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Abstract

(250 words)

Organic sulfur plays a crucial role in the biogeochemistry of aquatic sediments, especially in low
sulfate (<500 pM) environments like freshwater lakes and the Archean Ocean. To better
understand organic sulfur cycling in these systems, we followed organic sulfur in Lake Superior
sediments from source to sink. We identified microbial populations with shotgun metagenomic
sequencing and characterized geochemical species in porewater and solid phases. In anoxic
sediments, we found an active sulfur cycle fueled by oxidized organic sulfur at the depth interface
between dissolved oxygen and abundant iron. Sediment incubations indicated a microbial capacity
to hydrolyze sulfonates, sulfate esters, and sulfonic acids to sulfate. Gene abundances for
dissimilatory sulfate reduction (dsr4B) increased with depth and coincided with sulfide maxima.
Eight metagenome assembled genomes (MAGs) contained dsrAB genes, including canonical
families from the orders of Desulfobaccales, Thermodesulfovibrionales, and Syntrophales. Despite
these indicators of sulfide formation, dissolved sulfide concentrations at this site are low (< 40
nM) due to efficient and simultaneous sinks, including both pyritization and organic matter
sulfurization. Immediately below the oxycline, pyrite accounted for 13% of total sedimentary
sulfur, and its distribution with depth may be linked to historical positions of the oxycline. Both
free and intact lipids also accumulated disulfides in this same interval near the oxycline, reflecting
rapid sulfurization. Our investigation revealed a new model of sulfur cycling in a low-sulfate
environment that likely extends to other modern lakes and possibly the ancient ocean, with organic
sulfur both fueling sulfate reduction and reacting with the resultant sulfide.
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Introduction

While sulfur cycling evolved in low-sulfate (WM) environments during the Archean (Crowe et al.
2014; Mateos et al. 2022), our knowledge of ancient sulfur metabolisms and reactions is largely
rooted in studies of high-sulfate systems like the modern ocean (28 mM; Jorgensen et al. 2019).
The sulfur cycles in high- and low-sulfate systems, however, are fundamentally different in their
constraints. The sulfur budget in the modern ocean is dominated by a massive reservoir of seawater
sulfate that is six orders of magnitude greater than the largest pool of organic sulfur (Ksionzek et
al. 2016; Moran and Durham 2019). In low-sulfate systems like lakes organic sulfur is much more
significant to sulfur budgets, for example, acting as an alternative fuel for sulfur reduction via
hydrolysis (Fakhraee et al. 2017; Fakhraee and Katsev 2019). Sulfides produced in these low-
sulfate systems may experience different sinks than marine sulfides, with cascading impacts on
metal cycling, biomarker preservation, and organic carbon remineralization (de Leeuw and
Sinninghe-Damste 1990; Saito et al. 2003). Currently, we know little about the pathways,
mechanisms, and dominant species driving organic sulfur cycling in low-sulfate aquatic sediments
— or how these interact with the biogeochemical cycles of carbon and iron. We turn to a useful
proxy environment to address these gaps: oligotrophic, low-sulfate (<40 pM), high-iron (30-80
uM) Lake Superior.

Initial characterizations of Lake Superior sediments revealed enigmatic sulfate profiles with sub-
surface maxima (Fakhraee et al. 2017). Unlike the modern ocean, where sulfate is typically highest
at the sediment interface due to diffusion from the water column (Zhu et al. 2021), Lake Superior
appears to experience a significant efflux of sulfate from the sediments to the water column.
Fakhraee et al. (2017) hypothesized that microbial sulfate reduction, supported via hydrolysis of
organic sulfur, was supplying this excess sedimentary sulfate. Reaction-transport models
suggested that up to 50% of Lake Superior sulfate reduction could be supported via this
mechanism. We aim to provide new constraints on Lake Superior’s organic sulfur cycle. Namely,
confirmation and identification of key sulfate reducers in the microbial community, the oxidation
state of organic sulfur that hydrolyzes to sulfate, and the ultimate sinks of resultant sulfide in the
environment. These insights will improve our understanding of sulfur cycling in modern low-
sulfate environments and bridge knowledge to past environments like the Archean Ocean.

Prior investigations of Lake Superior’s microbial community have largely focused on
photosynthesis in the water column (Fahnenstiel et al. 1986; Ivanikova et al. 2007; Reed and Hicks
2011; Sheik et al. 2022), reflecting the importance of this freshwater resource for drinking,
recreation, and hydroelectric power (O’Beirne et al. 2017). Sedimentary studies have thus far
focused on specialized cycles like those of metals (Dittrich et al. 2015; Palermo and Dittrich 2016)
and nitrogen (Small et al. 2016; Crowe et al. 2017). One study even deemed sulfate reduction in
Lake Superior sediments as an “insignificant process” (Carlton et al. 1989). Despite later research
suggesting otherwise, including modeled sulfide accumulation (Fakhraee et al. 2017), no studies
have surveyed the microbial community for sulfur cycling microorganisms. Notably, despite low
predicted sulfide, Lake Superior sediments were recently found to contain abundant sulfide
oxidizers like Thioploca, suggesting active cryptic cycling (McKay et al. 2023).

Sources of organic sulfur to Lake Superior sediments primarily reflect phytoplankton sources from
the water column with some terrestrial input (Zigah et al. 2011; Li et al. 2012). The organic sulfur
composition of phytoplankton biomass is poorly constrained but includes a range of sulfur
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oxidation states in proteins, carbohydrates, and lipids that could be hydrolyzed to sulfate in
sediments. Proteins, including the amino acids cysteine and methionine, can account for 20-40%
of total organic sulfur in some lake sediments (King and Klug 1982) and may be microbially
cleaved to form sulfide via enzymes like cysteine lyase. Oxidized compounds like sulfate esters,
which contribute ~35-60% of sedimentary lake organic sulfur, can produce sulfate via aryl
sulfatase enzymes (King and Klug 1982). Previous work in low-sulfate rivers (Jiang et al. 2021)
and freshwater lakes (Nriagu and Soon 1985; Kokkonen and Tolonen 1987) imply that these
sulfate esters, common in lipids and carbohydrates, are likely the dominant form of sedimentary
organic sulfur. Sulfonates are typically minor components (King and Klug 1982), but may be
amplified in phosphate-starved Lake Superior as microbes substitute sulfate for lipid head groups
(Van Mooy et al. 2009). Indeed, initial work in Lake Superior found that <5% of the total seston
lipid pool were phospholipids with higher ratios of sulfolipids like SQDG (sulfoquinovosyl
diacylglycerol) than marine gyres (Bellinger et al. 2014). Mechanisms for the conversion of
sulfolipids to sulfate are less certain as sulfonates and sulfones are resistant to remineralization
(Ferdelman et al. 1991). However, some sulfate reducers have been shown to use sulfonates
directly as a terminal electron acceptor (Lie et al. 1998). It therefore remains an open question as
to which types of organic sulfur are hydrolysable to sulfate in Lake Superior sediments.

Finally, little is known about the fate of sulfide produced during sulfate reduction in Lake Superior
sediments. Iron mono- or disulfide formation (e.g., pyrite) is one likely sink, as sediments are rich
in iron minerals, reactive iron, and dissolved iron species (Li et al. 2018). Another important sink
for sulfides (and polysulfides) may be abiotic organic matter sulfurization — a process known to be
important across marine environments (Abdulla et al. 2020; Raven et al. 2021a; Phillips et al.
2022). Notably, sulfurization enhances the preservation of biomarkers (Prahl et al. 1996; Raven et
al. 2021b) and the burial of organic carbon (Boussafir and Lallier-Verges 1997; Van Kaam-Peters
et al. 1998; Raven et al. 2018), including during ancient low-sulfate regimes (Ma et al. 2021).
Initial work on eutrophic sediments implies that sulfurization in lakes is rapid and potentially
outcompetes pyritization (Urban et al. 1999; Shawar et al. 2018), but investigations in oligotrophic
systems are lacking. Similarly, the role of key sulfur intermediates like elemental sulfur,
polysulfides, and thiosulfate remain underexplored and under-characterized in low-sulfate
environments.

It is clear from initial investigations and models that Lake Superior hosts a dynamic and active
sulfur cycle despite its low sulfate concentrations. Here, we place new constraints on that cycle by
isolating and quantifying major pools of organic and inorganic sulfur in the water column and
sediments from two contrasting sites in the lake. We track the transformations of organic sulfur
from biomass sources in the water to eventual sinks in the sediments. We assess the oxidation
states of sulfur in sedimentary pools using X-ray Absorption Spectroscopy/X-ray Fluorescence
analysis (XAS/XRF) and identify the active microbial communities in the sediments using shotgun
metagenomic sequencing. We also incubate sedimentary microbial communities with organic
sulfur compounds to determine their capacity to hydrolyze organic compounds to sulfate.
Together, these geochemical and microbiological data provide a holistic characterization of Lake
Superior’s sedimentary sulfur cycle and offer valuable insights into cryptic organic sulfur cycling
in other low-sulfate systems.

Materials and Methods
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Site Description

Lake Superior is a deep (~400 m), well-oxygenated oligotrophic freshwater lake with low nitrate
(25 uM), phosphate (3 nM), and sulfate (<40 uM) concentrations (Sterner et al. 2007; Sterner
2011; Li et al. 2012). Despite literature references to the lake as “ultraoligotrophic” or “pristine,”
primary production in the lake is relatively high (9.7 Tg yr'!'; (Sterner 2010), supplying most of the
organic carbon (~85%) to the water column. Water column dissolved organic matter (DOM) in
Lake Superior averages 113 uM (Minor et al. 2019) while particulate organic matter (POM) is <20
uM (Sterner 2011). Although the overall budget of Lake Superior is poorly constrained, an
estimated 0.83 Tg yr'! of organic carbon fluxes to sediments. However, the dynamics of carbon
burial, sequestration, and remineralization are expected to vary geographically within the lake
(Kemp et al. 1978; Johnson et al. 1982). Isle Royale (IR; 47° 58 N, 88° 28" W) and Western
Mooring (WM; 47° 58’ N, 88° 28° W) are representative anoxic nearshore and oxic offshore sites,
respectively (Fig 1a). Compared to WM, sediments at IR have a shallower oxygen penetration
depth (~4 vs >10 cm), higher sedimentation rates (0.02 vs <0.01 g cm yr'!), higher porewater
Fe?* concentrations (30-80 vs <20 uM), and higher maximum TOC (5 vs 2 wt %; Li et al. 2012;
Li2014). WM and IR’s distinct geochemistry is apparent in images of cores, which differ in color
and location of metal layers (Fig 1b, described further in Li 2014).

T T T T T L} T T
depth (m) a
49T o 100 200 300 400 3 1

Z 45l

§ i Fig 1. (a) Lake Superior sampling
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! . . ’ ! . . . at Isle Royale (IR; 47° 58’ N, 88°
28’ W), marked with a blue circle,
Longitude (°W) and Western Mooring (WM, 47°
58" N, 88°28° W), marked with a
magenta diamond. (b) Images
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and IR to highlight their distinct
sedimentology. Photos were re-

plotted with permission from the
thesis of Li (2014).

46}

Depth (cm)

Western Mooring Isle Royale



192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237

Sample Collection

Water column and sediment samples were collected aboard the R/V Blue Heron in May and August
of 2019 for microbiology and July 2021 for geochemistry. Water column DOM samples were
collected with a Niskin rosette outfitted with a SeaBird Model 911 plus CTD at 200 and 235 m at
IR and 150 and 180 m at WM. At each depth, 8 L of lake water was gravity filtered through a 0.45
um Pall capsule filter into acid-washed carboys, acidified to pH 2 with 12 M HCIl, and immediately
connected to 1 g solid phase extraction cartridges (Bond Elut PPL) following (Dittmar et al. 2008).
Sediment sampling followed (Li et al. 2012) using an Ocean Instruments multi-corer (94 mm
internal diameter). In 2019, cores were sectioned at 1 cm intervals and aliquots were taken for
organic sulfur incubations and shotgun metagenomic sequencing. In 2021, cores were sampled for
oxygen penetration depth using a Unisense (Clark-type) microelectrode. Cores for porewater and
geochemistry analysis were immediately sectioned in an inflatable glove bag with an N»
atmosphere in 0.5 cm intervals for the first 3 cm, 1 cm intervals until 15 cm, and 2.5 cm intervals
until 20 cm (n=20 samples per core). Samples for geochemistry were stored in pre-combusted
glass jars and kept frozen (-20 °C) until analysis. Porewater was extracted and transferred into
falcon tubes with Rhizons (1 pm membrane pore size) and kept frozen (-80 °C) until analysis.

Sediment Incubations

Microbial incubations were conducted by combining ~1 g of IR wet sediments with 9 mL of sterile
sulfur-minimal growth media (see SI for recipe). Incubations were supplemented with 10 mM
(final concentration) of organic sulfur compounds with varying nominal oxidation states
(Vairavamurthy 1998): cysteine (-1), methionine (0), taurine (+4), and sodium dodecyl sulfate
(+6). Incubations without sulfur addition served as controls throughout the experiments. Sediments
were incubated aerobically, at room temperature (~20 °C) for two weeks in the dark. Post-
incubation, tubes were homogenized and subsampled. Sulfate was quantified from treatments and
controls with ion chromatography, as described later.

Microbiology Analysis

Total DNA was extracted from 1 g (wet weight) sediment from the 1,2, 3,4, 5, and 10 cm sediment
horizons with the Qiagen RNeasy PowerSoil DNA elution kit. DNA was quantified with a Qubit
v3.0 (Invitrogen) and sent to the University of Minnesota Genomics Center for sequencing.
Shotgun metagenome libraries were generated using the Nextera-XT kit (Illumina) and sequenced
with Illumina NovaSeq platform with 2x150 basepair reads. Metagenomes were analyzed using
methods following Sheik et al. (2022). Briefly, prior to assembly, reads from each shotgun
metagenome were quality screened and adapters were trimmed with FastP (Chen et al. 2018). Each
sample was individually assembled with MetaSpades (Nurk et al. 2017) to lessen strain level
variation that can occur with combined assemblies (Chen et al. 2020). Metagenome assembled
genomes (MAGs) were binned using four methods: MetaBat1 (Kang et al. 2015), MetaBat2 (Kang
et al. 2019), CONCOCT (Alneberg et al. 2014), and MaxBin2 (Wu et al. 2016). High-quality
MAGs were screened from the four assemblies with DASTool (Sieber et al. 2018), de-replicated
with dREP (Olm et al. 2017), checked for completion with CheckM (Parks et al. 2015), and
taxonomically classified with GTDB-Tk v.95 (Chaumeil et al. 2020). Finally, the abundance and
coverage of MAGs were calculated using CoverM (Woodcroft 2023). For high-quality MAGs
(completeness >90% and contamination <5%), open reading frames were called with Prodigal
(Hyatt et al. 2010), and protein-coding genes were annotated with DRAM (Shaffer et al. 2020).
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Porewater Analysis

Reactive thiols were quantified at the University of Minnesota Duluth via fluorescence detection
following derivatization with monobromobimane (mBBr). Methods were adapted from Smith et
al. (2017): in a glove box, 500 uL of porewater, 10 uL of a 500 mM HEPES / 50 mM EDTA buffer
solution and 10 pL of 48 mM mBBr were combined and allowed to react for 30 min before
quenching with 25 pL of 4% methanesulfonic acid. Separation of the derivatives proceeded with
a HICHROM Prevail C18 column (150 mm x 4.6 mm x 3 um) on a ThermoScientific Ultimate
3000 UHPLC+ system with a 22-minute gradient using 100% acetonitrile and an aqueous buffer
solution (0.1% formic acid, 1% acetonitrile, 98.9% water). The FLD detector operated at an
excitation wavelength of 380 nm and an emission wavelength of 480 nm. Retention times for
cysteine and sulfide were 2.7 min and 16.2 min, respectively. Glutathione had a retention time of
5.9 min, but co-eluted with excess reagent and could not be quantified. Sulfate, thiosulfate, and
sulfite were quantified at UC Santa Barbara on a Metrohm 930 Compact IC (Ion Chromatography)
Flex system. Separation proceeded with a 50 min isocratic run (0.7 mL/min flow rate) on a
Metrosep A Supp 5 column (250 mm x 4.0 mm x 5 pm) with 0.32 M/0.1 M sodium
carbonate/bicarbonate buffer and 2.5% acetone (v/v). Anions were measured via a conductivity
detector, with retention times for sulfite, sulfate, and thiosulfate at 26.1 min, 27.5 min, and 42.5
min. Sulfite and thiosulfate were below detection limits in our porewater samples (<1 pM).

Sample Prep

freeze-dried,
homogenized
09

S

l

Free Lipid
1| Extraction
@ microwave assisted,
1) 9:1 DCM:MeOH

liquids / \solids o
Free Lipid Intact Lipid
Separation Extraction
silica gel column 2:1:0.8 DCM:
chromatography MeOH: PBS
o BB8 B oe¢
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Fig 2. Successive extractions of Lake
Superior sediments. Analyses are
indicated with pink circles for
XAS/XRF, yellow triangles for IC, and
blue diamonds for EA. Samples were
freeze dried and homogenized. These
bulk solids were measured via EA and
XAS/XRF. Free lipids were then
microwave-extracted. Resulting liquids,
containing free lipids and elemental
sulfur, were separated on silica gel
columns. Redox speciation of sulfur in
free lipid fractions was measured via
XAS/XRF. Solids following MARS
extraction were analyzed with XAS/XRF
and then subjected to a modified Bligh
and Dyer extraction to isolate intact
polar lipids (IPLs). IPLs were
measured via EA and XAS/XRF.
Remaining solids were subjected to
pyrite extraction. Extracted pyrite was
quantified by IC and residual sulfur in
proto kerogen was quantified by EA.
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Geochemical Extractions

Sediments were freeze-dried (72 hrs) prior to homogenization via a Spex 800 Mill (~90 s). Aliquots
were set aside for elemental analysis (see below) and bulk characterization of sulfur speciation by
XAS/XRF (~1 mg). Bulk XAS/XRF results (Fig S2), notably the absence of detectable iron
monosulfide (FeS) in bulk extracts, were used to optimize the extraction scheme to isolate various
organic sulfur and carbon pools (Fig 2). First, ~4 g aliquots were microwave-extracted with a
MARS-6 (CEM) in 20 mL of 9:1 dichloromethane: methanol (DCM: MeOH). Liquid and solid
phases were separated via vacuum filtration on pre-combusted GF/F filters. Filtrates were further
separated on 1 g silica gel columns. Briefly, elemental sulfur (S°) was eluted with 10 mL 4:1
hexane: DCM and free lipids with 10 mL of 1:1 DCM: MeOH. S° was measured by mass difference
before and after exposure to activated copper. Free lipids were concentrated in DCM (~100 pL)
and aliquots (~10 pL) were plated dropwise on quartz slides for XAS/XRF analysis. Solids
remaining after MARS extraction were subjected to a modified Bligh and Dyer extraction with
2:1:0.8 DCM: MeOH: PBS to isolate intact polar lipids (IPLs) and other intermediate polarity
compounds (Bligh and Dyer 1959; Bellinger et al. 2014). This extract was aliquoted for EA and
XAS/XRF measurements. The remaining solids were transferred to a round bottom flask with 30
mL of 1:1 chromium (II) chloride: 6N hydrochloric acid solution under an N atmosphere to extract
pyrite (2 hrs, 70 °C). Volatilized sulfide passed through a condenser and was trapped as ZnS by
sparging with 5% m/v zinc acetate solution. Zinc sulfides were washed and then oxidized to sulfate
via two successive reactions with 1 mL hydrogen peroxide (24 hrs, 60 °C). Sulfate abundance was
measured by IC as described above for porewater sulfate. Residual sediments, containing silicates
and “proto kerogen,” were rinsed of residual CrCl,, dried overnight in an oven at 70 °C, and
aliquoted (~30 mg) for C/S content determination via elemental analysis (below).

Elemental Analysis

Carbon and sulfur contents of bulk sediments, pooled IPLs, and proto kerogen were quantified by
elemental analysis (EA). Sediment samples were prepared with ~0.5 mg tungsten (III) oxide
(W203) to aid combustion. Polar lipids were pooled across three depth horizons to ensure adequate
signal-to-noise ratios. Analyses were conducted on an Elementar Vario Isotope Select Elemental
Analyzer (EA) with a He carrier (200 mL/min). The desorption column released CO; at 90 °C and
SO2 at 250 °C for quantification by thermal conductivity detector (TCD; Raven et al. 2020; Phillips
et al. 2021). Elemental abundances were calibrated using a sulfanilamide standard curve (10 —200
ug S, 20 — 400 ug C), which was run in duplicate each day (R?> 0.9990).

Sulfur Speciation

Sulfur K-edge X-ray absorption / X-ray fluorescence (XAS/XRF) spectra were collected at the
Stanford Synchrotron Radiation Lightsource (SSRL) on beam line 14-3, which uses a Si (111) (®
=90) double crystal monochromator for beam energies from 2460 to 2540 eV, which are calibrated
to the thiol pre-edge peak of thiosulfate at 2472.02 eV. The X-ray beam was trimmed to a size of
500 x 500 pum at a flux of ~8*10!° photons per second to yield ‘bulk’ compositions of extracts and
residues. XAS/XRF spectra were processed with SIXPACK (Webb) using a K-edge EO of 2473,
variable pre- and post-edge linear normalization ranges to achieve stable baselines, and a variety
of organic sulfur standards across oxidation states (Table S1, Fig 3; Raven et al. 2021a). Inorganic
standards used for bulk sediments included elemental sulfur, pyrite, pyrrhotite, anhydrite, and
seawater sulfate. Relative abundances of sulfur species were calculated based on linear
deconvolution fitting of these standard spectra (see SI data file).
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Fig 3. Spectra of organic sulfur
T standards used for XAS/XRF data
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Results
Sediment Incubations
IR sediments were used to create oxic microcosm incubations, amended with 10 mM
concentrations of biologically relevant organic sulfur compounds across oxidation state and
degradation pathway. These incubations aimed to assess if in situ microorganisms were able to
degrade the organic sulfur substrate and produce sulfate (Fig 4). The control microcosms, which
contained no added substrate, had no significant sulfate production with depth. The sulfonic acid
taurine had the highest sulfate production regardless of depth followed by the sulfate ester sodium
dodecyl sulfate. In contrast, cysteine, and methionine produced low and sporadic sulfate: Cysteine
addition led to sulfate accumulation in the upper sediment (0-3 cm), while methionine had two
zones (2-5 cm, 6-8 cm). Notably, sulfate production was only statistically different from the
control with depth for SDS and taurine (p < 0.001; Dunn’s Kruskal-Wallis test), but not methionine
(p = 0.06) or cysteine (p = 0.07).
Sulfate Production (mM)
0 1 2 3 4

o

—_

Fig 4. Sulfate accumulation during incubations of
inoculates from discrete depths of IR sediments, with
added organic sulfur. Substrates included the sulfate
ester SDS (sodium dodecyl sulfate) in dark blue squares,
the sulfonic acid taurine in light blue diamonds, and the
mono sulfides cysteine and methionine in regular and
inverted pink triangles, respectively. Incubations were
run in duplicates, with 1o standard deviations shown in
error bars.
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Fig 5 (a) A Nonmetric Multidimensional Scaling (NMDS) plot of the community structure from both
stations. Numbers next to the points are the corresponding depths (cm) from where that sample
originated. (b) Taxonomic distribution of Metagenomic Assembled Genomes (MAGs) from the 16S
rRNA gene amplicon at both Isle Royale and Western Mooring with depth. MAG taxonomy is at the
class level, with phyla in italics. MAGs are organized alphabetically from left to right by phyla. To
understand key players across stations, only MAGs that were > 1% abundance are included. Yellow
dots indicate the classes that correspond to orders detected in panel c. (c) Distribution of dsr4A and
dsrB genes with depth in MAGs in Isle Royale at the order level. For b and c, the size of the points is
scaled by the mean coverage of each MAG within the phylogenetic cutoff-.
321
322  Metagenome Assembled Genome (MAG) abundance was used to assess microbial community
323  composition differences across stations (Fig 5). Non-metric multidimensional scaling (NMDS)
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indicated that the microbial communities in surface sediments (1 cm) from IR and WM were
similar, but quickly diverged with depth (Fig 5a). While a full examination of microbial
community composition and capabilities is beyond the scope of this paper, an examination of
abundant (>1% coverage) Archaea and Bacteria revealed differences in taxa at WM and IR with
depth and drove observed community differences (Fig 5b). Many of the microorganisms recovered
from both stations were novel at the family, genus, and species levels and we therefore visualized
results by class. A total of 37 classes were detected in IR and WM with average coverage >1%,
although only three were >10% in any sample (Thermoplasmatota, Nitrososphaeria, and a novel
Armatimonadota). Further details on the remaining classes, except sulfate reducers (see below)
can be found in the SI. Notably, IR taxa tended to be abundant either above or below the oxycline
(~4 cm), while distributions were more even in WM.

Desulfobacterota (formerly Deltaproteobacteria) were only identified in IR sediments below the
oxycline and included uncultured representatives of BSN033, Desulfobaccia, and Syntrophia.
Together, these three Desulfobacterota classes accounted for 14% of the microbial community at
10 cm in IR. The presence of Desulfobacterota suggested that sulfate-reducing bacteria may be
present at IR. Using MAG gene annotations from DRAM, we searched for the dissimilatory sulfite
reductase (dsrAB) genes that mediate the reduction of sulfite and/or oxidation of sulfide. In our
MAGs, we found that dsr4AB was only present at station IR below the oxycline. In total, we detected
eight MAGS from eight orders with dsr4B (Fig 5¢), seven of which were in classes that were >1%
abundance in at least one sample (Fig 5b, yellow dots). Three of these MAGs were within the
Desulfobacterota phylum: BSN033 (family BSN033), Desulfobaccales (family 0-14-0-80-60-11)
and Syntrophales (family UBA5619). Additionally, we found two Nitrospirota:
Thermodesulfovibrionales (family SM23-25) and UBA6902 (family UBA6902). Two
Acidobacteriota MAGs were also detected with dsr4B: Vicinamibacterales and Bryobacterales.
The latter of which, in class Terriglobia, was below our cutoff for visualizing the microbial
community (< 1% relative abundance). Finally, we identified 2-12-FULL-54-10 within Binatota —
notably this microbe, although containing dsr4B, was <1% abundance in IR deep sediments but
3% at 10 cm in WM.

Porewater Sulfur

Porewater sulfate profiles (Fig 6a) revealed a clear contrast between the two sites. At IR, porewater
sulfate concentrations increased from the surface (21 pM) to a maximum at 2-3 cm depth (51 uM)
and then decreased to zero by 8 cm. At well-oxygenated WM, surface sulfate concentrations were
higher (29 uM) but decreased to only 17 uM with depth. Sulfide was not detected in the deeply
oxygenated WM sediment, but at IR, sulfide reached a maximum of 36 nM near the oxygen
penetration depth (~4 cm; Fig 6b). Porewater cysteine distributions in IR resembled sulfide, with
a maximum concentration of 70 nM at 5-6 cm depth and a secondary peak at 3—4 cm depth (Fig
6¢). In WM sediments, porewater cysteine was highest at the sediment-water interface (21 nM)
but remained <10 nM in deeper sediments.
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Fig. 6. Porewater (a) sulfate (b) sulfide and (c) free cysteine measured from Isle Royale (IR; (blue
circles) and Western Mooring (WM; magenta diamonds) sediments. The light blue dashed line
represents the approximate oxygen penetration depth in IR, measured by microprobe in a duplicate
core. Dissolved O; in WM remains > 38 uM to 9 cm depth (measurement depths were limited due to
probe length) and is assumed to be oxic throughout. Error bars represent 1o standard deviations of
replicates of standards at similar concentrations.
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Fig 7. Solid phase
sulfur pools from
Lake Superior
sediments including
(a) elemental sulfur,
(b) pyrite, (c) total
solid phase S, (d)
free lipids, (e) polar
lipids, and (f)
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kerogen following
lipid and pyrite
extractions. IR
samples are shown
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circles, with oxygen
penetration depth
for reference. WM is
seen in magenta
diamonds. All are
plotted per gram of
dry sediment. See SI
data file for all

geochemical data.
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Both organic and inorganic solid sulfur phases were measured in Lake Superior sediments (Fig 7).
A subtle peak in elemental sulfur concentrations (43—62 png S/g) was present at 1-2 cm depth at
both sites (Fig 7a). In deeper sediments, elemental sulfur was more abundant at IR than at WM,
reaching a maximum concentration of 112 pg S/g at 6-7 cm depth. Pyrite in IR sediments (defined
as CRS extracted) was not detectable (~<0.001 ppm) in WM but was present throughout all but
the shallowest 3 cm of IR sediment (Fig 7b). Here, pyrite concentrations had several distinct peaks,
reaching a maximum concentration of 169 pg S/g near the oxygen penetration depth. Bulk
sediment C:S ratios and sulfur weight percentages were used to calculate total sedimentary sulfur
(Fig 7c). Total sulfur was higher on average in IR (893 pg S/g+ 197) than WM (520 ng S/g + 120)
with depth and had peaks that paralleled other solid phase maxima.

Concentrations of sulfur in lipid pools were calculated from extract masses using molar S:C ratios.
For intact polar lipids, molar C:S ratios were measured on pooled samples, yielding average values
of 81 £ 13 in IR and 285 £ 9 in WM. Molar C:S ratios in free lipids were assumed to be
approximately 100 (Moran and Durham 2019). Total free lipid sulfur in IR and WM were similar
at the surface (~ 2 pg S/g) and throughout the uppermost (oxygenated) sediments (Fig 7d). Below
4 cm, free lipid sulfur remained relatively constant at IR (averaging 1.2 ng S/g) but decreased in
WM. Intact polar lipids were extracted after free lipids and contained more sulfur overall (Fig 7e).
Unlike free lipids, the two sites had different initial concentrations of sulfur in IPLs: 12.9 ng S/g
at IR and 7.4 ng S/g at WM. Concentrations of sulfur in IPLs declined over the upper 4 cm at WM
but not at IR. IPL sulfur concentrations averaged 10+ 1.4 (10) pug S/g in IR sediments and averaged
2.0 £0.3 pg S/g below 4 cm depth at WM.

Solid phase sulfur following lipid, pyrite, and elemental sulfur extractions was operationally
defined as proto kerogen and calculated from remaining sediment masses and molar C:S ratios
(Fig 71). Like other solid phase pools, there was more sulfur in IR: proto kerogen averaged 138 pg
S/g + 13 after a surface peak of 195 pg S/g. Meanwhile, proto kerogen in WM had a sub-surface
peak of 159 pg S/g, but decreased to an average of 78 pg S/g (+ 14) below 5 cm.

Given previously published porosity measurements (Li et al. 2012), we calculated that solid phase
sulfur accounted for ~99% of total sulfur, with porewater sulfur at most 1% of the mass balance
(see SI data file) — and only at the sediment-water interface. Below this, porewater sulfur (Fig 6)
was on average ~0.3% of total sedimentary sulfur. Of the sedimentary sulfur pools, proto kerogen
is the primary component of the sulfur budget at both sites (Fig S1, Fig 7). At IR only, inorganic
sulfur (i.e., pyrite and elemental sulfur) is similar to proto kerogen concentrations in deeper
sediments. Total sedimentary sulfur at IR is elevated at several depths with abundant pyrite. Free
and intact lipids were ~1-2% of total sulfur in IR and ~0.5% in WM.

Sulfur Speciation

We assessed the oxidation state and chemical speciation of sulfur in water column DOM, bulk
sediment, free lipids, and IPLs using XAS/XRF. XAS/XRF spectra could not be collected on proto
kerogen due to its low concentration against the scatter from sedimentary silicates. For both WM
and IR, a majority (~90%) of DOM was either highly oxidized (sulfate esters, sulfonic
acids/sulfonate) or moderately oxidized (aromatics, sulfoxides), with minimal contributions from
reduced compounds (mono or disulfides; Fig S3). Results for bulk sediments (Fig S2) indicated
no significant iron monosulfides, obviating the need for acid-volatile sulfur extraction. Near the
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sediment-water interface for both IR and WM, most (~80%) of total sedimentary organic sulfur
was intermediate or oxidized, in the forms of sulfonic acids, sulfate esters, and sulfonates. Bulk
sedimentary sulfur speciation in WM was largely constant with depth, but the relative amounts of
disulfides and monosulfides increased with depth in IR.

a

Depth (cm)
~

1

13
15

20

Depth (cm)
~

1

13
15

20

Fraction of Organic S (%)

0 20 60 80 100
L | 1
—
T -
|
I e
e I
|
I
I
T
I
—
I
I
—
I
I
=
Free Lipids Isle Royale
Fraction of Organic S (%)
0 20 60 80 100
| |
|
—
| —
I -
]|
I
-
L]
|-
|
| —
] e—
] f—
) J—
] fe—
Intact Polar Lipids Isle Royale

11

13
15

20

1

13
15

20

Fraction of Organic S (%)

0 20 40 60 80 100

e e

Free Lipids Western Mooring

Fraction of Organic S (%)
0 20 40 60 80 100

—
Intact Polar Lipids Western Mooring

M disulfide [ monosulfide [ aromatic [ sulfoxide [1sulfonate [ sulfate ester

Fig 8. Sulfur speciation as inferred by XAS/XRF spectra for (a) IR free lipids, (b) WM free lipids, (c) IR
intact polar lipids, and (d) WM intact polar lipids. Each spectrum was fit with various organic sulfur
standards, with disulfides in magenta, alkyl monosulfides in pink, aromatics in yellow, sulfoxides in

green, sulfonates/sulfonic acids in light blue, and sulfate esters in dark blue. Stacked spectra and plots
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of individual components with depth can be found in the SI (Figs §4-5). Note that the y-axis is non-
linear due to higher sample resolution in surface sediments.

A similar pattern was seen in free and intact lipid extractions (Fig 8, S4-5), with higher reduced
sulfur content in IR than WM. Free lipids from IR (Fig 8a) were predominantly disulfide,
averaging 68% below the oxycline. In contrast, sulfur in WM free lipids (Fig 8b) was 27%
disulfide. Sulfoxides represented a small (~10%) yet consistent component of free lipids from each
site. The relative abundance of aromatics and monosulfides were low and constrained to surface
sediments in IR free lipids. In WM, however, monosulfides and aromatics were more consistent —
and in the case of aromatics, more abundant (~30%) — with depth. Oxidized species like sulfonates
and sulfate esters were unsurprisingly low in free (relatively nonpolar) lipid pools. Instead, intact
polar lipids (Fig 8c-d) had more oxidized organic sulfur. Sulfonates comprised an average of 23%
of total sulfur in IR and 29% in WM, while sulfate esters were 21% and 33% of intact lipid sulfur,
respectively. Intermediate compounds, including aromatic sulfur and sulfoxides, were elevated in
WM intact lipids compared to IR. For example, IR only had detectable aromatic sulfur in intact
lipids at the sediment water interface, but aromatics were ~18% of intact lipid sulfur with depth in
WM.
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Fig 9. Sulfur accumulation in IR (solid
lines, circles) and WM (dashed lines,
diamonds) in selected intact polar lipid
(IPL) pools, including a) disulfides
- (magenta), b) aromatics (yellow), c)
e sulfonates (light blue) and d) sulfate esters
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Finally, disulfides in WM intact lipids were significantly lower (~6%) than in IR, where disulfides
peaked at 69% abundance at 4 cm. Given our sedimentary mass balance (Fig 7, S1), we calculated
the absolute, rather than relative, accumulation of sulfur within intact lipid extract pools (Fig 9).
Across all sulfur redox states, sulfur concentrations are initially ~2x higher in IR than WM — except
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for disulfides, which are ~5x greater (Fig 9a). By 5 cm, intact lipid disulfides reach a maximum of
7.4 ng of S per g of sediment, coinciding with peaks of pyrite and elemental sulfur (Fig S7).
Aromatic and sulfonate sulfur, in both IR and WM, displayed characteristic exponential
degradation. Sulfate ester sulfur within IR’s intact lipids, however, had a broad, sub-surface peak
~4 ug S per g of sediment.

Discussion

Lake Superior’s microbial community includes sulfate reducers

No studies have surveyed the sedimentary microbial community in Lake Superior beyond specific
cycles like iron (Dittrich et al. 2015) and nitrogen (Small et al. 2016; Crowe et al. 2017). Although
a full metabolic examination is beyond the scope of this paper, we provide a broad overview of
the bacteria and archaea in WM and IR identified by our metagenomic sequencing. Many taxa
were detected at IR and WM that degrade various organic matter pools, including within
Acidobacteriota and Chloroflexi. These phyla are extremely metabolically diverse and are not
uncommon in lake sediments (Davis et al. 2011). Chloroflexi, especially classes observed here like
Anaerolineae and Dehalococcoidia, are important initial fermenters for complex compounds
(Suominen et al. 2021). Meanwhile, many Verrucomicrobiota may be specialists (Williams et al.
2021), for example by consuming sulfated polysaccharides (Orellana et al. 2022) that appear to be
concentrated in Lake Superior sediments (Fig 9d). Acidobacteria, including observed
Pyrinomonadaceae within Blastocatellia, are also carbon degraders (Ivanova et al. 2020). This
highlights that Lake Superior sediments, like other marine and freshwater systems, harbor diverse
heterotrophic communities that drive carbon mineralization and likely fermentation processes.

Microbial community composition in surface sediments was similar between IR and WM (Fig 5a),
a phenomenon driven by a few dominant taxa that co-occurred at both stations. These included the
Nitrososphaeria within the Crenarchaeota phylum, a common group of ammonia-oxidizing
Archaea that have been previously identified in Lake Superior via ammonia monooxygenase
(amoA) gene surveys (Bollmann et al. 2014). Co-occurring bacterial classes in surface sediments
included Themoleophilia and UBA3748 within the phylum Actinobacteria — a primitive and
ecologically significant lineage characterized by diverse metabolisms (Shivlata and Satyanarayana
2015). Nirtospiria, a class of nitrite oxidizers, and Gammaproteobacteria, a class of mostly
heterotrophic bacteria, were also abundant in the surface microbial communities of both IR and
WM. Lake Superior’s surface communities, overall, represent a complex consortium of carbon
and nitrogen cyclers.

While many co-occurring surficial groups remained abundant with depth, divergence in
community composition was driven by non-co-occurring groups, especially sulfur cyclers.
Uniquely in WM, we saw classes of Nanoarchaeia, an obligate Archaeal syntroph, and UBA 10030,
a complex organic matter degrader, become abundant with depth. In IR, however, there were clear
shifts to anaerobic metabolisms, with the rise of taxa like Bacteroidia, BSN033, Desulfobaccia,
Syntrophia, and MBNT15. Indeed, most of the classes unique to down-core IR sediments
contained dissimilatory sulfite reductase (dsrAB) genes (Fig 5c), the appearance of which
coincided with porewater sulfide production ~4 cm (Fig 6b). In total, we identified eight dsrAB-
containing taxa, which accounted for ~20% of IR’s 10 cm sedimentary community. Most (14%)
of this sulfate reducing community were canonical Desulfobacterota. Other sulfate reducers
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included Thermodesulfovibrionales, which have been previously found in freshwater, iron-rich
lake sediments (Elul et al. 2021). We also identified dsr4B in thus-far uncultured Binatota, which
appears to be genetically capable of degrading simple methane sulfones and sulfides (Murphy et
al. 2023). We also find sulfate reducing Acidobacteria, which are often overlooked for their sulfur
cycling potential despite accounting for the second-highest number of dsr4B hits in marine
sediments (Flieder et al. 2021). Taken together, we provide evidence that sulfate reduction is a key
metabolism in anoxic Lake Superior sediments.

Other metabolisms involving iron or sulfur may also drive community differences in IR sediments
below the oxycline. Concentrations of dissolved sulfur intermediates involved in
disproportionation (e.g., thiosulfate) were below detection limits (<1 uM), but solid-phase
elemental sulfur concentrations reached 3.5 pumol S/g (112 ug S/g sediment; Fig 7a). Due to very
low (<40 nM) sulfide (Fig 6b), elemental sulfur disproportionation would be energetically
favorable near IR’s oxygen penetration depth (Finster 2008). Notably, organisms with dsr4B genes
are not necessarily restricted to sulfate reduction and may grow via disproportionation (van Vliet
et al. 2021) — for example our identified Thermodesulfovibrionia (Umezawa et al. 2021). Despite
documented Fe?" accumulation in IR porewaters below ~5 ¢cm (Li et al. 2012), canonical iron
reducers like Geobacter and Shewanella were not >1% abundance. However, previous
metagenomic investigations of iron layers in Lake Superior have implicated Nitrospiria (Dittrich
et al. 2015), an abundant taxon at IR and WM in our dataset. Future work should continue to
catalog the diverse metabolisms in Lake Superior sediments with metagenomics and
transcriptomics to better understand the energetics of iron metabolisms relative to microbial sulfur
reduction.

Oxidized organic sulfur likely fuels Lake Superior sulfate reduction

In low-sulfate environments, organic sulfur may dwarf inorganic reservoirs and actively drive
sulfur transformations (Fakhraee and Katsev 2019). In Lake Superior we find that even at sulfate
peaks (51 uM; Fig 6a), organic sulfur concentrations are two orders of magnitude higher (Fig 7;
SI Data File). Under these conditions, models suggest that up to 50% of sulfate reduction may be
supported by the hydrolysis of organic sulfur compounds to sulfate (Fakhraee et al. 2017). Our
study sought to confirm the potential of organic sulfur to act as a fuel for sulfate reduction. We
also aimed to better characterize the redox state of the organic sulfur involved, as both reduced
thiols from proteins and oxidized sulfate esters and sulfonates from lipid/polysaccharide pools
have been hypothesized as potential precursors (Bellinger et al. 2014; Fakhraee et al. 2017).

One potential sulfate source is protein-derived amino acids, namely the thiol cysteine (R-SH) and
the monosulfide methionine (R-S-CH3). Oxidative cysteine and methionine lyase enzymes can
sever carbon-sulfur bonds, producing free thiols and methanethiols, respectively. In the presence
of O, free thiols would readily oxidize to sulfate while methanethiols would likely be consumed
— for example by Binatota sulfate reducers observed in IR (Murphy et al. 2023). Incubation results
hint at some microbial capacity to generate sulfate from these amino acids (Fig 4), although
maximum production did not correlate with observed porewater sulfate peaks ~2-3 cm (Fig 6a).
Porewater cysteine peaks were also low and offset from sulfate, with maximums below the
oxycline (Fig 6¢). Further, we see little evidence of a large pool of amino acid sulfur in our sulfur
speciation dataset. Deep water column DOM (Fig S3) is at most 10% reduced compounds like
monosulfides. While DOM is not an ideal proxy for organic matter delivered to sediments, it can
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still help inform our understanding of organic sulfur in primary producers (Beaupré 2015). Bulk
sediments and proto kerogen (inferred by subtraction) also have low relative abundance of
monosulfides (Fig S2). Although these low cysteine and methionine abundances do not preclude
the possibility of rapid, active cycling, we hypothesize that sinks other than hydrolysis are more
likely keeping amino acid concentrations low. First, cysteine and methionine rapidly oxidize to
intermediate oxidization sulfoxides and sulfones (Phillips et al. 2021; Silverman et al. 2022),
which we observe throughout our speciation data. Second, many heterotrophs can directly
incorporate free amino acids into proteins. While we cannot completely disregard reduced sulfur
as a potential sulfate precursor, we conclude that it is most likely a minor contributor.

We instead turn to the potential role of oxidized organic sulfur in Lake Superior sediments. Lipids
and polysaccharides contain oxidized sulfur that is carbon bound like sulfonates (R-SOs) or non-
carbon-bound sulfate esters (R-O-SOs;-H). Sulfate esters are readily hydrolyzed to sulfate via
widely distributed aryl sulfatases (Roy 1971). A diverse suite of enzymes aids the conversion of
sulfonates to sulfate, although genetic work has mostly focused on model C>-C; compounds like
taurine (Durham et al. 2015; Xing et al. 2019). Notably, Lake Superior’s active heterotrophic
microbial community may play a role in breaking down complex sulfonates like SQDG into
smaller, hydrolysable pieces. Incubations with IR sediments revealed a high capacity for these
transformations; samples amended with SDS, a model sulfate ester, yielded significant sulfate
production, although the highest concentrations were observed with taurine addition (Fig 4). Our
speciation data also highlighted the prevalence of oxidized organic sulfur across major pools:
sulfonates and sulfate esters accounted for 60% of DOM (Fig S3), 40% of bulk sediments (Fig
S2), 50% of intact polar lipids (Fig 8, S5), and 70% of sediments following lipid extraction (SI
Data File). Remarkably, intact lipids were 1-2% of the total sedimentary sulfur budget (Fig S1) —
likely partially reflecting elevated water column SQDG production under phosphate starvation
(Bellinger et al. 2014). These results implicate oxidized sulfur in fueling Lake Superior sulfate
reduction.

Our results have implications beyond our case study in Lake Superior. Organic sulfur may play an
active role in inorganic nutrient cycles across other sulfate-starved systems like oligotrophic soils,
the deep subsurface, or the Archean Ocean. In these environments, oxidized organic sulfur like
sulfonates and sulfate esters are likely an overlooked source of sulfate (Fitzgerald 1976). Future
work should continue to catalog sulfur oxidation states in organic matter and leverage
metagenomics to track specific catabolic pathways of oxidized sulfur compounds like SQDG.

Pyritization and organic matter sulfurization are co-occurring sulfide sinks

Models of porewater sulfide in Lake Superior predicted accumulation to ~10 uM (Fakhraee et al.
2017), but we observed three orders of magnitude lower concentrations (40 nM) in Lake Superior
sediments (Fig 6b), suggesting highly efficient sulfide sinks in IR sediments. The canonical sink
for sulfide in anoxic sediments is pyrite formation (FeSz; Canfield 2001), which requires various
inorganic iron and sulfur ingredients. Previous work at IR found high concentrations (30-80 uM)
of dissolved Fe*" below ~4 c¢m, the seasonal oxycline. This down-core accumulation of Fe** was
attributed to microbial iron reduction of abundant Fe(IIl) minerals in the Lake Superior watershed
(Sterner 2010; Dittrich et al. 2015). The initial products in the reactions of Fe(Ill) minerals and
dissolved sulfide are likely Fe?" and elemental sulfur, which can then co-precipitate to form FeS.
FeS is considered an intermediate, requiring another reaction for conversion to pyrite (Rickard and
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Luther 2007): Although we do not observe FeS directly (via XAS/XRF) in our bulk sediments (Fig
S2), elemental S is abundant and available to support the conversion of FeS to FeSzin IR sediments
at 3—7 cm depth (Fig 7a, S1). Elemental S decreases below detection limits in underlying
sediments, possibly kept low by pyrite formation, microbial oxidation/disproportionation,
formation of polysulfides, or a mixture of these reactions.

We observe maximum (169 pg S/ g) pyrite concentrations at 4-5 cm (Fig 7b). At this interval,
pyrite is nearly equal to the proto kerogen sulfur pool (Fig S1) and accounts for 13% of the total
sulfur mass balance (SI Data File). In deeper IR sediments, pyrite concentrations vary by nearly
an order of magnitude, ranging from 17.5 — 125 pg S/ g sediment — a feature that is replicated by
an independent measurement via XAS/XRF (Fig S6). These layers of abundant pyrite likely
represent the reduced products of past mm-scale accumulations of Fe(Ill) minerals, which may
have marked the historical positions of the O penetration depth (Li and Katsev 2014; Dittrich et
al. 2015). Pyrite records and their isotopes are widely used to reconstruct paleoenvironments and
changes in local geochemistry, with the general assumption that they reflect the integrated signal
of continuous pyrite formation over some sulfidic interval in the water column and/or sediments
(Jorgensen 1979). Our results emphasize that pyrite formation in low-sulfate systems may reflect
processes and fluxes at a very specific location within the sedimentary environment like the
oxycline (Gomes et al. 2022) — a framework that may substantially impact interpretations of
freshwater pyrite records (Davison et al. 1985). For example, sulfate released from organic matter
via hydrolysis could pin porewater sulfate isotopes near biomass values (thus resisting Rayleigh
fractionation) in the zone of pyrite formation. This would yield pyrite with consistent, 3*S-depleted,
“open-system” type sulfur isotope signals (Bottrell and Raiswell 2000) despite its formation
several centimeters deep in the sediments.

A second, concurrent sink for sulfides in IR sediments appears to be organic matter sulfurization,
where sulfides and polysulfides attack functional groups to create new carbon-sulfur bonds
(Kohnen et al. 1989; Shawar et al. 2018) and generate alkyl mono- and di-sulfides (van Dongen et
al. 2003; Amrani and Aizenshtat 2004; Raven et al. 2021a). Polysulfides form spontaneously in
the presence of sulfide and elemental sulfur and are therefore predicted to occur in IR sediments
where those species overlap (4—8 cm depth; Figs 6-7). Organic materials that are polymerized via
sulfurization also appear to be relatively resistant to microbial degradation and therefore enhance
carbon burial over geologic time (Boussafir et al. 1995; Boussafir and Lallier-Verges 1997;
Sinninghe Damsté et al. 1998). The most compelling evidence for organic matter sulfurization in
Lake Superior is the accumulation of up to 8 pg of disulfide S per g of sediment in IR intact lipids
(Fig 9a). This peak in organic disulfide abundance occurs in the same depth interval (4-5 cm) as
peak concentrations of sulfide, pyrite, and elemental sulfur (Fig S7). This pattern clearly contrasts
the depth trends seen in other forms of lipid sulfur, which suggest gradual loss over time (Fig 9).
Disulfides were also relatively abundant (~60-70% of total free lipid sulfur) with depth in IR,
especially versus the “control” site WM (20-30%). Total lipid sulfur accounted for ~1-2% of the
solid phase sulfur mass balance (Fig S1) and at some depths rivaled pyrite concentrations. Our 20
cm cores represent ~400 years of diagenesis (Kemp et al. 1978; Li et al. 2012), implying lipid
sulfurization on a decadal timescale. This is consistent with studies of rapid polysulfide
sulfurization in aquatic sediments and laboratory experiments (Francois 1987; Kok et al. 2000;
van Dongen et al. 2003; Amrani et al. 2008).
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Taken together, we observe concurrent, efficient sinks for sulfide produced from microbial sulfate
reduction in the form of pyritization and organic matter sulfurization. Both pyrite and sulfurized
lipids form immediately below the oxycline, at ~4-5 cm. This conclusion bypasses the traditional
narrative for high-sulfate systems where sulfurization and pyritization are considered “competing,”
with alternate zones for each reaction. Instead, we add to the growing literature where sulfurization
and pyritization can occur simultaneously (Shawar et al. 2018; Raven et al. 2019, 2021a). Further,
our results imply that even in low-sulfate, high-iron environments with significant pyrite
formation, lipid biomarkers may be sulfurized and potentially cross-linked into kerogens,
providing a potential pathway for enhanced preservation. Future work should investigate paleo-
redox environments for evidence of such biomarkers to fully realize the application to ancient
and/or fully anoxic environments like early Mars or the Archaean Ocean.

Conclusions
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Fig 10. Conceptualization of a low-sulfate sedimentary sulfur cycle centered in organic sulfur
transformations, modeled from Lake Superior’s Isle Royale station.

We sought to address three outstanding questions in our microbial and geochemical investigation
of Lake Superior sediments. Given previous work hypothesizing the importance of organic sulfur
to sulfate reduction in this environment, we first explored the sulfur cycling potential of
sedimentary microbial communities at two sites: WM and IR. WM served as a control where we
did not expect active sulfate reduction due to its well-oxygenated sediments and lower organic
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content. Indeed, dsrAB hits were unique to IR, identifying key sulfate reducers across
Desulfobacterota, Nitrospirota, Acidobacteriota, and Binatota. Second, following the confirmation
of this community, we explored the source of organic sulfur to sulfate reducers to determine if
oxidized or reduced compounds were the more likely precursor. Using sediment incubations and
sulfur speciation data, we concluded that oxidized organic sulfur in the form of lipids and
polysaccharides was most likely to supply sulfate via hydrolysis. Finally, to complete our tracking
from source to sink, we evaluated sulfide reactions like pyritization and sulfurization, discovering
co-occurrence at the oxycline.

This case study revealed a new model of low-sulfate sulfur cycling where organic sulfur plays a
central role as both a source of sulfate for microbial reduction and a sink for resulting sulfide (Fig
10). In the water column, primary producers preferentially assimilate sulfate under phosphorus
starvation, producing lipids, polysaccharides, and amino acids across sulfur redox states. In the
sediments, this organic matter, especially in the form of sulfonates and sulfate esters, supplies a
substrate for sulfate hydrolysis via a diverse heterotrophic microbial community. Microbial sulfate
reducers use this sulfate to produce sulfide in anoxic sediments, which can go on to react with iron,
elemental sulfur, and organic matter to form pyrite, polysulfides, and sulfurized organic matter,
respectively. Organic matter sulfurization in low sulfate may therefore preserve biomarkers with
the power to constrain ancient environments and life processes. While this data is rooted in Lake
Superior, we believe that these lessons regarding the relative role of organic sulfur are applicable
to conceptualizing other low-sulfate systems, including the Archean Ocean.
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