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Dimethylsulphoniopropionate (DMSP) is one of the Earth’s most abundant organosulphur
molecules, a signalling molecule?, a key nutrient for marine microorganisms?3, and the major
precursor for gaseous dimethyl sulphide (DMS). DMS, another infochemical in signalling
pathways®, is important in global sulphur cycling?, and affects the Earth’s albedo, and
potentially climate, via sulphate aerosol and cloud condensation nuclei production®®. It was
thought that only eukaryotes produce significant amounts of DMSP-°, but here we demonstrate
that many marine heterotrophic bacteria also produce DMSP, likely using the same methionine
(Met) transamination pathway as macroalgae and phytoplankton?®. We identify the first DMSP
synthesis gene in any organism, dsyB, which encodes the key methyltransferase enzyme of this

pathway and is a reliable reporter for bacterial DMSP synthesis in marine alphaproteobacteria.
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DMSP production and dsyB transcription are upregulated by increased salinity, nitrogen
limitation and lower temperatures in our model DMSP-producing bacterium Labrenzia
aggregata LZB033. With significant numbers of dsyB homologues in marine metagenomes,
we propose that bacteria likely make a significant contribution to oceanic DMSP production.
Furthermore, since DMSP production is not solely associated with obligate phototrophs, the
process need not be confined to the photic zones of marine environments, and as such may

have been underestimated.

Bacteria isolated from the East China Sea were screened for the ability to produce DMS from
DMSP. Surprisingly, one isolate, the alphaproteobacterium L. aggregata LZB033 produced
DMS (2.4 fmol DMS pg protein min™t) when no exogenous DMSP was supplied. We
hypothesised that this bacterium might be producing DMSP, and confirmed this by gas
chromatography (GC) and liquid chromatography-mass spectrometry (LC-MS) (Fig. 1).
LZB033 grown in MBM minimal medium (no added methylated sulphur compounds)
produced 99.8 pmol DMSP g protein™, and an estimated intracellular concentration of 9.6
mM (Supplementary Table 1). This represents the first report of a heterotrophic bacterium

producing DMSP.

Three pathways for DMSP biosynthesis from Met have been identified'®*® (Fig. 1a), a
transamination pathway in marine algae, a methylation pathway in angiosperms and a
decarboxylation pathway in one dinoflagellate. Growth in the presence of all transamination
pathway intermediates, namely Met, 4-methylthio-2-oxobutyrate (MTOB), 4-methylthio-2-
hydroxybutyrate (MTHB) and 4-dimethylsulphonio-2-hydroxybutyrate (DMSHB),
significantly enhanced DMSP production (8 to 14-fold) by LZB033 (Fig. 1b). Conversely,
methylation pathway intermediates, DMSP-amine and S-methylmethionine (SMM), and the

decarboxylation pathway intermediate 3-methylthiopropylamine (MTPA) had much less
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significant effects on DMSP accumulation in LZB033 (Fig. 1b), suggesting that these
molecules are less likely to be bacterial DMSP synthesis intermediates. Cell extracts of
LZB033 grown with either 0.5 mM Met (Fig. 1c) or MTOB were shown by LC-MS to
accumulate MTHB (30.9 pmol g protein™ with Met). However, no MTOB was detected when
LZB033 was grown with Met, and no DMSHB was detected when LZB033 was grown with
Met, MTOB or MTHB, possibly due to the instability and/or low pool sizes of MTOB and
DMSHB. Furthermore, LZB033 cell extracts displayed Met aminotransferase (MAT) activity,
yielding MTOB from Met, and MTOB reductase (MR) activity, yielding MTHB from MTOB,
based on the detection of reaction products by LC-MS. Therefore, we propose that LZB033
most likely uses the transamination pathway to synthesise DMSP, and although addition of
pathway intermediates enhances production, this bacterium is able to produce DMSP without
addition of methylated sulphur compounds (Supplementary Table 1), presumably through de

novo production of Met*.

Previous work on algae predicted that the methylation of MTHB to DMSHB, catalysed by the
MTHB methyltransferase (MHM) enzyme, would be the rate-limiting and committing step in
the transamination DMSP synthesis pathway'%>16, Summers et al.'® provided further evidence
for MHM being the key enzyme of the Met transamination synthesis pathway by showing that
MAT and MR enzyme activities exist, although at reduced levels, in non-DMSP-producing
algae, whereas MHM activity is specific to DMSP producers®®. Similarly, we find that the
terrestrial alphaproteobacterium Rhizobium leguminosarum J391 produced MTHB when
provided with 0.5 mM Met or MTOB, but did not convert MTHB to DMSHB or DMSP when
grown in the presence of Met, MTOB or MTHB (Supplementary Fig. 1). Furthermore, R.
leguminosarum was also able to produce DMSP from DMSHB, indicating that it also has
DMSHB decarboxylase (DDC) activity (Supplementary Fig. 1). Therefore, although R.

leguminosarum does not produce DMSP, it has enzymes that can catalyse every step of the
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transamination pathway except the MHM reaction. These data, with previous algal work,
indicate that MHM likely catalyses the key step of the transamination pathway, and possibly

the step that is specific to DMSP synthesis.

We tested the ability of LZB033 to catabolise DMSP (5 mM) and found it cleaved DMSP,
generating DMS and acrylate, with a production rate of 5.4 + 0.2 pmol DMS pg protein™ min-
!, The LZB033 genome encodes a DddL DMSP lyase, 66% identical to Sulfitobacter sp. EE36
DddL'’. When expressed in Escherichia coli, the LZB033 DddL had DMSP lyase activity (57.9
+ 5.5 pmol DMS pg protein™® min™) and a dddL knockout mutation completely abolished the
DMSP lyase activity of LZB033, indicating that DddL is likely the only DMSP lyase in this

strain.

To identify the gene encoding MHM activity, a L. aggregata genomic library was screened in
the heterologous host R. leguminosarum J391 for clones conferring the ability to convert
MTHB to DMSHB, and ultimately DMSP, since J391 has DDC activity (see above). One such
cosmid (pB102252) was identified and sequenced. The pBI102252 cosmid contained a gene,
termed dsyB, encoding a methyltransferase-like protein (SIAM614_21095) that conferred
DMSP production when subcloned and expressed in R. leguminosarum (Fig. 1c and
Supplementary Table 1). Furthermore, R. leguminosarum containing cloned dsyB produced
DMSP when grown in minimal media alone, but at increased levels when supplemented with
Met, MTOB or MTHB (Supplementary Table 1). This shows that the acquisition of a single
gene, such as dsyB, can enable some bacteria to produce DMSP and indicates the potential for
DMSP production to become more widespread, especially in ‘stressful’ environments where

there might be selective pressure for this to occur.

The dsyB gene was disrupted in the LZB033 genome to determine its function in DMSP

synthesis. The dsyB™ mutant no longer produced DMSP (Fig. 1¢c and Supplementary Table 1),
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but complementation with cloned dsyB restored wild type DMSP production levels.
Furthermore, the dsyB™ mutant accumulated ~3 fold more MTHB (92.8 pmol pg protein) than
the wild type strain when grown with 0.5 mM Met (Fig. 1c), consistent with MTHB being the
DsyB substrate. Thus, dsyB is required for DMSP synthesis in LZB033, and is the first DMSP

biosynthesis gene to be reported in any organism.

The LZB033 DsyB protein belongs to a family of S-adenosyl methionine-dependent
methyltransferases (Pfam family 00891). Close homologues (> 39% identity, E value < 1¢®7)
exist in >50 sequenced alphaproteobacteria, the majority of which were isolated from
hypersaline or marine environments. Most of these bacteria are, like Labrenzia, in the
Rhodobacterales order that are abundant in marine environments®®, but a few homologues are
also in the Rhizobiales and Rhodospirillales orders. These DsyB-like proteins in
alphaproteobacteria form a distinct group (Fig. 2), with a decline in sequence homology to
more distantly related proteins (< 33% identity, E value > 2¢%), which are not predicted to be

functional DsyB enzymes and are found in more taxonomically distinct bacteria, such as

Firmicutes and Actinobacteria.

Representative bacteria with DsyB homologues were all shown to produce DMSP
(Supplementary Table 1; Fig. 2), whilst negative control strains that contain no proteins with
significant similarity to DsyB or that contain DsyB-like proteins of lower sequence homology
(Fig. 2) did not produce DMSP. Furthermore, when cloned and expressed in R. leguminosarum,
the dsyB genes from Oceanicola batsensis, Pelagibaca bermudensis and Amorphus coralli
conferred DMSP production from MTHB (Supplementary Table 1), whereas the less closely
related dsyB-like gene from Streptomyces varsoviensis conferred no detectable activity, as
predicted. Thus, the presence of the dsyB gene in a bacterial genome is a marker for the ability

to synthesise DMSP.
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In many bacteria containing dsyB, the gene is located adjacent to genes that have either not
been characterised or have no known connection to sulphur metabolism or processes related to
any reported function of DMSP (Supplementary Fig. 2a). There are exceptions to this, notably
in ten Rhodobacterales strains where dsyB is closely associated to a predicted isc/suf gene
cluster (Supplementary Fig. 2b). These genes encode proteins involved in Fe-S cluster
assembly, which plays a role in oxidative stress protection®®. Escherichia coli suf gene
transcription is induced by reactive oxygen species, such as H20.¥. In another strain,
Rhizobiales bacterium HL-109, dsyB is downstream of two genes encoding peroxiredoxins (EC
1.11.1.15), which are a family of antioxidant enzymes®® (Supplementary Fig. 2c). The linkage
of dsyB to genes potentially involved in oxidative stress protection supports previous

hypotheses that DMSP has a role in oxidative stress protection?.

To identify the potential function/s of DMSP and/or its lysis to DMS and acrylate in L.
aggregata LZB033, DMSP production and the transcription of the dsyB and dddL genes were
monitored in response to different environmental stimuli or growth conditions that had
previously been linked to DMSP synthesis or function in other DMSP-producers'23, Increased
DMSP production and dsyB transcription levels were observed, to varying degrees, in response
to increased salinity, decreased nitrogen, decreased temperature and in stationary phase
compared to exponential growth phase (Fig. 3a-b), consistent with findings in previously
studied DMSP-producing organisms??. Notably, DMSP levels were barely detectable in
LZB033 grown under low salinity, where dsyB transcription was also downregulated. Although
there was a small (~2.5-fold) increase in dsyB transcription in response to oxidative stress, there
was no significant increase in DMSP production under the same condition. It is possible that
DMSP production actually does increase in response to oxidative stress, but that its
degradation, possibly by reactions with radicals, increases too. Transcription of dddL was

significantly reduced under all the conditions that enhanced DMSP accumulation, namely high
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salinity, nitrogen limitation, decreased temperature and stationary phase growth (Fig. 3c),
consistent with DMSP lyase activity being downregulated when DMSP is needed in higher
amounts. The transcription of this DMSP lyase gene was also reduced under low salinity (Fig.
3c), conditions where DMSP is not produced at detectable levels and thus there is no need for

DMSP lyase activity.

With nitrogen limitation having the greatest effect on DMSP production in LZB033, we also
tested DMSP production by L. aggregata IAM12614 in low nitrogen medium. This resulted in
a 9-fold increase in L. aggregata IAM12614 intracellular DMSP (Supplementary Table 1).
Given that marine environments are normally nitrogen-limited, the higher levels of DMSP
produced by LZB033 and IAM12614 in low nitrogen medium are probably more similar to the

amounts that they would produce in the environment.

To further assess the role/s of DMSP and its cleavage to DMS and acrylate in LZB033, we
assayed the effects of environmental stimuli and other phenotypic arrays on the growth of the
dsyB~ mutant J571 and dddL" mutant J572 in comparison to the LZB033 wild type (see
Methods). Surprisingly, we did not observe significant differences in growth phenotype
between the wild type, dsyB~ or dddL™ mutants under varying conditions of salinity,
temperature, oxidative stress, nitrogen supply, in response to freezing, or combinations of these
conditions. Thus, contrary to previously identified or predicted functions of DMSP in
eukaryotes, our studies show that de novo DMSP synthesis does not appear to have a major
role in osmoprotection, cryoprotection, protection against thermal stress, oxidative stress, or
under conditions where nitrogen is limiting, despite both DMSP production and dsyB
expression being affected by many of these conditions. It is possible that DMSP has one or

more of these predicted functions, in LZB033 or other DMSP-producing bacteria, under
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specific environmental conditions that were not replicated here; or that it has only a minor role

in these functions and its loss is compensated for by other processes.

The environmental abundance of dsyB, and the likely proportion of bacteria capable of DMSP
synthesis, was estimated by searching metagenomic datasets (Supplementary Table 2). DsyB
protein-encoding genes were predicted to be present in up to 0.5% of bacteria sampled in the
Tara Oceans and global ocean sampling (GOS) marine metagenomes, but were absent in
terrestrial metagenomes (albeit terrestrial datasets being much smaller than marine
counterparts; Supplementary Table 2). The dsyB abundance in marine and absence in non-
marine environments is reminiscent of the bacterial ddd, DMSP lyase, genes?*, and was

expected since DMSP is thought to be predominantly of marine origin.

Identification of DMSP production in bacteria and the first DMSP biosynthesis gene, likely
encoding the key step in the pathway, will greatly improve our ability to model and monitor
environmental DMSP production and the climate-active gas DMS. The bacterial contribution
to global DMSP production, and the associated DMS production, has not previously been
considered. Whilst this contribution is currently unknown, it is possible that prokaryotes make
a significant input to the pools of these important environmental sulphur compounds, beyond
bacterial DMS production from dissolved DMSP3. Furthermore, since dsyB-containing
bacteria are heterotrophic, there is no requirement for DMSP production to be confined to the
photic zone of marine environments, as was thought to be the case with many known obligate
phototrophic DMSP-producing organisms. It will be interesting to study the significance of
bacterial DMSP production across a broad range of marine environments — from deep sea

sediments to pelagic zones.

Methods



193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

Bacterial growth and media

Labrenzia aggregata, Oceanicola batsensis, Sagittula stellata, Pelagibaca bermudensis and
Amorphus coralli were grown in YTSS? complete medium or MBM?® minimal medium (with
10 mM succinate as carbon source and 10 mM NH4Cl as nitrogen source) at 30 °C. Where
indicated, the salinity of MBM was adjusted by altering the amount of sea salts (Sigma-
Aldrich) added and nitrogen levels were altered by adding different amounts of NH4Cl as
nitrogen source. Methylated sulphur compounds, namely DMSP pathway intermediates, were
only added to MBM where indicated, in experiments that specifically addressed the effect of
adding such compounds. Thalassobaculum salexigens and Nesiotobacter exalbescens were
grown in marine broth 2216 (Becton Dickinson, BD), Ruegeria pomeroyi in YTSS and
Sediminimonas giaohouensis in marine broth 2216 + 3% NaCl, all at 28 °C. Streptomyces
varsoviensis and Bacillus mycoides were grown in GYM Streptomyces medium (4 g glucose,
4 g yeast extract, 10 g malt extract, 2 g calcium carbonate, 12 g agar per litre distilled water)
and nutrient broth (5 g peptone, 3 g meat extract, 15 g agar per litre distilled water) respectively
at 25 °C. Escherichia coli was grown in LB? complete medium at 37 °C. Rhizobium
leguminosarum was grown in TY?® complete medium or Y2 minimal medium (with 10 mM
succinate as carbon source and 10 mM NH4Cl as nitrogen source) at 28 °C. Where necessary,
antibiotics were added to media at the following concentrations: rifampicin (20 pug mi?),
streptomycin (400 pg mI), kanamycin (20 pg mit), spectinomycin (200 pg mit), gentamicin

(20 pg mIY). Strains used in this study are listed in Supplementary Table 3.

Isolation of Labrenzia aggregata LZB033
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L. aggregata LZB033 was isolated from seawater of the East China Sea (collected in October

2013) on marine agar 2216 (BD).

General in vivo and in vitro genetic manipulations

Plasmids (Supplementary Table 4) were transferred to E. coli by transformation, or L.
aggregata LZB033 and R. leguminosarum J391 by conjugation using helper plasmid
pRK2013%°, Bacterial genomic DNA was isolated using a Qiagen genomic kit. Routine
restriction digestions, ligations, Southern blotting and hybridisations were performed
essentially as in Downie et al.*°. The oligonucleotide primers used for molecular cloning were
synthesised by Eurofins Genomics and are detailed in Supplementary Table 5. Sequencing of

plasmids and PCR products was performed by Eurofins Genomics.

L. aggregata LZB033 dddL was amplified from genomic DNA by PCR and cloned into
pET21a using Ndel and BamHI restriction enzymes. The dsyB genes from L. aggregata
IAM12614 and O. batsensis were amplified from genomic DNA and cloned into pET21a using
Ndel and BamHI or EcoRl restriction enzymes. These clones were then digested with Ndel and
Sacl and subcloned into pLMB509%, a taurine-inducible plasmid for the expression of genes
in Rhizobium. The dsyB genes from A. coralli, P. bermudensis and S. varsoviensis were
amplified by PCR and cloned directly into pLMB509 using the primers and restriction enzymes
shown in Supplementary Table 6. The dsyB gene from L. aggregata IAM12614 was subcloned
from the pLMB509-based clone pBI02258 into the wide host-range plasmid vector pRK415%2
using the restriction enzymes Xbal and EcoRI. All plasmid clones are described in

Supplementary Table 4.
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Library construction and cosmid screening

A genomic library of L. aggregata IAM12614 was constructed essentially as described in
Curson et al.’. L. aggregata genomic DNA was partially digested with EcoRl, ligated into the
wide host-range cosmid vector pLAFR3 and transfected into E. coli strain 803, to form a library
with an estimated 90,000 clones. The clones were transferred en masse to R. leguminosarum
J391 by conjugation. 200 transconjugants were picked to MBM medium containing 0.5 mM
MTHB and screened by gas chromatography (see below) for those containing DMSP (as a

result of Rhizobium DDC activity).

Sequencing of Labrenzia aggregata LZB033 genomic DNA

Genomic DNA of L. aggregata LZB033 was extracted using an E.Z.N.A.® Bacterial DNA kit
(Omega). Genome sequencing was performed by Shanghai Majorbio Bio-Pharm Technology
Co., Ltd (China) using the lllumina HiSeq 2000™ sequencer system with a 500 bp pair-end
library. The reads were assembled using SOAPdenovo v2.04. Putative genes were identified
using Glimmer 3.02%. Annotation was performed with BLAST+ 2.2.24%* searching against
databases, including the National Center for Biotechnology Information (NCBI) non-redundant
proteins (NR)®, Clusters of Orthologous Groups of proteins (COG)*®, Kyoto encyclopedia of

genes and genomes (KEGG)*' and Gene ontology (GO)®.

Mutagenesis of dsyB and dddL

Primers were designed (Supplementary Table 5) to amplify sequences internal to the L.

aggregata LZB033 dsyB and dddL open reading frames and these were cloned into
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pBl01879%, a derivative of the suicide vector pK19mob*, to form pBI02253 and pBI02254
respectively, and then transferred to L. aggregata J570 by conjugation. Mutants in which the
plasmids had recombined in the target genes were selected for by growth on YTSS agar
containing rifampicin (J570), kanamycin (pBIO1879) and spectinomycin (pB101879). All

mutants were checked by colony PCR and/or Southern blotting.

Phenotyping of Labrenzia mutants

Where MBM was used as the minimal medium for the following experiments, this medium
lacked any methylated sulphur DMSP pathway intermediates, unless indicated. To identify a
phenotype for the mutations in dsyB or dddL, L. aggregata J570 (wild type), J571 (dsyB") and
J572 (dddL") strains were grown in MBM with varying levels of salt and nitrogen, or under
different environmental conditions. To test the effect of salinity on the mutant, the wild type
and mutant strains were grown in MBM minimal medium made with different amounts of sea
salts (Sigma-Aldrich) equivalent to salinities of 5, 35 and 50 practical salinity units (PSU), with
35 being the approximate salinity level of seawater, and growth of the strains was monitored
spectrophotometrically by optical density at wavelength 600 nm (ODeoo). To test the effect of
nitrogen levels, the strains were grown in modified 35 PSU MBM, made without added
nitrogen source, and then supplemented with either 10, 0.5 or 0.05 mM NH4CI as nitrogen
source, and growth was monitored by ODeoo. To test the temperature effect, strains were grown
in 35 PSU MBM at temperatures of 16, 26, 30 and 37 °C and growth was monitored by ODeo.
To test tolerance to freezing, cultures of the wild type and mutant strains were grown to
stationary phase in 35 PSU MBM (0.5 mM NH4CI) then adjusted to the same cell density by
measuring the ODsoo Of each culture, spinning down an appropriate volume (~1 ml) of culture

and then resuspending the cells in 1 ml of the same medium. 100 ul of each culture was then
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removed, used to make serial dilutions, and then plated on YTSS agar plates for counting the
number of colonies that grew. The remaining 900 pl of culture was placed at -20 °C for 5 days
before thawing, serial dilution and plating as above. For testing resistance to oxidative stress
in the wild type (J570), dsyB™ (J571) and dddL" (J572) mutant strains, 50 pl of MBM (with 0.1
mM Met and with 0.5 mM NH4Cl as nitrogen source, to increase DMSP production) cultures
of each strain, grown overnight, were adjusted to the same cell density and inoculated to 5 ml
MBM + 500 uM H2O. Cultures were incubated at 30 °C for 90 minutes then 1.5 pl of a 10%
solution of the antioxidant sodium thiosulphate was added to quench the oxidative stress by
reducing the H2O2. 100 ul of each culture was removed and used to make serial dilutions,
dilutions were plated on YTSS agar medium and incubated at 30 °C, and colony numbers were
determined after 2-3 days growth and used to calculate the percentage of cell survival for the
different strains after exposure to H>O2. For experiments involving combinations of different
conditions (salinity [50 PSU], nitrogen [0.5 mM NH4CI] and temperature [16 °C]; salinity [35
PSU], nitrogen [0.5 mM NH4CI], temperature [30 °C] and oxidative stress [500 uM H.03]),
growth under these conditions was monitored by ODsoo as above. All experiments described

here used three biological replicates for each condition.

To identify other possible phenotypes of the mutants of dsyB™ and dddL", tests for an array of
carbon sources and biochemical properties of the wild type and mutants of L. aggregata were
investigated by using a GN2 MicroPlate kit (Biolog), and APl 20E and API 20NE strips
(bioMérieux) according to the manufacturers’ instructions, except that strains were first grown
on MBM agar, and sterile seawater was used to prepare the inocula. In addition, some
independent tests including enzyme activities (protease, DNase, lipase, amylase, chitinase,

agarase and cellulase)*! and quorum quenching activities*? were performed.
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Quantification of DMS and DMSP by gas chromatography

All gas chromatography (GC) assays involved measurement of headspace DMS, either directly
produced or via alkaline lysis of DMSP, in 2 ml vials containing 0.3 ml liquid samples, using
a flame photometric detector (Agilent 7890A GC fitted with a 7693 autosampler) and a HP-
INNOWax 30 m x 0.320 mm capillary column (Agilent Technologies J&W Scientific). An
eight point calibration curve of DMS standards was used and the detection limit for headspace
DMS was 0.015 nmol. For DMS production, Labrenzia strains were grown overnight in YTSS
medium, adjusted to equal optical density (ODsoo), Washed three times with 35 PSU MBM
minimal medium then diluted 1:10 into 35 PSU MBM medium containing 5 mM DMSP (or
with no DMSP added) and incubated for 2 hours at 30 °C before assaying by GC. For DddL
DMSP lyase expressed in E. coli, an overnight culture of cells in LB were diluted 1:100 in LB
medium and incubated at 37 °C for two hours then induced with 0.2 mM isopropyl p-D-1-
thiogalactopyranoside and incubated for a further 16 hours at 37 °C. Cells were then pelleted,
resuspended in Tris-HCI buffer (50 mM, pH 7) and sonicated (3 x 10 s) with a Markson GE50
Ultrasonic Processor. Samples were spun for 5 min at 18,000 x g to remove cell debris, then a
sample of the cell-free extract was added to vials with 1 mM DMSP and incubated for an
appropriate time (30 min to 2 hours) before assaying by GC. For DMSP measurements in L.
aggregata LZB033, cultures were grown in complete medium, washed three times in MBM
minimal medium then diluted 1:100 in MBM medium, with different additions as indicated
and under different temperatures as indicated, and incubated for the required time, dependent
on growth conditions (typically 16 hours, but 22 hours for stationary phase samples and 72
hours for 16 °C samples). For H20> additions, 500 pM H20> was included in media before
inoculation then cultures were spiked with more H20, (500 pM) and cells were harvested 30
minutes to 3 hours later for DMSP measurement. For all other bacterial strains, cells were

cultured in media as detailed in Supplementary Table 1. For all strains where MBM or Y
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minimal medium was used, these media lacked any methylated sulphur DMSP pathway
intermediates, unless indicated. For Rhizobium cultures, 200 ul of culture was added to a vial
then 100 pl of 10 M NaOH was added to lyse the DMSP, and vials were immediately sealed
and incubated at 30 °C for 6 h (to allow release of DMS into the headspace) before assaying
by GC. Following growth of all other bacterial strains in the relevant media and under the
specified conditions, 20-40 ml of culture was centrifuged to pellet the cells and cells were
resuspended in 1 ml Tris-HCI buffer (50 mM, pH 7) and sonicated and spun down (as above).
200 pl of cell-free extract was added to a vial then 100 pl of 10 M NaOH was added to lyse the
DMSP, and vials were immediately sealed and incubated at 30 °C for 6 hours (to allow release
of DMS into the headspace) before assaying by GC. All experiments described here used three
biological replicates. The protein content in the cells was estimated by the Bradford method
(BioRad). DMS production is expressed as pmol pg proteint mint and DMSP production
typically as pmol pg protein™t. Estimated intracellular concentrations of DMSP (expressed in

mM) are based on estimates of protein content per cell*® and reported cell volumes*+52,

MTHB methyltransferase (MHM) assays

To measure MHM activity from pLMB509 clones expressing the dsyB gene from different
bacteria in R. leguminosarum J391, cultures were grown overnight in TY complete medium
(three biological replicates), 1 ml of culture was spun down, resuspended in the same volume
of Y medium and then diluted 1:100 into 5 ml Y with 5 mM taurine (to induce expression), 0.5
mM MTHB and gentamycin, and incubated at 28 °C for 20 hours. 200 ul of culture was then
added to a 2 ml vial with 100 pl 10 M NaOH and monitored by GC assay (see above), with
MHM activity expressed as pmol DMSP pg protein, assuming that all the DMSP is derived

from DMSHB through DDC activity.
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Met aminotransferase (MAT) and MTOB reductase (MR) assays

LZB033 cultures were grown in 100 ml MBM medium cultures (three biological replicates) to
an ODeoo of ~0.5 then 40 ml of culture was centrifuged and the supernatant removed. Cell
pellets were then resuspended in 1 ml of LC-MS grade water and sonicated (3 x 10 s) with a
Markson GE50 Ultrasonic Processor. Samples were spun for 5 min at 18,000 x g to remove
cell debris and the cell-free extract was retained for the enzyme assays. Assays for these
enzymes have been reported previously in algae®® but were modified here and are described as
follows. All chemical solutions were dissolved in LC-MS grade water and reactions were
performed in 60 ul volumes. For MAT assays, reactions included 54 pl LZB033 cell-free
extract (prepared as described above), 3 ul 0.1 M oxoglutarate (5 mM final concentration) and
3 pl 10 mM Met (0.5 mM). For MR assays, reactions included 51 pl LZB033 cell-free extract,
6 pl 10 mM NADPH (1 mM) and 3 pl 10 mM MTOB (0.5 mM). For no substrate controls,
Met or MTOB were replaced with LC-MS grade water. Assays were started by the addition of
substrate and incubated at 22 °C for 1 hour. Reactions were stopped by the addition of 240 pl
100% LC-MS grade acetonitrile to give samples in 80% acetonitrile for use in LC-MS (see

below).

Chemical syntheses

DMSP was synthesised from DMS (Sigma-Aldrich) and acrylic acid (Sigma-Aldrich) as
described in®2. DMSHB was synthesised as follows. The calcium salt of 2-hydroxy-4-
(methylthio)butyric acid (5.0 g, 14.77 mmol) was dissolved in 6 N HCI (500 ml). The aqueous
layer was extracted using ethyl acetate (3 x 75 ml). The organic layers were combined, washed

with brine and evaporated under reduced pressure to give the acid as a yellow oil (1.4 g, 63%).
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2-Hydroxy-4-(methylthio)butyric acid (0.70 g, 4.66 mmol) was dissolved in methanol (15 ml).
Methyl iodide (0.4 ml, 6.99 mmol, 1.5 equiv.) was added and the solution was heated under
reflux for 2 hours. The reaction mixture was allowed to reach room temperature and the solvent
was removed under reduced pressure to yield DMSHB iodide (0.65 g, 95%). DMSP-amine was
synthesised as follows. 3-Methylmercaptopropylamine (1 g, 9.51 mmol) was added to aqueous
formic acid (89%, 10 ml) in a 25 ml round-bottomed flask wrapped in foil at 0 °C. Glacial
acetic acid (1 ml) and methyl iodide (0.50 ml, 8 mmol) were added and the resulting mixture
stirred for 3 days. The reaction mixture was concentrated under reduced pressure, the residue
was dissolved in water (5 ml) and the solution transferred to a separating funnel. The aqueous
layer was washed with dichloromethane (2 x 10 ml) and a solution of sodium hydroxide (1 M)
was added to bring the pH to neutral. The solvents were removed under reduced pressure and
the residue was dissolved in the minimum amount of methanol. Diethyl ether was added to the
solution until no further precipitation occurred. The solution was cooled to 0 °C overnight. The
precipitate (inorganic salts) was removed by suction filtration and washed with diethyl ether.
The filtrate was concentrated under reduced pressure to yield DMSP-amine as a yellow oil (0.8
g, 73%). SMM was synthesised as follows. (L)-Methionine (1.0 g, 6.7 mmol) was dissolved in
aqueous formic acid (89%, 10 ml) in a 50 ml round-bottomed flask wrapped in foil. Glacial
acetic acid (5 ml) and methyl iodide (1.7 ml, 26.8 mmol) were added and the resulting mixture
stirred for 3 days. The reaction mixture was concentrated under reduced pressure. The residue
was recrystallised from methanol/diethyl ether. The resulting solid was filtered, washed once
with methanol and twice with diethyl ether to yield SMM as the title compound (1.75 g, 90%).
Met, MTOB, MTHB and MTPA are commercially available and were obtained from Sigma-

Aldrich.

Liquid chromatography-mass spectrometry (LC-MS) analysis
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The L. aggregata LZB033 wild type (J570) and dsyB™ mutant (J571) were inoculated 1:100
into 5 ml 35 PSU MBM and incubated for 20 hours before the addition of 0.5 MM Met, MTOB
or MTHB. After incubation for a further 2 hours, 1.5 ml of culture was aliquoted for LC-MS
analysis and 300 ul of culture was used for protein estimation. Rhizobium wild type (J391) was
inoculated 1:100 into 5 ml Y minimal medium with 0.5 mM Met, MTOB, MTHB, DMSHB or
with nothing added. J391 containing cloned L. aggregata dsyB (pB102258) was inoculated
1:100 into 5 ml Y minimal medium with 10 mM taurine (for inducing expression) and
gentamicin, and supplemented with 0.5 mM Met or with no addition. Rhizobium cultures were
incubated with shaking for 48 hours, then for each culture, 3 ml was aliquoted for LC-MS
analysis and 300 pl for protein estimation. Culture aliquots (in duplicate) for LC-MS analysis
were centrifuged for 4 minutes at 18,000 x g, flash frozen in liquid nitrogen and stored at -80
°C until sample preparation. All cultures described here were grown with three biological

replicates. Protein concentrations were estimated by Bradford assays.

Samples were extracted as follows. Frozen pellets were resuspended with 300 ul of 80% LC-
MS grade acetonitrile (extraction solvent), centrifuged at 18,000 x g for 3 minutes and 200 pl
of the supernatant was collected. For a second round of extraction, another 200 pl of the
extraction solvent was then added to the pellet and remaining supernatant, and the pellet was
resuspended before centrifugation at 18,000 x g for 3 minutes and another 200 pl of supernatant
was collected. A third round of extraction was then performed in the same way to give a total

volume of 600 ul of the collected supernatant for LC-MS analysis.

LC-MS was carried out using a Shimadzu Ultra High Performance Liquid Chromatography
(UHPLC) system formed by a Nexera X2 LC-30AD Pump, a Nexera X2 SIL-30AC
Autosampler, a Prominence CTO-20AC Column oven, and a Prominence SPD-M20A Diode

array detector; and a Shimadzu LCMS-2020 Single Quadrupole Liquid Chromatograph Mass
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Spectrometer. Samples were analysed in hydrophilic interaction chromatography (HILIC)
mode using a Phenomenex Luna NH2 column (100 x 2 mm with a particle size of 3 um) at pH
3.75. Mass spectrometry spray chamber conditions were capillary voltage 1.25 kV, oven
temperature 30 °C, desolvation temperature 250 °C and nebulising gas flow 1.50 L min™.
Solvent A is 5% acetonitrile + 95% 5 mM ammonium formate in water. Solvent B is 95%
acetonitrile + 5% 100 mM ammonium formate in water. Flow rate was 0.6 ml min™ and
gradient (% solvent A/B) was t = 1 min, 100% B; t = 3.5 min, 70% B; t = 4.1 min, 58% B; t =
4.6 min, 50% B; t = 6.5 min, 100% B; t = 10 min, 100% B. The injection volume was 15 pl.
All samples were analysed immediately after being extracted. Samples were run in positive
and negative mode in a single run. The targeted mass transitions corresponded to [M+H]" of
methionine (m/z 150), DMSHB (m/z 165) and DMSP (m/z 135) in positive mode; and [M-H]
of MTOB (m/z 147) and MTHB (m/z 149) in negative mode. A calibration curve was
performed for quantification of MTHB. The compounds present in the biological samples were
ratified by the addition of the corresponding standards (20 uM) to the sample, and correct peaks

remained as single peaks, with the same shape but increased ion intensity.

gRT-PCR

L. aggregata LZB033 wild type (J570) was inoculated to 100 ml MBM cultures (lacking
methylated sulphur DMSP pathway intermediates) and incubated with shaking, with different
cultures having different additions or under different growth conditions depending on the stress
condition being tested. Standard conditions were salinity of 35 PSU, nitrogen source
concentration of 10 mM NH4Cl, incubation temperature of 30 °C and sampling in exponential
phase growth (ODeoo of ~0.5). Cultures were exposed to different stress conditions: low salt (5

PSU), high salt (50 PSU), stationary phase (ODsoo Of ~1.0); nitrogen limitation (0.5 mM
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NH4Cl), oxidative stress (grown for 16 hours and spiked with 500 uM H>O> 30 minutes before
sampling), and low temperature (16 °C). For each condition, there were three biological

replicates.

For each culture, RNA for qRT-PCR was extracted as follows: 40 ml of phenol-ethanol
(10/90% v/v) was added to the 100 ml culture and then incubated on ice for 1 hour. 50 ml of
cultures were then spun down at 5,000 x g for 15 min at 4°C. The supernatant was decanted,
the cell pellet resuspended in the remaining liquid (~0.5 ml) and transferred to an RNase-free
1.5 ml centrifuge tube and the suspension was then centrifuged at 11,000 x g for 2 min at 4 °C.
All supernatant was removed then left for 2 hours in dry ice. The frozen cell pellet was
resuspended in 200 pl of 100 mg mI? lysozyme (prepared using RNase-free TE buffer) then
incubated at 37°C for 10 minutes. Samples were then subjected to five cycles of freezing on
dry ice and thawing at 37 °C before a final freezing step. RNA extraction was performed using
a Promega SV total RNA isolation kit according to the manufacturer’s protocol (including the
optional on-column DNase treatment), with the exception of the following changes. 300 pl of
lysis reagent and 630 pl of RNA dilution buffer were added to the frozen sample and inverted
to mix thaw. 300 mg of glass beads were then added to the samples and cells were disrupted
using an MP FastPrep®-24 instrument set at maximum speed for 40 seconds. Samples were
then heated at 70 °C for 3 minutes and centrifuged at 18,000 x g at 4 °C for 10 minutes. The
supernatant was transferred to an RNase-free 1.5 ml centrifuge tube before adding the 95%
Ethanol. Samples were purified and concentrated using an RNA Clean & Concentrator™ Kit
(Zymo Research). Samples grown under nitrogen limitation were treated differently as they
had a lower yield of RNA when using the RNA extraction method as described above. For
these samples, RNA was stabilised using RNA Later (Ambion®, Life Technologies) according
to the manufacturer’s protocol. RNA samples were then purified using RNeasy® spin columns

(Qiagen) according to the manufacturer’s protocol.
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To eliminate traces of genomic DNA, all samples were treated with TURBO DNA-free™
DNAse (Ambion®, Life Technologies) according to the manufacturer’s protocol. The quantity
and quality of the samples was determined using Qubit™ 3.0 Fluorometer, following the

protocol of the Qubit RNA HS Assay Kit (Thermo Fisher Scientific).

Reverse transcription of 1 pg of DNA-free RNA per sample was done using the QuantiTect®
Reverse Transcription Kit (Qiagen). No reverse transcriptase and no template controls were
performed to confirm that samples were DNA-free and that the reactions were free of

contaminants.

Primers for qRT-PCR for L. aggregata LZB033 dsyB and dddL, as well as the housekeeping
genes recA and rpoD, were designed using Primer3°*®* (http://bioinfo.ut.ee/primer3-0.4.0/)
and are listed in Supplementary Table 5. The optimum primer melting temperature was 60 °C,
but melting temperatures from 57 °C to 63 °C were accepted. The maximum melting
temperature difference between primers in a primer pair was 2 °C and primer GC content was
kept between 40-60 %. The primer pairs were checked to avoid stable homo- and heterodimers
as well as hairpin structures using IDT (Integrated DNA Technologies) Oligoanalyzer 3.1 tool
(https://www.idtdna.com/calc/analyzer). Primer efficiencies were all 90-110 % and within

recommended limits.

Quantitative PCR was performed using a StepOnePlus instrument (Applied Biosystems).
Quantification was performed using a standard SensiFAST™ SYBR® Hi-ROX Kit (Bioline)
following manufacturer’s instructions. 20 pl reactions contained 10 ng of cDNA, primers at
concentrations of 400 nM (dsyB, recA) or 300 nM (rpoD, dddL), and with an
annealing/elongation temperature of 60 °C. A single gene was quantified per run, with three
biological replicates and three technical replicates. Manually detected outliers were excluded

from further analysis. Controls run in each plate were the no reverse transcriptase and no
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template controls from the reverse transcriptase step. Standard curves were included in each
run to calculate the reaction efficiency (five points in 1:2 dilutions starting from 50 ng of cDNA

and water only as negative control). Analysis of post-run melting curve was also performed.

For each condition and gene, the cycle threshold (Ct) values of the technical and biological
replicates were averaged. The rpoD and recA Ct values and efficiencies were then averaged
and the relative expression ratio was calculated®® and expressed as normalised fold change

relative to the standard conditions.

Statistics

Statistical methods for gRT-PCR are described in the relevant section above. All measurements
for DMSP and DMS production (in bacterial strains or enzyme assays) are based on the mean
of three biological replicates per strain/condition tested and error bars are shown from
calculations of standard deviations, with all experiments performed at least twice. To identify
statistically significant differences between standard and experimental conditions in Fig. 1b
and Fig. 3a-c, a single-tailed independent Student’s t-test (P<0.05) was applied to the data,

using Microsoft Excel.

Bioinformatic analysis

BLAST searches® to identify homologues of the Labrenzia DsyB and DddL proteins were
performed using BLASTP at NCBI or JGI. DsyB homologues, along with selected other more
distantly related methyltransferases in Pfam family PFO0891 below the predicted cut-off for

DsyB functionality (E values < 1), were aligned by ClustalwW in MEGA v6°°. Evolutionary
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analyses were conducted using MEGA and different amino acid substitution models were
tested to identify the most suitable. The evolutionary history was inferred by using the
Maximum Likelihood method based on the Le Gascuel 2008 model®’. The tree with the highest
log likelihood (-8097.3139) was used. Initial tree(s) for the heuristic search were obtained
automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise
distances estimated using a JTT model, and then selecting the topology with superior log
likelihood value. A discrete Gamma distribution was used to model evolutionary rate
differences among sites (5 categories (+G, parameter = 0.8781)). The analysis involved 47
amino acid sequences. All positions containing gaps and missing data were eliminated. There

were a total of 203 positions in the final dataset.

Protein sequences used in the phylogenetic tree were obtained from either NCBI or JGI.
Accession numbers of protein sequences from NCBI are: B. mycoides DSM2048, EEL96501;
L. aggregata CECT4801, CTQ43687; L. aggregata LZB033, KT989543; Labrenzia sp.
C1B10, ERP98606; Labrenzia sp. C1B70, ERRO00112; Labrenzia sp. DG1229,
WP_051644456; Ponticoccus sp. UMTATO08, WP_043143384; Pseudooceanicola atlanticus
2211-S11g, WP_043748339; Rhodobacteraceae bacterium PD-2, WP_023852424;
Roseibacterium elongatum DSM19469, WP_025312975; S. varsoviensis DSM40346,
WP_030879264. Gene IDs of protein sequences from JGI are: A. coralli DSM19760,
2517908241; Antarctobacter heliothermus DSM11445, 2620496472; Caenispirillum
salinarum AK4, 2520173307; Citreicella aestuarii DSM22011, 2616590712; Citreicella sp.
357, 2514595470; Defluviimonas sp. 20V17, 2579689465; Donghicola sp. S598, 2553022978;
L. aggregata IAM 12614, 639943763; Labrenzia alexandrii DFL-11, 2517312627,
Litorimicrobium taeanense DSM22007, 2616591799; Maritimibacter alkaliphilus
HTCC2654, 648280724; Nisaea denitrificans DSM18348, 2525377636; Nisaea sp. BAL199,

641429164; O. batsensis HTCC2597, 638883374; Pseudooceanicola nanhaiensis DSM18065,
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2558678304; Oceanicola sp. HL-35, 2541035415; Oceanicola sp. S124, 2527024186; P.
bermudensis HTCC2601, 648285806; Pseudodonghicola xiamenensis DSM18339,
2524485630; Rhizobiales bacterium HL-109, 2609135787; Rhodobacteraceae bacterium
bin09, 2609105254; Rhodospirillales bacterium URHDO0017, 2593183274; Roseibium
hamelinense ATCC BAA-252, 2597124009; Roseivivax halodurans JCM 10272, 2565720611;
Roseivivax sediminis DSM26472, 2635168442; Roseovarius indicus DSM26383,
2620334468; S. stellata E-37, 640641694; Salipiger mucosus DSM16094, 2523510257; S.
giaohouensis DSM21189, 2523943366; Stappia stellulata DSM5886, 2525928126;
Thalassobaculum litoreum DSM18839, 2599852567; T. salexigens DSM19539, 2523405058;
Thalassobius gelatinovorus DSM5887, 2622865483; Tropicibacter naphthalenivorans
DSM19561, 2623181840; Yangia pacifica CGMCC 1.3455, 2617877652; Yangia pacifica

DSM26894, 2620103054.

BLAST searches to identify DsyB homologues in metagenomes from different environments
(Supplementary Table 2) were performed using standalone BLASTP algorithm and custom
peptide databases using the L. aggregata LZB033, L. aggregata IAM12614, S. stellata E-37,
O. batsensis HTCC2597 and A. coralli DSM19760 DsyB proteins as probes (see above for
sequences) and with a cutoff of E value < 1. To estimate the number of bacteria represented
in each metagenome, a selection of RecA proteins (as in 2%) were used as probes to BLAST the

same metagenome databases, with a cutoff of E value < 1e™°.

Data availability

Sequence data that support the findings of this study have been deposited in GenBank with the
accession codes KT989543 (L. aggregata LZB033 dsyB gene sequence) and JXMT00000000

(L. aggregata LZB033 whole genome shotgun project).
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Figure legends

Figure 1. DMSP biosynthesis pathways and bacterial DMSP production

a, Predicted pathways for DMSP biosynthesis in higher plants (Spartina,*SMM converted to
DMSP-aldehyde directly in Wollastonia) (left); macroalgae (Ulva, Enteromorpha), diatoms
(Thalassiosira, Melosira), prymnesiophytes (Emiliania) and prasinophytes (Tetraselmis)
(centre); and dinoflagellates (Crypthecodinium) (right). b, L. aggregata LZB033 DMSP
production with or without pathway intermediates (0.5 mM) in MBM minimal medium (10
mM succinate as carbon source, 10 mM NH4ClI as nitrogen source). Three biological replicates
for each condition. Error bars of standard deviations are shown (n=3). Student’s t-test (P<0.05):
Met, MTOB, MTHB and DMSHB were all significantly different to no addition. ¢, LC-MS
chromatograms for MTHB (m/z 149) and DMSP (m/z 135) in LZB033 wild type and dsyB"
strains, and for DMSP in R. leguminosarum J391 with or without cloned dsyB (pB102258).
Three biological replicates for each strain. Abbreviations: DMSP-ald, DMSP-aldehyde;

MMPA, methylmercaptopropionate.

Figure 2. Maximum likelihood phylogenetic tree of DsyB proteins.

The tree is drawn to scale, with branch lengths measured in the number of substitutions per
site, as indicated on scale bar. All DsyB proteins came from alphaproteobacteria in the order
Rhodobacterales, except where other orders are shown in brackets. Methyltransferase enzymes
whose corresponding genes were cloned and shown to be functional are marked with a circle
and those non-functional are marked with a square. Strains experimentally confirmed to

produce DMSP are marked with a star and those not producing DMSP with a cross.
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Figure 3. DMSP production, dsyB transcription and dddL transcription in L. aggregata

LZB033 under different conditions.

a, DMSP production, b, dsyB transcription and c, dddL transcription in L. aggregata under
varying conditions of salinity, temperature, nitrogen concentration, oxidative stress and growth
phase. Standard conditions were growth in MBM medium (with succinate as carbon source
and no added methylated sulphur compounds) at a salinity of 35 PSU, nitrogen source
concentration of 10 mM NH.CI, incubation temperature of 30 °C and sampling in exponential
phase growth. For DMSP production, three biological replicates were used for each condition
and for qRT-PCR, three biological replicates and three technical replicates were used for each
gene/condition. Error bars of standard deviations are shown (n=3). Significance was
determined using a Student’s t-test (P<0.05), with all experimental conditions, except oxidative

stress in a and ¢, shown to be significantly different from the standard conditions.



