DOS pool primarily by heterotrophic microorganisms for use as substrates or to be reworked into
cofactors, vitamins and signalling molecules (light pink boxes), some of which are released back into seawater (right
blue box). In some cases, DOS forms the basis of mutualistic exchanges between specific phytoplankton and bacteria.
The suite of known sulfur metabolites synthesized and consumed by marine microorganisms (centre blue box) continues
to expand. DHPS, 2,3-dihydroxypropane-1-sulfonate; DMS, dimethylsulfide; DMSP, dimethylsulfoniopropionate;

SQ, sulfoquinovose; TDA, tropodithietic acid.

two-year period (2003-2004) (FIC. 6). The abundance of
catabolic genes from heterotrophic bacteria (dmdA rep-
resenting DMSP catabolism'’, ipsN representing DHPS
catabolism'® and xsc representing C2 and C3 sulfonate
catabolism'??) was analysed in relation to biological and
chemical inventories and biogeochemical rate measure-
ments at each site'”*'*' (Supplementary Table 2), as well as
eukaryotic synthesis gene abundance (DYSB represent-
ing DMSP synthesis, SQDI representing sulfolipid syn-
thesis and CDOI representing sulfonate synthesis)*'.
The relative abundance of bacterial DOS gene abundance
was highly seasonal, particularly in surface waters (FIG. 6).
The catabolic genes dmdA and hpsN were positively
correlated with primary production rates at both oligo-
trophic ocean locations, and xsc was correlated with pri-
mary production rates at HOT (Supplementary Fig. 1).
Other measures of standing stocks and flux did not have
significant relationships to bacterial gene abundance
(Supplementary Table 2). In a study in the North Pacific
Subtropical Gyre, the expression of eukaryotic organic
sulfur synthesis genes and intracellular concentrations

of sulfur metabolites were found to follow a diel cycle,
also co-varying with phytoplankton activity'’. These field
data highlight an active cycle of labile DOS that is closely
coupled to phytoplankton productivity across time and
depth in the ocean.

Conclusions and future directions

Sulfur is a required macronutrient for marine micro-
organisms that is distinguished from other nutrients in
seawater by the fact that it is available in considerable
excess over cellular demands. For the price of the energy
required for reduction and assimilation, sulfur is readily
available for microbial growth. Because phytoplankton
cells are typically energy replete, they are free to use
sulfur in a variety of ways beyond its role as a nutrient.
For instance, phytoplankton vary their production and
release of sulfur metabolites in relation to light availa-
bility, cellular redox state and salinity, suggesting roles
beyond cell growth and maintenance. Once taken up by
heterotrophic bacteria, organic sulfur compounds play
important roles as substrates for nutrient acquisition
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Fig. 6 | Seasonal dynamics of organic sulfur catabolism genes in the oligotrophic ocean. The abundance of bacterial
genes mediating the catabolism of labile organic sulfur compounds is shown for the Bermuda Atlantic Time-Series Study
(BATS) station in the Sargasso Sea, Atlantic Ocean'”’ (left), and the Hawaii Ocean Time-Series (HOT) Station ALOHA

in the North Pacific Subtropical Gyre'** (right). Monthly metagenomic data collected over two years (2003-2004)"** in
the surface (part a), deep chlorophyll maximum (part b) and upper mesopelagic (part c) layers were searched for genes
mediating dimethylsulfoniopropionate (DMSP) demethylation (dmdA) and sulfonate oxidation (hpsN and xsc). Relative

gene abundance peaked in the spring and autumn in both

sample years in surface waters. These seasonal patterns

diminish with depth in the water column, as does the relative number of bacteria capable of organic sulfur metabolism.
Significant correlations between relative gene abundance and rates of primary production (Supplementary Fig. 1,
Supplementary Table 2) suggest close temporal coupling of DOS production and consumption. Gene abundances were
determined by hidden Markov models built with experimentally verified genes and are plotted as percentages of recA
counts (a single-copy bacterial and archaeal gene) following normalization to gene length (Supplementary Methods).

and energy metabolism. In fact, bacteria in the SAR11
clade, arguably some of the most abundant organisms
on Earth'”, exhibit their fastest growth on a strict diet
of DOS™. The correlation between primary production
and bacterial catabolic genes observed in ocean gyres
(FIC. 6; Supplementary Table 2) is consistent with the
temporal coupling of phytoplankton synthesis of sul-
fur metabolites and bacterial uptake of DOS. Bacteria
also rework organic sulfur into specialized molecules
such as cofactors (vitamins and coenzymes), signalling
compounds and antibiotics, some of which are released
back into the DOS pool (FIC. 5). Evidence is accumulat-
ing from biological and chemical analyses that sulfur-
containing molecules make up a more rapidly cycled
subset of the ocean’s DOC reservoir.

The labile organic sulfur metabolites that function as
carbon and energy currencies in marine microbial net-
works have been challenging to measure, in part because
of the diversity of chemicals found in the DOS pool and the
analytical hurdles to measuring small, polar molecules in
seawater. Of the several hundred sulfur-containing com-
pounds detected in seawater, only a handful can be iden-
tified through publicly available databases'>. However,
new analytical and computational methods for mining
metabolomic datasets are improving identification in

cells and seawater'**-12+12> These approaches include
better internal standard normalization for mass spectral
data'*'*, computational techniques for the identification
of sulfur-containing metabolites'**"-'*, leveraging bac-
terial loss-of-function mutants® and the development
of methods for improved extraction of polar molecules
from seawater. Discovery of novel sulfur metabolites
through model systems and field studies is broaden-
ing our understanding of the organisms and genes that
mediate organic sulfur cycling, as well as elucidating
the biogeochemical consequences of microbial release
and consumption®*>1¥,

The diversity of structures, oxidation states and
reactivities found among sulfur metabolites represents
potential opportunities for niche differentiation in
marine microorganisms. Phytoplankton production'
and release” show characteristic sulfur metabolite sig-
natures by taxonomic group, whereas bacterial genomes
show characteristic patterns of DOS utilization.
Accordingly, this abundant and chemically versatile
atom may provide opportunities for mutualistic micro-
bial interactions mediated through sulfur-embellished
molecules®*, an area ripe for future study.

Earth’s changing climate is predicted to decrease
photosynthesis rates in the ocean and to favour smaller
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phytoplankton cells that are better able to compete for
nutrients'?*'#. In turn, shifts in phytoplankton activity
and community composition have implications for the
flux of sulfur metabolites through the marine organic
matter pool. Some sulfur metabolites, such as DMSP
and DHPS, are synthesized primarily by larger phyto-
plankton expected to be at a disadvantage in a warming
ocean, whereas other metabolites, such as cysteate, sul-
folactate and taurine, are more characteristic of smaller
eukaryotic phytoplankton and cyanobacteria, predicted

to increase in dominance in the coming decades'***%
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