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Abstract 32 

The marine dissolved organic sulfur (DOS) pool contains both labile metabolites that are 33 

rapidly cycled in the surface ocean and compounds that may persist for thousands of years in the 34 

marine environment. Here, we describe the sulfur speciation of solid-phase extracted marine DOS 35 

(DOSSPE) from the North Atlantic surface ocean, revealing a diversity of oxidation states that 36 

include alkyl sulfides, disulfides, aromatics, sulfonates, and sulfate esters. As dissolved organic 37 

carbon concentrations decrease with depth in the water column, relative abundances of reduced 38 

sulfur species decrease while those of oxidized sulfur species increase, indicating preferential 39 

remineralization of reduced organic sulfur compounds. Although microorganisms are considered 40 

to be the origin of a vast majority of marine DOSSPE, the DOSSPE produced by cultures of 41 

phototrophs and heterotrophic bacteria is compositionally distinct and 34S-enriched relative to 42 

environmental DOSSPE. Ultimately, mechanisms spanning different timescales, including 43 

microbial reworking, uptake, and photochemical oxidation transform labile DOS in the surface 44 

ocean, and may generate recalcitrant compounds that contribute to the long-lived dissolved organic 45 

matter pool. The oxidation states of organic sulfur function as powerful tools for tracking the 46 

sources, sinks, and transformations of organic matter in complex biogeochemical systems. 47 

Introduction 48 

A significant proportion of dissolved organic matter (DOM) in the ocean resists breakdown 49 

for thousands of years and may impact climate on glacial – interglacial timescales by acting as a 50 

long-term reservoir for carbon (Hansell 2013). Despite ongoing progress toward characterizing 51 

DOM with new techniques (i.e., Kujawinski et al. 2004; Hertkorn et al. 2013; Petras et al. 2017), 52 

we do not yet understand the sources of this recalcitrant material in the ocean. Sulfur (S) is a 53 
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primary constituent of photosynthetic biomass (C:S ~ 95:1) (Ho et al. 2003), and organic sulfur 54 

(OS) likewise contributes to the marine DOM pool (Koch et al. 2017; Phillips et al. 2022). 55 

However, dissolved organic sulfur (DOS) is a molecularly complex pool that spans a broad 56 

spectrum of reactivity (Valle et al. 2015; Clifford et al. 2017; Buck-Wiese et al. 2023), and its 57 

relationship to DOM recalcitrance is unknown.  58 

Labile, rapidly cycled OS compounds play essential roles in marine ecosystems as nutrient 59 

and energy sources. Heterotrophic bacteria and other microorganisms can oxidize DOS for 60 

metabolic energy (Moran and Durham 2019), while others assimilate OS for biosynthesis (Tripp 61 

et al. 2008). Many ubiquitous metabolites with reduced and oxidized S functional groups are 62 

rapidly cycled and consumed by microbes in the marine environment; their concentrations are 63 

generally low and decrease with depth over the top 125 m of the surface ocean (Kiene and Linn 64 

2000; Valle et al. 2015; Sabadel et al. 2017). For example, concentrations of methionine, an alkyl 65 

sulfide, range from < 50 pM to ~2 nM (Valle et al. 2015; Sabadel et al. 2017); concentrations of 66 

other thiol-containing metabolites, such as cysteine and glutathione, range from 1 – 15 nM (Dupont 67 

et al. 2006). Similar concentrations have been observed for oxidized S-bearing metabolites: 68 

concentrations of taurine, an amino acid critical for osmoregulation, reach 10 nM in surface waters 69 

(Clifford et al. 2017), and concentrations of sulfoquinovosyl diacylglycerol (SQDG), an important 70 

membrane lipid, reach at least ~12 nM (Brandsma et al. 2012). OS-containing osmolytes, such as 71 

2,3-dihydroxypropane-1-sulfonate (DHPS) and dimethylsulfoniopropionate (DMSP), are two 72 

abundant OS molecules found at mM concentrations in primary producers. DMSP, which accounts 73 

for ~5 – 9% of carbon produced by marine phytoplankton (Galí et al. 2015), can be broken down 74 

by heterotrophic bacteria and converted to dimethyl sulfide (DMS), which can be lost from the 75 

surface ocean via volatilization (Lana et al. 2011; Zhang et al. 2019; Wohl et al. 2024). Large 76 
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amounts of DMS (28 Tg S/yr) are emitted to the atmosphere annually, where it impacts cloud 77 

formation and local climate (Lana et al. 2011; Wohl et al. 2024). The link between this rapidly 78 

cycled, labile DOS and more long-lived recalcitrant DOM remains poorly understood. 79 

Although the mechanisms may be complex, some biogenic OS compounds do appear to 80 

contribute to long-lived DOM. For example, algae contribute significantly to the DOS pool 81 

through the exudation of sulfur-rich compounds, such as fucoidan, which persists in the ocean and 82 

may be a pathway for long-term carbon preservation (Buck-Wiese et al. 2023). The transformation 83 

of OS via the microbial carbon pump and zooplankton grazing may influence overall DOM 84 

recalcitrance and may contribute to the production of long-lived DOM (Hansell 2013; Johnston et 85 

al. 2022; Moran et al. 2022).  Photochemical processes also play a key role in DOS production, 86 

transformation, and loss (Riedel et al. 2016; Kieber et al. 2024). The photochemical products of 87 

DOM degradation include both volatile DOS compounds (e.g., carbonyl sulfide (OCS), carbon 88 

disulfide (CS2)) and non-volatile DOS compounds (methanesulfonic acid (MSA), methanesulfinic 89 

acid (MSIA)), and sulfate (Cutter et al. 2004; Lennartz et al. 2019; Ossola et al. 2019). 90 

Additionally, DOS can be produced and altered through geopolymerization, a broad 91 

category of polymerization and recombination reactions that enhance OM stability. Sulfurization 92 

is a special type of these reactions that occurs in anoxic environments like many coastal sediments 93 

(Pohlabeln et al. 2017; Abdulla et al. 2020). High concentrations of DOS are observed in coastal 94 

sediment porewaters, leading to the hypothesis that significant quantities of sulfurized DOM efflux 95 

from anoxic sediments (13 – 200 Tg DOS/year) (Pohlabeln et al. 2017; Raven 2025). DOM rapidly 96 

undergoes sulfurization reactions at room temperature in sulfidic conditions (Pohlabeln et al. 97 

2017). Given these large fluxes, sulfurized DOM from sediment porewater could account for a 98 

large portion of the marine DOM pool (Pohlabeln and Dittmar 2015). However, the S isotopic 99 
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composition of DOM indicates that biogenic DOS sources, rather than sulfurized porewater DOM, 100 

comprise >90% of the water column pool of DOS (Phillips et al. 2022; Ibrahim and Tremblay 101 

2023; Tang and Liu 2023). Like biogenic DOS, sulfurized DOM may be lost due to oxidation to 102 

sulfate through heterotrophic metabolisms or photochemical reactions (Riedel et al. 2016; Kieber 103 

et al. 2024).  104 

Sulfur-containing biomolecules exist in a diverse range of nominal oxidation states, 105 

ranging from thiols (-2) to sulfate esters (+6) (Moran and Durham 2019). Here, we categorize 106 

reduced groups to include alkyl sulfides (R–S–R), disulfides (R–S–S–R), and aromatic S. The 107 

alkyl sulfide pool also includes thiols (R–SH) and sulfonium compounds ([SR3]+) that are 108 

indistinguishable via XAS. Oxidized groups include sulfoxides (R–SO–R), sulfonates and 109 

sulfones, (R–SO3- and R–SO2–R), and sulfate esters (R–O–SO3-). Many of the important 110 

transformations in the DOS pool likely involve changes in the oxidation state of sulfur. 111 

Accordingly, we use x-ray absorption spectroscopy (XAS), which provides information on S 112 

oxidation state, in conjunction with elemental ratios and S isotopes, to reveal the diversity of OS 113 

molecules within the marine DOM pool. To better understand the biogenic sources of marine solid-114 

phase extracted DOS (DOSSPE) and the processes that transform it in the environment, such as 115 

oxidation, photochemistry, and microbial re-working, we describe the S speciation and isotopic 116 

composition of open ocean marine DOSSPE for a suite of depth profiles in the North Atlantic. We 117 

then compare these marine samples to extractable OS produced in-culture by select marine primary 118 

producers and heterotrophs. We also present the results of incubations that track heterotrophic 119 

microbes’ transformation of primary biogenic DOSSPE using ultrahigh-resolution mass 120 

spectrometry. Ultimately, our results underscore the chemical diversity of DOS species and reveal 121 

first-order patterns in their spatial distributions in the surface ocean. 122 
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Materials and Methods 123 

Marine sample collection 124 

Water samples for DOMSPE extraction were collected on cruise AR62 on R/V Neil 125 

Armstrong in November 2021 from the North Atlantic along the Northeast continental shelf. 126 

Three-point depth profiles were collected from seven stations; three stations were on the shelf and 127 

four stations were off the shelf (Fig. 1). The shallowest sample at all stations was a surface sample 128 

at 5 m depth. The mid-point depth sample was collected from below the relative chlorophyll 129 

maximum where oxygen decreased at all stations, as determined by CTD casts (Fig S1). The deep 130 

samples were collected from 70 – 150 m water depth on the shelf and 200 m off the shelf. 131 

Maximum water depth off the shelf was 2685 m. For depth comparisons, surface samples are 132 

defined as <10 m depth, mid-depth samples are samples collected from 30 – 80 m, and deep 133 

samples were collected below 150 m. 134 

Seawater (~10 L) was collected from Niskin bottles with silicone tubing into acid-rinsed 135 

polycarbonate carboys and passed through a 0.7 µm combusted GF/F filter using a peristaltic pump 136 

with Teflon tubing. A subsample of 20 mL of filtrate was collected into combusted glass EPA vials 137 

with Teflon lids, acidified to pH 2 with concentrated OmniTrace hydrochloric acid (12 N), and 138 

stored at 4 ℃ (Halewood et al. 2022). Non-purgeable dissolved organic carbon (DOC), which 139 

contains no volatile compounds (DMS is not present in these samples), was measured with high-140 

temperature combustion (Halewood et al. 2022). The remaining filtrate was retained for DOMSPE 141 

isolation. 142 
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Monocultures 143 

Artificial seawater amended with macronutrients, trace metals, and vitamins with 144 

respective media recipes was used to grow monocultures of Prochlorococcus marinus CCMP2971 145 

(Pro99 media), Thalassiosira pseudonana CCMP1335 (f/2+Si media), Ruegeria pomeroyi DSS-3 146 

(ProMM media), and Alteromonas macleodii MIT1002 (ProMM media) (Guillard and Ryther 147 

1962; Guillard 1975; Moore et al. 2007). After achieving steady-state growth conditions defined 148 

by three consistent growth rates calculated across successive transfers, monocultures were sampled 149 

in the late exponential phase. Cultures were centrifuged (3000 x g for 15 min at room temperature) 150 

to isolate cells from exudates. To rinse away excess sulfate, pellets were centrifuged and 151 

resuspended in sulfate-free artificial seawater three times. The rinsed pellets were frozen at -20 ℃. 152 

The exudates were filtered with a peristaltic pump through an acid-rinsed 0.2 µm PTFE filter 153 

(Omnipore, EMD Millipore). Exudate DOMSPE isolation is described below. 154 

OS transformation incubations 155 

Cells were harvested from the two phototroph monocultures (Prochlorococcus marinus 156 

and Thalassiosira pseudonana) via centrifugation and subsequently lysed by sonication on ice and 157 

subjected to three freeze-thaw cycles. The lysates were centrifuged (20,000 x g for 15 min at 4℃) 158 

and the concentrated DOM of the supernatant was used as the sole carbon source for incubation of 159 

heterotrophic bacteria. The two heterotrophic bacteria (Ruegeria pomeroyi and Alteromonas 160 

macleodii) were grown as monocultures in artificial seawater amended with macronutrients, trace 161 

metals, vitamins, and the respective lysate. Cultures were grown in these conditions over multiple 162 

dilutions and then the experiment was inoculated as three biological replicates. Growth was 163 
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monitored by counting SYBR Green-stained cells with flow cytometry. DOMSPE was sampled at 164 

the initiation of the experiment and as cells approached stationary phase. 165 

DOMSPE isolation 166 

For filtrates from monoculture experiments and in situ sampling, filtrate was acidified to a 167 

pH of 2 with concentrated (12 N) OmniTrace hydrochloric acid and concentrated via solid phase 168 

extraction (SPE) with styrene-divinylbenzene polymer resin columns (Bond Elut PPL, Agilent, 169 

Santa Clara) following established protocols (Dittmar et al. 2008; Phillips et al. 2022). Briefly, the 170 

SPE column was primed with methanol, the filtrate was passed onto the column via FEP tubing 171 

(Thermo Scientific) and an extraction manifold, the column was rinsed five times with 0.01M HCl 172 

to remove sulfate; sulfate removal was confirmed via XAS. The samples were eluted into 173 

combusted amber glass vials with 6 mL methanol. Samples were evaporated under N2 to near 174 

dryness and stored at -20℃. Media blanks were also passed through SPE columns for all 175 

monoculture experiments. 176 

The DOS molecules studied here represent only those that are retained on SPE resin. For 177 

DOC, recovery from SPE on PPL is variable (37 – 74%), while DON recovery is lower (10 – 40%) 178 

(Broek et al., 2017; Dittmar et al., 2008; Hertkorn et al., 2013). DOS recovery is uncertain, with 179 

extraction efficiencies ranging from 0 – >90% for a subset of S-containing marine metabolites, but 180 

SPE resins are particularly effective for extracting relatively large, uncharged, slightly polar (100 181 

– 1000 Da) OS compounds (Johnson et al. 2017). Improved constraints on the impact of PPL on 182 

both S speciation and isotopic composition would be valuable in applying these data to the broader 183 

DOS and DOM pools. 184 

EA-IRMS 185 
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DOSSPE samples were transferred in methanol to smooth-walled ultra-clean tin EA capsules 186 

(6 x 2.9 mm, OEA Laboratories) (Phillips et al. 2022). Methanol was evaporated at room 187 

temperature (~3 h) and sample tins were folded closed. C and S contents and δ13C values of 188 

DOMSPE were determined with an elemental analyzer coupled to an isotope ratio mass 189 

spectrometer (EA-IRMS; Elementar Vario Isotope Select EA interfaced to a Nu Horizon IRMS) 190 

with He carrier gas (200 mL/min). CO2 and SO2 were quantified using a thermal conductivity 191 

detector (TCD). C and S abundances were calibrated using a sulfanilamide standard curve (1.5 – 192 

35 μmole C; 0.25 – 6 μmole S) run in duplicate (R2 for C and S calibration curves > 0.99). Sample 193 

δ13C values were calibrated using carbon isotope standards USGS-61 (-35.05‰), 62 (-14.79‰), 194 

and 63 (-1.17‰) run in triplicate and are reported relative to Vienna Pee Dee Belemnite (VPDB). 195 

S isotope analyses were conducted on EA IsoLink combustion EA coupled to a Delta V 196 

Plus IRMS via a ConFlo IV Universal interface (all from Thermo Scientific) (Phillips et al. 2021, 197 

2022). CO2 was diluted at the highest setting (88%) due to high C contents using the ConFlo; SO2 198 

was not diluted. DOSSPE samples containing 5 μg S determined from measured S content were 199 

prepared in tin EA capsules as described above. S isotopes were calibrated using IAEA silver 200 

sulfide standards S-1 (-0.30‰), S-2 (22.62‰), and S-3 (-32.49‰) and are reported with respect 201 

to the Vienna Canyon Diablo Troilite (VCDT). Media blanks passed through SPE columns were 202 

also analyzed via EA-IRMS; these blanks did not contain detectable S. 203 

Given sample size limitation, we were only able to make single or duplicate measurements 204 

for each sample. Monoculture DOMSPE samples contained very low amounts of S, so DOMSPE 205 

from the triplicate monoculture experiments were pooled to have sufficient S (2 µg) for an isotope 206 

measurement. To estimate uncertainty for δ13CVPDB, δ34SVCDT, and C:S analyses, DOMSPE 207 

previously collected off the Scripps Pier in bulk (~200 L) was used as a consistency standard 208 
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(Phillips et al. 2022). Five Scripps DOMSPE samples were analyzed daily, and the standard error 209 

of each sample was calculated by dividing the standard deviation of Scripps DOMSPE standard 210 

measurements by the square root of the number of replicates analyzed. Standard errors of δ13CVPDB, 211 

δ34SVCDT, and C:S analyses were <0.1‰, <0.3‰, and ≤3%, respectively. Details on number of 212 

replicates and standard error are provided for each marine sample in Supplemental Dataset S1 and 213 

for each monoculture experiment in Supplemental Dataset S2. 214 

XAS analysis 215 

Sulfur K-edge x-ray absorption spectroscopy/x-ray fluorescence (XAS/XRF) was used to 216 

describe the bonding environment and redox state of S within bulk DOSSPE samples 217 

(Vairavamurthy 1998). DOS samples were suspended in 100 µL 20:1 dichloromethane : methanol 218 

and sonicated until dissolved (~10 min). Aliquots of 5% of the sample were dried at room 219 

temperature onto combusted quartz microscope slides (Chemglass). Spectra were collected at the 220 

Stanford Synchrotron Radiation Lightsource (SSRL) on beamline 14-3, which utilizes a Si(111) 221 

(Φ = 90) double crystal monochromator to achieve beam energies ranging from 2460 to 2540 eV, 222 

calibrated to the thiol pre-edge peak of thiosulfate at 2472.02 eV. Replicate spectra for each sample 223 

were acquired using a ~500 x 500 µm beam to optimize S counts and processed with the SMAK 224 

and SIXPACK software packages (Webb 2005) using a set of in-house OS standards (Fig. S1). Fit 225 

uncertainties are ± <2% (Vairavamurthy 1998). 226 

Mass spectrometry 227 

DOMSPE from heterotrophic bacteria incubations was analyzed as described previously 228 

(Kido Soule et al. 2015; Weber et al. 2020). Chromatography was performed using an ultrahigh-229 

performance liquid chromatography system (Vanquish UHPLC, Thermo Scientific) coupled with 230 

an Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher Scientific). Ultra-high 231 
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performance liquid chromatography electrospray ionization tandem mass spectrometry (UHPLC-232 

ESI-MSMS) was used to assign putative S oxidation states to DOSSPE features and to compare 233 

changes in their abundances from early to late exponential phase during monoculture incubation 234 

experiments. Samples were run in both positive and negative ionization mode. Details of 235 

instrument parameters and post-processing are described in the Supplement. Elemental formulas 236 

were assigned to the resulting feature table with Formularity, MFAssignR, and Sirius. If a formula 237 

was assigned by more than one algorithm, the formulas were required to match. Potential duplicate 238 

features formed as [M+H] or [M-H] adducts in both ionization modes were dereplicated by 239 

calculating and comparing the neutral masses (± 5ppm error) and retention times (± 3 seconds). 240 

Features were filtered by requiring a log2 fold-difference between the average feature intensities 241 

in samples and the MQ blank to be > 3, a < 25% relative standard deviation in the pool samples (n 242 

= 7 injections), and a S assigned to the elemental formula. Putative oxidation states were assigned 243 

(< 3 ppm) based on presence of the fragment (± electron) exact mass or a neural loss exact mass 244 

(Table S6). 245 

Results 246 

Marine samples 247 

Samples from the top 200 m of the water column were collected from stations both on and 248 

off the continental shelf in the North Atlantic Ocean (Fig. 1A-B). CTD profiles of oceanographic 249 

parameters were collected at each station (Fig. S1). DOC concentrations decreased with depth, 250 

from 61.3 – 76.2 μM in surface water (<10 m) to 51.6 – 55.3 μM at depth (152–205 m) (Fig. 1C). 251 

Across all depths, on-shelf samples had higher DOC concentrations (71 ± 8 μM) (average ± 252 

standard deviation) than off-shelf samples (61 ± 7 μM) (one-tailed t-test p value = 0.004) (Table 253 
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S1). DOMSPE C:S molar ratios increased from 243 ± 22 at the surface to 289 ± 18 at depth (>150 254 

m) (p = 0.002; one-tailed t-test). On-shelf samples contained more sulfur relative to carbon (C:S = 255 

226 ± 21) than off-shelf samples (C:S = 263 ± 32) (p = 0.003; one-tailed t-test) (Fig. 1D; Table 256 

S2). DOS concentrations were calculated by dividing DOC concentrations by the molar C:S ratio 257 

of the corresponding DOMSPE sample (Ksionzek et al. 2016; Phillips et al. 2022). This calculation 258 

assumes that the extraction efficiencies for DOS and DOC are similar, i.e., that the SPE retention 259 

of larger molecules can be largely controlled by molecular properties other than lower-abundance, 260 

S-bearing functional groups. Like DOC, calculated concentrations of DOS decreased with depth, 261 

from 214 – 350 nM in surface water (<10 m) to 172 – 195 nM at depth (152–205 m) (Fig. 1E; 262 

Table S3). 263 

DOMSPE δ13C values became slightly more 13C enriched with depth (Fig. 1F), increasing 264 

from -23.9 ± 0.3‰ in surface (<10 m) samples to -23.2 ± 0.2‰ at >150 m depth. On-shelf samples 265 

had slightly more negative DOMSPE δ13C values (-24.1 ± 0.4‰) than off-shelf samples (-23.4 ± 266 

0.3‰) (p = 0.0007; one-tailed t-test). DOMSPE δ34S values were more variable, with a range of 267 

>5‰, and showed no trend with depth (Fig. 1G). DOMSPE δ34S values averaged 15.6 ± 1.1‰ in 268 

surface (<10 m) samples and 15.7 ± 1.5‰ in deeper (>30 m) samples. However, on-shelf samples 269 

were 34S depleted relative to off-shelf samples (p < 0.001; one-tailed t-test), with on-shelf samples 270 

averaging 14.9 ± 1.3‰ and off-shelf samples averaging 16.3 ± 1.1‰ (Table S2). 271 

All marine DOSSPE samples contained disulfides, alkyl sulfides, aromatics, sulfonates, and 272 

sulfate esters (Fig. 2). In all samples, sulfonates and aromatics comprised a majority of the total 273 

(Fig. 3). However, the relative proportions of all oxidation states changed as a function of depth. 274 

In surface waters (< 10 m depth), DOSSPE was composed of an average of 10% disulfides, 10% 275 

alkyl sulfides, 28% aromatics, 2% sulfoxides, 38% sulfonates, and 12% sulfate esters (Fig. 3, Table 276 
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S4). In contrast, deeper (>150 m) DOSSPE contained a higher proportion of sulfonates and a smaller 277 

proportion of alkyl sulfides and disulfides, with an average composition of 4% disulfides, 4% alkyl 278 

sulfides, 24% aromatics, 2% sulfoxides, 47% sulfonates, and 19% sulfate esters (Fig. 3, Table S4). 279 

The relative abundances of OS oxidation states for individual samples correlated with DOC 280 

concentrations (Fig. 2). The relative abundances of oxidized OS species (sulfoxides, sulfonates, 281 

and sulfate esters) were negatively correlated with DOC concentration, while reduced species 282 

(aromatics, disulfide, and alkyl sulfides) showed a positive correlation. Correlations with DOC 283 

concentration were strongest for disulfides (R2 = 0.92, p < 0.00001) and alkyl sulfides (R2 = 0.83, 284 

p < 0.00001). 285 

We used calculated DOS concentrations and the relative abundance of each OS species 286 

determined from XAS to estimate the concentration of each OS species in the environment (Fig. 287 

3). As total DOS concentrations decreased with depth, oxidized OS groups that increased in 288 

relative proportion showed small decreases in concentration, while reduced OS groups that 289 

decreased in relative proportion showed larger concentration decreases. Concentrations of 290 

disulfides and alkyl sulfides ranged from 6–48 nM S and 5–51 nM S, respectively; these groups 291 

also exhibited the largest decrease in concentration with depth, from 31 ± 11 nM S and 31 ± 15 292 

nM S in surface waters to 7 ± 1 nM S and 8 ± 1 nM S below 150 m, respectively. The concentration 293 

of aromatic S ranged from 41–113 nM S, and declined with depth, from 84 ± 18 nM OS at the 294 

surface to 44 ± 2 nM OS below 150 m. The sulfoxide concentration range of 4 ± 2 nM S was the 295 

lowest of all S species and did not change with depth. Sulfonates ranged from 83–131 nM S, with 296 

concentrations decreasing slightly with depth, from an average of 110 ± 14 nM OS in surface 297 

samples (>5 m) to an average of 88 ± 5 nM OS below 150 m. Sulfate ester concentrations ranged 298 

from 22–55 nM S and showed less variation in concentration with depth than other species. All 299 
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OS species concentrations exhibited a statistically significant difference between pooled samples 300 

from the surface (<10 m) and mid depth (30 – 80 m), and from the mid-depth and deep (>150 m) 301 

(one-way ANOVA, Tukey HSD test), except for sulfoxides and sulfate esters (Table S5). 302 

Sulfoxides exhibited no significant difference among the depth groups, whereas sulfate ester 303 

concentrations were uniquely higher in the mid-depth group than the surface group (p = 0.03; 304 

Table S5). 305 

There were also notable differences between on-and off-shelf stations in reduced S species 306 

calculated concentrations (Fig. S2). The average total concentrations of disulfides and alkyl 307 

sulfides across all depths were significantly higher at shelf stations than off-shelf stations (t-test, p 308 

< 0.001). Disulfide and alkyl sulfide concentrations on the shelf were 37.5 ± 10.9 nM S and 37.7 309 

± 12.8 nM S, respectively. Off the shelf, average concentrations of disulfides (15.1 ± 7.7 nM S) 310 

and alkyl sulfides (13.8 ± 6.1 nM S) were approximately half of on-shelf values. Aromatic S was 311 

also more abundant on the shelf (94.5 ± 20.6 nM S) than off the shelf (60.3 ± 14.8 nM S) (t-test, p 312 

< 0.001). In contrast, the concentrations of oxidized S species remained consistently high, with no 313 

significant difference (t-test, p = 0.99) between on- and off-shelf stations. Similarly, sulfoxide 314 

concentrations remained consistently low (0–6 nM S) at both on- and off-shelf stations (t-test, p > 315 

0.01). Sulfonate concentrations were not significantly different between on-shelf (106.5 ± 11.9 nM 316 

S) and off-shelf stations (103.8 ± 14.2 nM S). Sulfate ester concentrations were lower than 317 

sulfonate concentrations, but also were consistent between on- (37.7 ± 8.1 nM S) and off-shelf 318 

stations (39.0 ± 9.7 nM S). 319 

Monoculture samples 320 
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XAS-derived OS speciation, averaged from three biological replicates, was measured in 321 

DOMSPE collected from monocultures grown in artificial seawater in late exponential phase, so all 322 

detected OS can be assumed to be biotically released (Fig. 4A). Within the DOMSPE of the 323 

heterotrophic bacteria Ruegeria pomeroyi and Alteromonas macleodii, the relative proportions of 324 

OS species and their oxidation states was consistent, averaging 15 ± 3% disulfides, 32 ± 4% alkyl 325 

sulfides, 9 ± 6% aromatics, 23 ± 9% sulfoxides, 5 ± 5% sulfonates, and 16 ± 11% sulfate esters. 326 

The DOMSPE released from the diatom Thalassiosira pseudonana was similar to the composition 327 

of heterotrophic bacteria except that it contained a notable abundance of sulfonates (~31%) 328 

compared to the other monoculture samples. DOMSPE from the cyanobacteria Prochlorococcus 329 

contained a lower proportion of OS with oxidized oxidation states (sulfoxides and sulfonates) and 330 

a higher proportion of OS with reduced oxidation states (29% disulfides and 45% alkyl sulfides) 331 

than DOMSPE of the heterotrophic bacteria and diatom monocultures. 332 

DOMSPE samples, which were pooled from triplicate cultures to yield sufficient S for 333 

isotopic analysis, were compared with particulate biomass from each culture. The δ34S values for 334 

monoculture DOMSPE and bulk biomass samples are reported relative to the δ34S value of the 335 

growth media sulfate, which is the source of sulfur for biosynthesis (Fig. 4A). DOMSPE released 336 

by all monocultures was consistently 34S enriched relative to sulfate, and  DOMSPE exuded from 337 

the phototrophs was more 34S-enriched (6.4 – 8.6‰) than the DOMSPE exuded from the 338 

heterotrophic bacteria (0.1 – 2.3‰). In contrast, the particulate biomass was consistently 34S 339 

depleted (by 5.7 to 2.1‰) relative to sulfate. Biomass was 34S-depleted relative to DOMSPE in all 340 

monocultures. Accounting for the abundance of OS in DOMSPE and the solid biomass pool, the S-341 

isotope ratios for total biogenic production remains 34S-depleted relative to the sulfate source 342 

(Supplemental Text S3). 343 
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Finally, to understand the potential transformation of freshly produced OS by marine 344 

heterotrophic bacteria, we tracked molecular-level changes of DOMSPE over the course of 345 

incubations with heterotrophic bacteria (via UHPLC-ESI-MSMS). Using the same model 346 

organisms described above, lysate from each phototroph monoculture was provided as the sole 347 

carbon source to heterotroph monocultures resulting in four experimental conditions (Alteromonas 348 

grown on Prochlorococcus lysate, Alteromonas grown on Thalassiosira lysate, Ruegeria grown 349 

on Prochlorococcus lysate, and Ruegeria grown on Thalassiosira lysate) (Fig. S3). We identified 350 

42 putative OS-containing features showing relative change between the early and late exponential 351 

phase (Fig. 4B), largely in positive ionization mode. We detected more putatively reduced DOS 352 

features (n = 30) than oxidized DOS features (n = 12). From early exponential to late exponential 353 

phase, a majority of the identified DOS features declined significantly in abundance (log2 fold-354 

change > 2, t-test p-value ≤ 0.05), including both reduced and oxidized examples. We also 355 

observed a significant increase in a smaller number of reduced DOS features that accumulated 356 

during the incubation. Although not significant (t-test p-value > 0.05), there was a small shift in 357 

m/z towards smaller DOS features that accumulated relative to those that were lost. 358 

Discussion 359 

Preferential loss of reduced DOSSPE in the surface ocean 360 

Organic sulfur can supply the entirety of bacterial sulfur demand in the surface ocean 361 

(Kiene and Linn 2000), making it just as biologically active as the other macronutrients in marine 362 

DOM. The increase in C:S ratios of DOMSPE with depth reported here, from 243 ± 22 to 289 ± 18, 363 

is similar to that of previous observations in the top 200 m, suggesting a preferential 364 

remineralization of DOS relative to DOC (Ksionzek et al. 2016). Oxidized OS species account for 365 

a majority of DOMSPE, but reduced OS species (disulfides and alkyl sulfides) significantly decrease 366 



18 
 

with depth in the top 200 m. We posit that this demonstrates a preferential remineralization of 367 

DOMSPE based not only on heteroatom content (Ksionzek et al. 2016; Phillips et al. 2022), but also 368 

on oxidation state of the OS. 369 

Alkyl sulfides and disulfides appear to be rapidly transformed in the surface ocean, 370 

decreasing by ~76% and ~77%, respectively, between surface (<10 m) and deep (>150 m) samples. 371 

This suggests that these reduced species are produced near the surface at a rate greater than 372 

consumption and are subsequently metabolized and/or transformed by microbial consumption at 373 

depths below. Sulfonates are the most abundant components of marine DOSSPE. While the relative 374 

abundance of this oxidized group is lowest in surface samples (<10 m; Fig. 2), the total 375 

concentrations are ~20% lower at depth than at the surface (Fig. 3). This suggests that a portion of 376 

oxidized OS is also consumed at depth, but, in contrast to the reduced species, a larger reservoir 377 

of sulfonates accumulates to become a dominant component of marine DOMSPE. 378 

Reduced OS compounds that are lost with depth could include biologically active S 379 

metabolites, such as the amino acids cysteine and methionine, as well as others such as glutathione, 380 

DMSP, gonyol, thiamine, and biotin (Moran and Durham 2019). These are released to the ocean 381 

DOM pool via passive or active exudation of metabolites across cell membranes (Flynn et al. 2008; 382 

Moran and Durham 2019) and/or as a result of zooplankton grazing and viral lysis (Dacey and 383 

Wakeham 1986; Moran and Durham 2019) and can be rapidly assimilated by marine bacteria 384 

(Kiene and Linn 2000; Valle et al. 2015; Moran and Durham 2019). Oxidized OS metabolites, 385 

such as taurine, cysteate, DHPS, or isethionate, are just as common as reduced OS metabolites and 386 

are often assimilated as carbon sources (Clifford et al. 2017; Moran and Durham 2019), and they 387 

may be in part responsible for the concurrent but smaller decrease in oxidized OS with depth. At 388 

the same time, DOM reworking might be anticipated to lead to the net oxygenation of OS, for 389 
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example from thiols to sulfoxides and sulfonates, replenishing the sulfonate pool from a different 390 

source. Sulfonates are well-documented oxidation products of reduced OS compounds, which can 391 

occur both biotically (e.g., production of C3 sulfonates (Durham et al. 2019)) and abiotically, (e.g. 392 

oxidation of cysteine to sulfonic acid/sulfonate (Phillips et al. 2021)). Ultimately, we find that 393 

there is a relatively large pool of compositionally intriguing sulfonates that are SPE-amenable. 394 

These compounds are likely the products of re-working, such as from the oxidation of reduced 395 

DOSSPE compounds or from aggregation. In contrast, a much smaller reservoir of reduced OS 396 

species persists in deeper waters, which could include both biogenic materials and the products of 397 

sulfurization reactions in anoxic sediments (Pohlabeln et al. 2017). 398 

Enigmatic OS groups may be components of long-lived DOM 399 

Aromatic OS, which previous studies have suggested may be a component of DOS 400 

(Pohlabeln and Dittmar 2015), is the second most abundant species in marine DOMSPE after 401 

sulfonates but exhibits a much larger ~48% decrease in concentration between surface samples 402 

and deep (>150 m) samples. This suggests that aromatic S compounds are primarily sourced from 403 

the surface ocean and are lost with depth. Sources of aromatic OS in the biosphere and ocean 404 

remain poorly understood. Aromatic OS is a common constituent of relatively mature kerogen in 405 

rocks (Raven et al. 2023). In the modern marine water column, sources of aromatic OS likely 406 

include cyclization products of sulfurized compounds (Pohlabeln et al. 2017), photochemical 407 

production of aromatic S from sulfurized compounds (Stubbins et al. 2010; Pohlabeln et al. 2017), 408 

and the microbial re-working of sinking marine particles (Raven et al. 2021), while sinks include 409 

photochemical degradation (Kujawinski et al. 2004; Stubbins et al. 2010; Gomez-Saez et al. 2017) 410 

and microbial uptake (Matos Neto et al. 2023). Larger dissolved aromatic compounds may also be 411 

lost to precipitation and/or flocculation because of interactions with particulate organic matter 412 
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(POM) (Kramer et al. 2012). Their high abundance in environmental DOSSPE samples likely 413 

reflects selective accumulation of certain aromatic components due to their recalcitrance. 414 

The concentrations of sulfate esters in DOMSPE are small but show a unique pattern relative 415 

to the other OS species. Sulfate ester concentrations are significantly higher at the 30 – 80 m depth 416 

than at the surface, but their concentrations are consistent between the 30 – 80 m and deeper (150 417 

– 205 m) samples. This suggests that sulfate esters may have relatively long residence times in the 418 

surface ocean. Earlier studies have similarly found that some sulfate esters, such as fucoidan, are 419 

resistant to microbial breakdown in marine environments (Buck-Wiese et al. 2023). Notably, 420 

unlike sulfoxides and sulfonates, sulfate esters have a R–O–S bond and thus cannot be directly 421 

produced by the oxidation of reduced OS species like thiols. Therefore, they are likely to represent 422 

primary biogenic components of OS, which could include abundant sulfated polysaccharides 423 

(fucoidan, carrageenan, and glucuronomannan) or other metabolites, such as choline-O-sulfate, an 424 

osmolyte produced by a small number of marine microorganisms (Durham et al. 2019; Moran and 425 

Durham 2019). While many small, oxidized metabolites are rapidly cycled in the surface ocean, 426 

some oxidized components appear to have increased resistance to microbial breakdown, which 427 

may contribute to the observed longevity of a portion of marine DOM. 428 

Local sedimentary sources drive DOSSPE isotopic variability 429 

We observe a >5‰ range in the δ34S values of DOMSPE across our study region. A primary 430 

driver of this variability is location either on- or off the shelf, which may reflect an influx of 431 

sulfurized porewater DOM from the sediments that is most visible in on-shelf samples collected 432 

near the seafloor. Generally, sulfurized porewater DOM is expected to be 34S-depleted compared 433 

to biogenic DOM due to the incorporation of 34S-depleted sulfide released by microbial sulfate 434 

reduction. Only a small number of coastal estuarine sediment porewater DOM samples have been 435 
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previously measured for δ34S, with values ranging from -2.7 to +0.7‰ (Phillips et al. 2022). 436 

Porewater DOM is often sulfur rich, with C:S molar ratios ranging between 40 and 45 (Phillips et 437 

al. 2022). Water column samples from previously studied estuaries have C:S and δ34S values that 438 

are indicative of mixing of sediment sulfurized DOM with background seawater DOM (Phillips et 439 

al. 2022). Sulfur isotope measurements of marine carbonyl sulfide and carbon disulfide — both 440 

produced from marine DOS — also indicate that sulfurized DOS from sediment porewater 441 

influences the δ34S values of samples collected near estuaries or coastal sediments (Davidson et 442 

al. 2025). Therefore, the relatively 34S-depleted DOM compositions that we observe over the shelf 443 

are consistent with an increased contribution of sulfurized porewater DOM in on-shelf stations 444 

compared to off-shelf stations. DOMSPE from on-shelf stations was both more 34S-depleted (δ34S 445 

= 14.9 ± 1.3‰) and more sulfur-rich (C:S = 226 ± 20) compared to off-shelf stations (δ34S = 16.3 446 

± 1.1‰, C:S = 263 ± 30). Notably, the most 34S-depleted sample (C1N1) is the sample taken 447 

closest (5 m proximity) to the sediment-water interface.  448 

Water mass variation may also play a role in observed on- versus off-shelf differences. On- 449 

and off-shelf stations are in distinct water masses (Fig. S5), which may receive DOS inputs with 450 

varying δ34S values due to differing fluxes of terrestrial and sulfurized porewater DOM. Variability 451 

in local nutrient availability between water masses could influence the dominant local primary 452 

producers at each station. As shown in Fig. 4, δ34S values of exudates differ among monocultures, 453 

suggesting that environmental community composition could be a direct source of S isotopic 454 

variability. 455 

DOSSPE speciation is consistent with greater inputs of sulfurized DOM at the on-shelf 456 

stations. Specifically, the average calculated concentrations and relative abundances of alkyl 457 

sulfides and disulfides, which are thought to be common sulfurization products (Eglinton et al. 458 
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1994; Raven et al. 2021), are higher (t-test, p < 0.001) at on-shelf stations (75 ± 25 nM S) than off-459 

shelf stations (29 ± 14 nM S), which demonstrates that we may be able to identify localized inputs 460 

of sulfurized DOM at on-shelf stations. In addition, the concentration of aromatic S compounds, 461 

which may be sulfurization products, are higher on the shelf (Pohlabeln et al. 2017). However, we 462 

do not observe a significant correlation between δ34S values and the relative abundance of 463 

disulfides, indicating that the total contribution of sulfurized DOM molecules remains small and/or 464 

that these molecules are rapidly oxidized in the oxic ocean. Ultimately, this suggests that although 465 

sulfurized DOM products are a minor contributor in the global DOM budget and may be rapidly 466 

oxidized, some sediment-derived sulfurized products may persist locally, especially near the 467 

sediment-water interface or in anoxic shelf settings. 468 

DOMSPE δ34S is less variable than OS oxidation state 469 

Our samples were collected approximately >1000 km northwest of a previously sampled 470 

profile in the North Atlantic Gyre near Bermuda, where δ³⁴S values from the top 200 m (n = 3) 471 

range from 17.7‰ – 18.9‰ (Phillips et al. 2022). The 12.2‰ – 17.3‰ range of our samples (n = 472 

21) observed here is 34S-depleted relative to existing surface ocean values. 473 

Despite clear correlations in DOS oxidation states with DOC concentration, we do not 474 

observe any systematic change in S isotopic composition of DOSSPE with concentration of oxidized 475 

or reduced OS (Fig. S5). Changes in speciation correlating with changes in S isotope composition 476 

would be expected if certain oxidation states had diagnostic δ³⁴S values. For example, sulfurized 477 

DOM from sediment porewater contains 34S-depleted alkyl sulfides and disulfides, and thus inputs 478 

of these reduced S compounds drive lower δ³⁴S values of porewater DOM. 479 

We attribute the decoupling of S speciation and δ34S values to the fact that the bulk 480 

sampling and isotopic measurements produce averaged δ34S values. This masks inter-compound 481 
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or intra-group isotopic variability and can lead to consistent δ34S values.  For example, compounds 482 

comprising the oxidized OS pool are produced via different biosynthetic pathways in phototrophs. 483 

Sulfate esters are produced from sulfate in the cytoplasm via the 3’-phosphoadenosine 5’-484 

phosphosulfate (PAPS) pathway (Klaassen and Boles 1997), while other oxidized OS compounds, 485 

such as sulfonates, can either be synthesized through the reduction of sulfate to sulfite in the 486 

chloroplast or via PAPS (Benning 1998). This indicates that at least two source pools with 487 

potentially distinct sulfate δ34S values exist for the biosynthesis of OS compounds; however, such 488 

differences cannot be resolved with the techniques employed here.  489 

Observed δ34S values are also likely a result of rapid cycling and transformations of DOS 490 

in the marine environment. Abiotic and biotic processes, including oxidation, heterotrophic uptake, 491 

and photochemical reactions, contribute to loss of DOSSPE in the upper 200 m of the water column 492 

and shift its bulk chemical speciation. Reworking and transformations of DOS between and within 493 

reduced and oxidized S pools can move any initially expressed S isotope signatures to the product. 494 

For example, if an alkyl sulfide is oxidized to a sulfonate without a fractionation effect, the δ³⁴S 495 

values of different oxidation state pools may become indistinguishable over time. 496 

The shift in DOSSPE speciation that we observe in the upper 200 m of the water column 497 

indicates active uptake and oxidation of labile S metabolites, but these processes do not cause a 498 

detectable shift in the S isotope composition of DOMSPE. Thus the apparent shifts in the δ34S value 499 

of DOMSPE deeper in the water column that have been observed previously (Phillips et al. 2022) 500 

are likely driven by processes operating on ~100 – 1,000+ year timescales, such as longer-term 501 

alteration and/or mixing of isotopically distinct DOM sources, that are mechanistically distinct as 502 

more recalcitrant DOM is transformed. 503 

Distinct sulfur speciation in monoculture and marine DOSSPE 504 
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The DOSSPE exuded by lab-grown monocultures of marine microorganisms is clearly 505 

distinct from surface ocean marine DOSSPE. Generally, marine DOSSPE is oxidized compared to 506 

fresh exudates. Marine DOSSPE contains a relatively large proportion of aromatic S compounds 507 

and sulfonates, while exudates generally contain higher relative abundances of reduced OS, 508 

especially alkyl sulfides, which include thiols. Notably, however, diatom-derived DOSSPE contains 509 

a large portion of sulfonates. One likely source of sulfonates from Thalassiosira pseudonana is 510 

DHPS, which these organisms synthesize at high concentrations that are an order of magnitude 511 

greater than other sulfonates quantified in Thalassiosira (Durham et al. 2019). Small amounts of 512 

aromatic S are also present in biogenic DOSSPE (Fig. 4), although there are no known biosynthetic 513 

pathways that directly produce aromatic OS compounds in these organisms. However, 514 

aromatization is also a common part of organic matter aging and net hydrogen loss in sediments 515 

(Sinninghe Damste and De Leeuw 1990). Therefore, the abundant aromatic S observed in the 516 

environmental DOSSPE samples is instead likely derived from a combination of internal 517 

recombination reactions, sulfurization products, photochemical degradation products, the 518 

reworking of marine particulate organic matter, or from an as-yet undefined biochemical pathway 519 

(Pohlabeln et al. 2017; Raven et al. 2021). Their high abundance in environmental DOSSPE samples 520 

likely reflects selective accumulation, potentially due to recalcitrance. In contrast to marine 521 

DOSSPE, sulfoxides are more abundant in biogenic DOSSPE which may be attributed to OS 522 

metabolites, such as dimethyl sulfoxide (DMSO) or dimethylsulfoniopropionate (DMSOP), but 523 

the concentrations of these metabolites are typically quite low (Andreae 1980; Thume et al. 2018). 524 

The sulfoxides observed in the exudates could also result from oxidation of reduced OS (Phillips 525 

et al. 2021). The composition of marine DOSSPE is likely initiated by the biogenic signatures 526 

observed in the monoculture DOSSPE. 527 
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We tested the influence of the short-term ecological reworking of freshly produced OS by 528 

growing monocultures of heterotrophic bacteria on DOM harvested from phototroph lysates. In 529 

these incubations, heterotrophs are limited to the single species’ metabolic capacity and are 530 

capable of rapid growth, with doubling times as fast as ~0.7 hours (Fig. S3). Based on our 531 

observations of the marine DOSSPE, we hypothesized that we would observe a loss of both reduced 532 

and oxidized OS molecules, but that some oxidized molecules would accumulate over the course 533 

of the incubation. This accumulation of oxidized OS would represent the transformation of freshly 534 

produced, reduced DOS into oxidized OS as a result of microbial re-working. 535 

In all incubations, both reduced and oxidized DOS molecules measured using UHPLC-536 

ESI-MSMS were significantly depleted from the growth media, indicating that the DOS substrates 537 

were taken up by the heterotrophs for metabolism. This depletion is consistent with our observation 538 

of the loss of both reduced and oxidized DOSSPE in the surface ocean, where microbial 539 

remineralization drives the loss of labile DOS. A small number of reduced DOS features emerged 540 

at the end of the incubations, indicating that heterotrophs can also be a source of OS. This aligns 541 

with our observations of heterotroph-derived DOSSPE in monoculture, where heterotrophs 542 

primarily exude disulfide and alkyl sulfide compounds, along with sulfoxides, some of which are 543 

likely oxidation products of reduced OS. In contrast, albeit a limited number of which were 544 

putatively identifiable, all oxidized DOS features were depleted from the growth media (Fig. 4B). 545 

Thus, we did not observe any rapid transformations of reduced to oxidized OS and conclude that 546 

the net oxidation mechanism in the ocean may require more complex DOM and/or longer time 547 

scales to emerge. In the marine environment, OS is transformed into the resulting marine DOSSPE 548 

pool by both biotic and abiotic processes – including uptake by the microbial loop, priming, 549 

photochemical oxidation, and biotic or abiotic oxidation of reduced OS compounds to sulfonates 550 
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and sulfates. This wide range of environmental processes occurs simultaneously and over extended 551 

timescales. Like the broader DOM pool (Dittmar et al. 2021), the recalcitrance observed in the 552 

DOS pool emerges from a complex suite of biotic and abiotic processes that convert labile DOS 553 

to recalcitrant DOS (Tang and Liu 2023). An exception to this observation seems to be sulfate 554 

esters, some of which appear to be inherently recalcitrant and resistant to microbial degradation 555 

within the timescales captured by this study. 556 

34S–enrichment of monoculture DOSSPE  557 

We observe that marine DOSSPE is 34S-depleted by 3.7 – 8.8‰ relative to seawater sulfate 558 

(~21‰) (Fig. 1G). Given the role of primary producers in generating DOS, we hypothesized that 559 

biogenic DOS would have an isotope composition matching marine DOSSPE (Phillips et al. 2022). 560 

This isotopic signal has been observed in biomass (POS), which typically has δ34S values that are 561 

slightly 34S-depleted relative to sulfate (Kaplan et al. 1963; Kaplan and Rittenberg 1964; Phillips 562 

et al. 2021). Nevertheless, we note that solid biomass and DOMSPE from monoculture are not 563 

directly comparable because SPE recovers only a selective fraction of the dissolved pool (Johnson 564 

et al. 2017). Measurements of monoculture biomass are consistent with these earlier observations; 565 

they are 34S-depleted by 2.1 – 5.7‰ relative to sulfate (Fig. 4A). Surprisingly, we find that 566 

monoculture exudate DOSSPE is 34S-enriched relative to sulfate by as much as 8.6‰ (Fig. 4A). 567 

Media PPL blanks did not contain measurable S. The consistent 34S-enrichment of DOSSPE 568 

observed across all four monoculture experiments therefore indicates that at least some constituent 569 

of exudate DOSSPE is strongly 34S-enriched. Exudate DOSSPE accounts for only a small fraction 570 

(0.4 – 18%) of the total biogenic OS produced by the monoculture such that, on net, biogenic 571 

production remains 34S-depleted relative to seawater sulfate (see Supplemental Text S3). 572 
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The formation of 34S-enriched OS species has been reported previously, where intracellular 573 

DMSP is 34S-enriched relative to sulfate by up to ~3‰ in select taxa of symbiotic protists 574 

(Gutierrez-Rodriguez et al. 2017). Here, we hypothesize that exudate 34S-enrichment arises from 575 

kinetic isotope effects (KIEs) associated with a branchpoint in OS biosynthesis (Hayes 2001). 576 

Sulfur is incorporated into OS compounds via two major biosynthetic pathways: (1) a non-577 

reductive PAPS pathway, where PAPS transfers its sulfate group to OS, and (2) a reductive 578 

pathway in which adenosine phosphosulfate is reduced to sulfite and then to cysteine, from which 579 

downstream metabolites are synthesized (Giordano and Raven 2014). Both pathways result in the 580 

synthesis of key primary OS metabolites. The non-reductive PAPS pathway produces relatively 581 

oxidized compounds such as DHPS, taurine, sulfate esters and SQDG (Klaassen and Boles 1997; 582 

Burkart et al. 2000; Tevatia et al. 2015), while the reductive cysteine pathway yields most of the 583 

reduced molecules in the cell, including cysteine, methionine, DMSP, and glutathione, (Giordano 584 

and Raven 2014). Because of the greater number of transformations involving the sulfur atom, we 585 

hypothesize that the observed monoculture DOSSPE 34S-enrichments reflect KIEs expressed in the 586 

reductive, rather than oxidative, pathway (Giordano and Raven 2014). 587 

Although some cysteine is incorporated directly into proteins, it is also used to produce 588 

downstream metabolites. Both protein incorporation and metabolite biosynthesis produce 589 

compounds that are 34S-depleted by 2–5‰ relative to source sulfate (Osorio-Rodriguez et al. 2021; 590 

Phillips et al. 2021). This could produce a relatively 34S-enriched residual intracellular pool of free 591 

cysteine. This 34S-enriched pool of free cysteine, or similar small thiols, could be responsible for 592 

the resulting enrichment of 34S-enriched exudates observed here. Thiols are abundant and represent 593 

key components of DOM in the surface ocean (Fourrier and Dulaquais 2024). Their concentration 594 

maxima are typically in the top ~100 m of the water column and have been associated with 595 
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chlorophyll-a maxima, supporting a biogenic source (Dupont et al. 2006; Gao and Guéguen 2018). 596 

Consistent with this, the alkyl sulfide pool – which, in our study, is operationally defined using 597 

standards that include both organic sulfides and thiols – has a higher relative abundance in the 598 

monoculture samples than in the marine samples. 599 

However, this putative 34S-enriched pool is missing from our marine samples. This could 600 

occur for several reasons and underscores that the relationship between monoculture exudates and 601 

marine DOM is inherently complex. First, many small compounds produced in monocultures are 602 

likely relatively labile and would be quickly consumed in the surface ocean and thus difficult to 603 

capture in marine samples. Small thiols are particularly bioavailable and are likely rapidly 604 

consumed by heterotrophs. Consistent with this idea, reduced OS features are lost over time in our 605 

heterotrophic transformation incubation experiments. Given that these small, 34S-enriched 606 

compounds are rapidly consumed in the surface ocean, they are unlikely to leave an isotopic signal 607 

in marine DOMSPE. Secondly, compounds such as small thiols may be poorly retained in 608 

environmental SPE samples due to the greater complexity of the marine sample matrix. In marine 609 

samples, competition from the broader array of DOM compounds, many of which may have a high 610 

affinity for the PPL resin, could reduce the retention of small thiols. In contrast, the reduced 611 

chemical diversity of monoculture DOM may enable more efficient retention of thiols on SPE. 612 

Furthermore, marine samples contain a larger proportion of older, re-worked DOMSPE; thus, the 613 

influence of a small 34S-enriched pool may be masked by the contribution of complex DOMSPE 614 

compounds. For these reasons, the direct comparison of monoculture exudates and marine DOM 615 

is challenging; however, studies of monoculture DOM can still provide valuable insights. In 616 

particular, monoculture DOM studies can be used in conjunction with characterization of marine 617 

DOM to constrain “initial” biogenic DOM and to make inferences about the transformations and 618 
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re-working that convert primary exudates into DOM observed in the environment. This study 619 

highlights small thiols as an important component of DOM with potentially distinct behavior and 620 

isotopic composition, making their direct isotopic measurement a compelling next step for 621 

research. Ultimately, this work underscores the value of methods that can resolve the diverse 622 

oxidation states of organic S for tracing organic sulfur in the marine environment and presents a 623 

framework that can be extended to the study of sulfur cycling in other complex chemical, 624 

ecological, and biogeochemical systems. 625 
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 885 

Figure 1. DOS sampling locations and geochemical characteristics. (a) Map of sampling region 886 

relative to the East coast of the United States. (b) Enlarged view of North Atlantic sampling region 887 

showing the sampling stations. Maps were generated with ggOceanMaps (Vihtakari 2024). 888 

Profiles were collected at three stations on the continental shelf (water depth <200 m; stations 1, 889 

4, and 9; white symbols) and four stations off the shelf (water depth >2,000 m, stations 2, 7, 8, and 890 

10; black symbols). DOM properties plotted against depth, including: (c) concentrations of DOC, 891 

(d) molar ratios of C:S in DOMSPE, (e) calculated DOS concentration, (f) δ13C values of DOMSPE, 892 
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and (g) δ34S values of DOMSPE. 1σ errors are shown in (d – g). Symbol shapes correspond with 893 

the stations shown in (b). 894 

 895 

Figure 2. Correlations between DOC concentration and DOSSPE OS oxidation state in the North 896 

Atlantic. X-axes show concentrations of DOC. Y-axes show the percentage of total DOS present 897 

in each oxidation index state. Reduced OS compounds (disulfides, alkyl sulfides, aromatic S) are 898 

shown on the top row, and oxidized OS compounds (sulfoxide, sulfonate, sulfate ester) are shown 899 

in the bottom row. Note the variable scale on the y-axes. Symbol shapes correspond with stations 900 

shown in Fig. 1b. DOC is a proxy for depth (DOC decreases with depth), so positively correlated 901 

plots show surface water enrichment, and the negative correlations show deep water enrichment. 902 

The Pearson correlation coefficient (R2) and p-value are reported for each OS species. 1σ errors 903 
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are smaller than the symbol for DOC concentrations; fit uncertainties are ± <2% for S speciation 904 

(Vairavamurthy 1998). 905 

 906 

Figure 3. Depth trends in the abundance and oxidation state of DOSSPE. From the (a) on-shelf 907 

stations and (b) the off-shelf stations in the North Atlantic. The x-axis shows the concentration of 908 

DOSSPE (nM), and the y-axis shows the station number of each sample. The y-axis is arranged in 909 
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overall depth order, with depths for each cluster of samples listed at right. Oxidation state 910 

distributions are based on fitting to standard spectra (Raven et al., 2021; Vairavamurthy, 1998). 911 

Bar charts show the concentrations of DOSSPE in various oxidation states, which were calculated 912 

by multiplying the relative abundance of each oxidation state (determined via XAS) by the 913 

measured DOC concentration and dividing by the C:S ratio for each sample (Dataset S1). 914 

 915 

Figure 4. OS and isotopic composition of monocultures and results of DOS transformation 916 

incubations. (a) OS speciation in DOMSPE from triplicate monocultures of representative 917 

cyanobacteria, algae, and heterotrophic bacteria. The S isotope composition of monoculture 918 
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DOMSPE and particulate biomass with respect to growth media sulfate (source sulfate is normalized 919 

to 0‰) is shown to the right of each set of XAS results; analytical uncertainty for δ34S was 0.2 and 920 

0.1‰, respectively (error bars are smaller than points). (b) The mass-to-charge ratio (m/z) of 921 

putatively identified OS-containing features that increased (top boxplot) or decreased (bottom 922 

boxplot) in at least one of the four DOS incubation experiments. The color of jitter points reflects 923 

a putative assignment of S oxidation state of oxidized (green) or reduced (orange) based on 924 

fragments and neutral loss of OS-containing fragments in MS2 spectra. 925 


