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            Abstract
Algae produce massive amounts of dimethylsulfoniopropionate (DMSP), which fuel the organosulfur cycle1,2. On a global scale, several petagrams of this sulfur species are produced annually, thereby driving fundamental processes and the marine food web1. An important DMSP transformation product is dimethylsulfide, which can be either emitted to the atmosphere3,4 or oxidized to dimethylsulfoxide (DMSO) and other products5. Here we report the discovery of a structurally unusual metabolite, dimethylsulfoxonium propionate (DMSOP), that is synthesized by several DMSP-producing microalgae and marine bacteria. As with DMSP, DMSOP is a low-molecular-weight zwitterionic metabolite that carries both a positively and a negatively charged functional group. Isotope labelling studies demonstrate that DMSOP is produced from DMSP, and is readily metabolized to DMSO by marine bacteria. DMSOP was found in near nanomolar amounts in field samples and in algal culture media, and thus represents—to our knowledge—a previously undescribed biogenic source for DMSO in the marine environment. The estimated annual oceanic production of oxidized sulfur from this pathway is in the teragram range, similar to the calculated dimethylsulfide flux to the atmosphere3. This sulfoxonium metabolite is therefore a key metabolite of a previously undescribed pathway in the marine sulfur cycle. These findings highlight the importance of DMSOP in the marine organosulfur cycle.
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                    Fig. 1: Simplified, revised marine sulfur cycle.[image: ]


Fig. 2: Detection and structural elucidation of DMSOP.[image: ]


Fig. 3: Biosynthesis and catabolism of DMSOP.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 DMSOP mass spectra.
The HRMS/MS spectra of natural occurring DMSOP and the authentic standard (normalized collision energy of 35) are shown. a, DMSOP standard, molecular ion m/z 151.0421, fragments [C2H7O2S]+ m/z 79.0210 and [C3H5O2]+ m/z 73.0283. b, Isotopic pattern of the molecular ion m/z 151.0421 with the calculated formula C5H11O3S and isotopic fine structure of [M + 1] and [M + 2]. c, DMSOP from a P. parvum extract with added 13C2-DMSOP. d, 13C2-DMSOP, molecular ion m/z 153.0485, fragments [13C2H7O2S]+ m/z 81.0277 and [C3H5O2]+ m/z 73.0282.


Extended Data Fig. 2 Structure of DMSOP.
Arrows show the heteronuclear multiple-bond coherence correlations. Numbers indicate carbon atom positions.


Extended Data Fig. 3 I. galbana growth and cellular DMSOP.
a, b, Growth (a) and photosynthetic efficiency (b) of I. galbana cultures. c, Cellular DMSP and DMSOP content. Data are mean ± s.d. of n = 3 independent cultures. P values are from a one-way repeated-measures ANOVA with Tukey post hoc test. A significant difference in cellular DMSOP concentration compared to day 3 was detected from day 7 onward.


Extended Data Fig. 4 DMSOP stablity in seawater and base.
a, DMSOP is stable over a period of 72 days in seawater (left). It degraded at room temperature under basic pH (pH = 11, monitored over 23 h; right). b, DMSO was released during this base treatment (integration of m/z = 79 in GC/MS). Data are mean ± s.d. of n = 3 independent samples. P values are from one-way repeated-measures ANOVA with Tukey post hoc test compared to t = 0 h.


Extended Data Fig. 5 DMSO release from DMSOP by bacteria.
a, b, DMSOP (1 µM) is degraded by A. faecalis, a dddY knockout mutant of A. faecalis (a) and by Halomonas sp. (b). Data are mean ± s.d. of n = 4 independent cultures. P values result from unpaired two-tailed Student’s t-tests. c, In separate experiments, it was demonstrated that DMSOP is the exclusive source for DMSO production in A. faecalis. Release of labelled DMSO from 13C2-DMSOP was monitored by GC/HRMS. The mass spectrum shows an average over the DMSO peak extracted from an A. faecalis culture that was incubated for 23 h with DMSOP. Integration of the ion traces 80.0200 (13C2-DMSO) and 78.0134 (DMSO) in three independent replicates revealed a degree of labelling of 99.3 ± 0.25%.


Extended Data Fig. 6 Map of sampling sites.
Sampling sites are indicated in red.


Extended Data Table 1 Occurrence of DMSOP in different algal speciesFull size table


Extended Data Table 2 DMSPtotal and DMSOPtotal concentrations in seawaterFull size table


Extended Data Table 3 Incorporation of 13C2-DMSP into DMSOP in P. bermudensisFull size table
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