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SUMMARY

The compatible solute DimethylsulfoniopropionateM®P), made by many marine organisms, is
one of Earth’s most abundant organosulfur moleciNM&ny marine bacteria import DMSP and
can degrade it as a source of carbon and/or subuDMSP cleavage or DMSP demethylation
pathways, which can generate the climate activegydemethyl sulfide (DMS) or methanthiol
(MeSH), respectively. Here we used culture-dependar -independent methods to study
bacteria catabolising DMSP in East China Sea (E@8)bacterial isolates, 42.11% showed
DMSP-dependent DMS (Ddy activity, and 12.28% produced detectable levdisMeSH.
Interestingly, although most Dddsolates wereAlphaproteobacteria (mainly Roseobacters),
many gram-positiveActinobacteria were also shown to cleave DMSP producing DMS. The
mechanism by which thegetinobacteria cleave DMSP is unknown, since no known functional
ddd genes have been identified in genome sequencBsldfMicrobacterium and Agrococcus
isolates or in any other sequencédtinobacteria genomes. Gene probes to the DMSP
demethylation gene dmdA and the DMSP lyase gendddP demonstrated that these
DMSP-degrading genes are abundant and widely lisétl in ECS seawatedndA was present

in relatively high proportions in both surface B®% + 6.70%) and bottom seawater bacteria
(16.00% = 8.73%). In contrastiddP abundance positively correlated with chloroprglland
gradually decreased with the distance from landchvimplies that the bacterial DMSP lyase
genedddP might be from bacterial groups that closely assecith phytoplankton. Bacterial
community analysis showed positive correlationswieenh Rhodobacteraceae abundance and
concentrations of DMS and DMSP, further confirmihg link between this abundant bacterial
class and the environmental DMSP cycling.
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INTRODUCTION

The tertiary sulfonium compound dimethylsulfoniopianate (DMSP) is made in prodigious
amounts (several petagrams, worldwide annuallypanine environments (Ksionzek et al., 2016).
DMSP is synthesised by many marine microalgae, @gcolithophores, dinoflagellates and
diatoms (Curson et al., 2018; Kageyama et al., ROh&acroalgae (Reed, 1983), a few
angiosperms (Otte et al., 2004) and some coral!@Ret al., 2013). Recently, heterotrophic
bacteria have also been reported to synthesize D{@8Fson et al., 2017). In these organisms
DMSP may function in e.g., storage of excess swdfa carbon (Stefels, 2000), cryoprotection,
oxidative damage protection (Sunda et al., 2008phasing pathways acting as chemoattractant
(Seymour et al., 2010) and enhancing the produwfajuorum-sensing molecules (Johnson et al.,
2016). The major ecological significance of DMS®Bsliin it being an important nutrient for
marine microorganisms (Curson et al., 2011b) piagid¢arbon, sulfur and/or energy to microbes
catabolising it. Microbial DMSP catabolism can gete environmentally important catabolites
including the climate active gases dimethylsulfid@VS) and methanethiol (MeSH). DMS,
largely derived from DMSP catabolism, is the mogn#icant biogenic sulfur compound
transferred from oceans to the atmosphere (~3xat®es, worldwide annually; (Andreae, 1990),
where its oxidative products act as cloud condémsatuclei (CCN) affecting cloud cover and
thus the radiation reaching Earth’s surface (Valimd Simé, 2007).

Although many marine phytoplankton can cataboli$¢SP (Alcolombri et al., 2015; Johnston,
2015), it is believed that marine bacteria are iicant contributors to global DMSP catabolism
once this molecule is released into the dissohal pf DMSP in seawater (Curson et al., 2011b).
Indeed, DMSP supports 1% — 13% of the bacteridlamademand in surface seawater (Kiene and
Linn, 2000) and it is especially important as auel organic sulfur source, e.g., for the
dominant heterotrophic bacteria SAR11, which resm@xogenous sources of reduced sulfur for
growth (Tripp et al., 2008). A wide variety of ma&i microorganism import (Vila et al., 2004,
Howard et al., 2008) and catabolise DMSP via twayeratic pathways: demethylation and
cleavage (Curson et al., 2011b; Moran et al., 20D8methylation is believed to be the
predominant DMSP catabolic pathway, converting ~75%ssolved DMSP into
3-methylmercaptopropionate (MMPA), further into M&Sand then into microbial biomass
(Kiene and Linn, 2000). This pathway does not BberDMS. The maker gene for DMSP
demethylationdmdA'’ is only found in bacteria and is prevalent in ®&R11 lineage and another
abundant marinélphaproteobacteria lineage known as the Roseobacters (Howard eR@06;
Reisch et al., 2011). TrémdA genes can be grouped into five clades and 14 adéslbased on
their nucleotide and amino acid sequences (Howaad,&2006, 2008; Varaljay et al., 2010).

By comparison, there is far more biodiversity ie DMSP cleavage pathway where DMSP lyase
enzymes generate DMS from DMSP in bacteria, somgifand phytoplankton (Curson et al.,
2011b; Alcolombri et al., 2015; Sun et al., 2018). date, eight different DMSP lyase genes,
dddD, dddL, dddP, dddQ, dddw, dddY, dddK and Almal, encoding distinct polypeptides in
various protein families, have been identified iwide range of microbes, demonstrating a high
level of biochemical and genetic diversity in DM3Rse enzymes (Curson et al., 2011b;
Alcolombri et al., 2015; Johnston, 2015; Johnstbrale 2016; Sun et al.,, 2016). With the
3



88 exception ofdddY, the bacteriatldd genes are common in Roseobacters (Curson et0dllb?,

89 which can account for up to 30% of bacterioplankt@ils (Gonzalez and Moran, 1997) in
90 eutrophic coastal regions whdbdMS emission is intense and likely exerts influeoceclimate,

91 e.g. the East China Sea (ECS). Of the identifiectdoeal DMSP lyases, the DMSP lyase genes
92 dddP and dddQ are by far the most prevalent in ocean microb&kenence gene catalogue
93 (OM-RGC) metagenomic and Tara Oceans metatransoriptdatasets apportioned mainly to
94  marine bacteria (Curson et al., 2018).

95

96 The ECS is the largest marginal sea of the weddawific (Figure 1). It is influenced by the
97 Yangtze River effluent and the Kuroshio water cotreand acts as a transition zone where
98 terrigenous and anthropogenic materials are digeldafrom the mainland to the ocean. A
99 previous study of the ECS in the summer of 201hdothe surface waters to contain moderate
100 concentrations of DMSP, DMS and chloropte/28.25 nmol £, 5.64 nmol [} and 0.84 mg L,

101 respectively) (Yang et al., 2011). To date, ouramsthnding of microbial DMSP metabolism in
102 marine environments comes mainly from studies cotatlin open sea, salt marsh and estuarine
103 environments (e.g., Ansede et al., 2001) or wititg@blankton-attached bacteria (e.g., Hatton et
104 al., 2012). Studies on the spatial and tempordtidigion of bacterial DMSP-degrading genes
105 have been carried out in the Sargasso Sea (Letviale 2012), the Pacific Ocean (Varaljay et al.,
106 2012; Cui et al., 2015) and the Arctic Kongsfjord@eng et al., 2016). However, studies of the
107 abundance and diversity of bacterial DMSP catabolis marginal sea environments are limited.
108 In this study, we collected and characterised seawsamples from seven ECS sites for their
109 oceanographic parameters and DMSP compositiongur@dependent methods were used to
110 study DMSP catabolising bacteria in samples from ofvthese sites and led to the identification
111 of novel DMSP catabolising bacterial taxa. Cultuméependent methods were used to explore the
112  spatial distribution and diversity of key DMSP daihc genes in a transect of five ECS stations
113 from inshore to the offshore waters, and the restitther demonstrate the importance of
114  bacterial DMSP-catabolism in the ECS.

115

116 MATERIAL AND METHODS

117  Sampling and Environmental Parameters

118 Surface seawater (SW) and Bottom seawater (BW) kesnwere collected onboard the R/V
119 ‘Dong Fang Hong 2’ in the ECS during two cruises from 14 July to lighst 2013 (two sites,
120 MES3 located near the continent and P11 further ftbenland) and 19 October to 2 November
121 2015 (five sites, P03, P05, P07, P10 and P12; abkrtgansect from coast to the ocean),
122 respectively (Figure 1 and Table 1). Seawater wdleated by Niskin bottles equipped on a
123 standard conductivity-temperature-depth rosette DQ)CTOne litre of each sample was
124 immediately filtered through 0.2Am pore size polycarbonate membranes filters (Mg
125 Corporation, Billerica, MA, USA). Filters from 201&uise were soaked in sterile 0.85% (w/v)
126 saline supplemented with 15% (v/v) glycerol befetered at —80°C until in-lab bacterial
127 isolation. Filters from 2015 cruise were storediguid nitrogen onboard and at —80°C in lab for
128 nucleic acid extraction. Salinity, temperature aissolved oxygen were recorded with a Seabird
129 911 conductivity-temperature-depth (CTD).
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DMS and DMSP concentrations in the seawater sanypdee measured as described by Zhang et
al. (2014). DMS samples were measured onboard inatedygl after sampling using a modified
purge and trap method. Briefly, a sample of 2 miswallected into a glass bubbling chamber
through a GF/F filter. Sulfur gases were spargethfthe seawater with nitrogen and trapped in a
loop of Teflon tubing immersed in liquid nitrogehhe trapped gases were desorbed with hot
water (90 °C) and analysed on a Shimadzu GC-20%4&lgpomatograph equipped with a flame
photometric detector. A 3 m x 3 mm glass columnkpdcwith 10% DEGS on Chromosorb
W-AW-DMCS was used to separate sulfur gases aC70 °

Grauvity filtering of samples for dissolved DMSP ([3¥2d) was conducted as described by Kiene
and Slezak (2006) with the following modificatiodgtal DMSP (DMSPt) and DMSPd samples
were fixed with 50% sulfuric acid and stored onpsat room temperature for 2 d. For DMSPd
samples, the first few drops of filtrate was disieat, and a 4 mL sample was transferred to a glass
vial containing 40uL of concentrated sulfuric acid and sealed. For BPMSamples, 10QL of

50% sulfuric acid was directly added to 10 mL ofiltered seawater samples and then sealed.
When analysed, 300L of 10 mol L'* KOH was injected into 2 mL of the preserved DMSP
sample and incubated in the dark at 4 °C for adtl@d h, allowing for complete conversion of
DMSP into DMS and acrylate. The liberated DMS wasasured using the method described
above.

For chlorophyll a (Chh) analysis, the seawater samples were filterecugirgl7 mm Whatman
GF/F filters. The filters were soaked in 10 ml B8 acetone and then stored in the dark at 4 °C.
After 24 h, the concentration of Clal was measured using a F4500 (Hitachi) fluorometer
(Parsons et al., 1984).

Bacteria Isolation and Phylogenetic Analysis

Filters from the 2013 cruise were rinsed with #e0.85% (w/v) saline supplemented with 15%
(v/v) glycerol. The cells were resuspended by vonig spread on Marine Agar (MA) plates and
incubated at 28°C for 1 week. Single colonies wacked randomly and purified three times on
fresh plates prior to further studies. Genomic DMNA the isolates was extracted by
phenol/chloroform extraction, and the 16S rRNA gemeere amplified using the 27F/1492R
primer set (Lane, 1991) and sequenced to deterthieie taxonomy. Calculation of pairwise
similarity values for the 16S rRNA gene of the malted strains and the most closely related type
strains were achieved from the Ezbiocloud serp:{www.ezbiocloud.net/identiy The 16S
rRNA gene sequences of representative cultivatetebal strains and the most closely related
type strains were aligned using the CLUSTAL_X peogr(Thompson et al., 1997). Phylogenetic
trees based on the neighbour-joining (NJ) algorghmere constructed by MEGA version 5.0
(Tamura et al., 2011) with K2+G model. The treeotogy was checked by 1000 bootstrap
replicates.
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Sole Carbon Source Test

Fifty-seven representative bacterial isolates veslected and tested for their growth on MBM
minimal medium (Baumann and Baumann, 1981) with PM& mM; TCI, Japan) as sole carbon
source. The same medium lacking a carbon souragaiime control) or supplied with glucose
(2mM), succinate (2mM), sucrose (2mM), pyruvic asalium salt (2mM) and glycerol (2mM)
as the carbon source was used. Briefly, cells weyen in Marine Broth (MB; Becton Dickinson)
and harvested after incubation at 28°C for 2 daysl then washed three times with 3% (w/v)
NaCl saline. Washed cells were diluted togakhn= 0.4 — 0.6, then 1% (w/v) were inoculated in
triplicate into the media supplied with DMSP or sk carbon source. Cells added to MBM
medium without any carbon source were set up ascadmon control. Growth was measured
spectrophotometrically (Odoonn) after one week. Significance was determined usirjudent’s
t-test P < 0.05).

DMSP Catabolism Assay

To measure DMSP catabolism of cultivated bactdrégterial strains were grown overnight in
MB at 28 °C. Cells were washed twice in MAMS me(ifable S1) and diluted to Qg = 0.3
prior to 1 in 10 dilution into vials (CNW, Chinapwitaining MAMS media supplied with 0.45%
glycerol (v/v) and 0.05% glucose (w/v) as the mixedbon source andjM, 0.5 mM or 5 mM
DMSP as the catabolism substrate to get a finaimel of 2 ml. After gas-tight sealing and
incubation at 28°C for ~36 h, the 2 ml cultures evelirectly assayed for DMS and MeSH
production as described above. Ratified DMSP deggastrains,Roseovarius nubinhibens ISM
andRuegeria pomeroyi DSS-3, which can produce both DMS and MeSH from3MMGonzalez
et al., 1999, 2003), were used as positive contrdlsotic media controls of MAMS media
supplied with the same concentration of DMSP west g and incubated under the same
conditions to monitor the background chemical lygi®MSP to DMS. Bacterial Ddd production
was calculated by subtracting the abiotically gatest DMS from the total detected
DMSP-dependent DMS in the bacterial cultures.

An eight-point (2.06 nM — 103 nM) calibration curweas made with a gradient DMS

concentrations to calculate the DMSP dependent Pkd8uction rate of tested bacterial strains.
The detection limit for the purge and trap GC asialyof DMS was 0.8 pmol DMS, and the
square root of the DMS peak area was linear to DS concentration. Total protein

concentration in the cells was estimated using #Brddassays (Bio-Rad). The rate of DMS
production was expressed in nmol DMS per mg prgtemhour.

A similar eight-point (1QuM — 0.1 mM) calibration curve was constructed foe3H as was done
for DMS, see above. However, unlike DMS, the detgqieak area of MeSH was not linear with
MeSH concentration. The detection limit for the griand trap GC analysis of MeSH was 0.1
umol. Thus, MeSH assays carried out here, as descabove, are considered as only qualitative
and not quantitative for DMSP dependent MeSH prbodnc

Strains that could use DMSP as sole carbon souece tested for their DMSP dependent DMS
and MeSH production with and without the additidmuoxed carbon source to MBM media (as

6
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above) to test whether the addition of extra carbource significantly affected MeSH and/or
DMS production from DMSP.

BLASTp Analysis of Ddd and DmdA Homologues

The bacterial genome sequences of the straingtbaif the same genus as our 57 representative
isolates were retrieved from the NCBI database agference genomes
(https://www.ncbi.nlm.nih.gov/assembly, Table SRpatified DMSP lyases, i.e. DddD, DddL,
DddP, DddQ, DddY and DddW and demethylase DmdAIET&3) were used to interrogate the
putative proteins in all reference genome sequensasg the BLASTp program (E-valgele-5),

and then the produced sequences were manuallyedwath the thresholds of identity 40%,
coverage> 70% and length difference20%.

DegeneratedddP Primer Design, PCR Amplification and Sequencing ofldd and dmdA genes
of DMSP-degrading Isolates.

DMSP lyase coding genelsldD, dddL anddmdA were PCR amplified using the published primer
pairs dddDf/dddDr, dddLf/dddLr (Raina et al., 2009) andimdA primers for subclade A/l, A/2,
B/3 and E/2 which contain culturable bacterial dnebuences (Varaljay et al., 2010), while the
degenerate primer set DddPUf (ATGTTCGACCCGATGAAQagimtaygc) and DddPUr
(CCGCACTCCTGGAACcanggrttngt) (Table S4) fdddP were acquired by the -CODEHOPE
designer (Rose et al., 2003; Boyce et al., 2008¢dan the ratified DddP sequences in Table S3
and the validity of theidddP-targeting property was verified druegeria pomeroyi DSS-3 and
Roseovarius nubinhibens ISM as positive controls and sequenced marinénstsaithoutdddP in
their genomes as negative controls. The PCR systeouded 250 pM of each
deoxyribonucleotide triphosphate and 5 pl of 10agrbuffer containing MgGJ 0.4 uM of each
primer, 1 U of rTaq DNA polymerase of TaKaRa (5:1L), ~50 ng bacterial genomic DNA and
nuclease-free water to adjust to a final volumé®@ful. The reaction conditions foddD and
dddL were the same as used by Raina et al. (2009) exicaptwo rounds of PCR (using the
product of the first round as template for the selcoound) were performed to enhance the
intensity of the product. FadddP, two rounds of PCR were also performed and thetica
condition for each round was as follows: 95°C foni#; followed by 30 cycles of 95°C for 1 min,
58°C for 1 min, and 72°C for 40 s; and then a fiextiension of 72°C for 10 min. PCR products
were visualized by electrophoresis on 1% agarokgygdfied by TIANgel Mini Purification Kit
(TIANGEN Biotech, Beijing), then cloned into the @th-T (TaKaRa) and sequenced by M13F
primer (Table S4) using an automated DNA sequefmedel ABI3730; Applied BioSystems) at
BGlI, Qingdao, China. All PCR amplicons were sulgddib BLASTx analysis against the RefSeq
database and hits were counted as encoding fuattizsd or DmdA sequence if the they were
most similar, = 68% amino acid identity, to ratified Ddd or DmdAzgmes.

Genomic sequencing of two representative Actinobaetia

Genomic DNA ofMicrobacterium sp. ZYF042 and\grococcus sp. LZB059 were extracted using

E.Z.N.A. Bacterial DNA kit (Omega). Genome sequagavas performed by Shanghai Majorbio

Bio-Pharm Technology Co. (China) using the lllumiig&eq 2000 sequencer system with a 500
7
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bp pair-end library. The reads were assembled uS®§Pdenovo v2.04. The genome coverages
for strains ZYF042 and LZBO059 were 247x and 450espectively. Putative genes were
identified using Glimmer 3.02. Annotation was penfied with BLAST+2.2.24, searching against
the National Center for Biotechnology InformatioNGBI) Non-Redundant Proteins (NR),
Clusters of Orthologous Groups of Proteins (COGE Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Gene ontology (GO) databasgsectvely. Ddd and DmdA homologue
searching was performed by BLASTP analysis withfieel Ddd sequences as query sequences,
as above (Table S3).

Cloning and Expression of Predictedddd-like genes

The predictediddL gene ofAhrensia LZD062 anddddD-like gene ofMicrobacterium ZYFD042
were amplified from their genomic DNA and ligatetta the pET24a (+) vector (Novagen),
transformed intoE.coli BL21 (DE3) and incubated at ®7 in Luria-Bertani (LB) complete
medium (Sambrook et al.,, 1989) supplemented witl® 1@ mrt kanamycin. At the
mid-exponential growth phase, isoprof/D-1-thiogalactopyranoside (IPTG) was added at a
final concentration of 0.1 mM. Cultivation was cowied at 18C and 150 rpm until the cell
density reached an @ of 1.2. To measure Dddbf recombinan€&. coli cells, IPTG-induced
culture was washed twice by M9 medium (Sambroolalgt 1989), then resuspended in M9
medium containing a final concentration of 500 nNISP and mixed carbon source as above,
following by incubation with shaking in vials at ¥7. After 2 h, DMS was quantified by GC as
described above.

Environmental DNA Extraction, Pyrosequencing and D#&a Analysis

Total DNA of seawater samples were extracted ugiegmethod described by Yin et al. (2013)
with a modified step to maximize the output, in whi&c Fast Prep-24 Homogenization System
(MP Biomedicals, Irvine, CA, USA) was used to irgiy cell lysis at maximum speed for 1 min.
The V4-V5 regions of bacterial 16S rRNA gene weneplfied with primer sets 515F/907R
(Chen et al., 2016) in triplicate and pooled. Pgpgencing was performed on Illumina MiSeq
PE300 platform at Majorbio Bio-Pharm Technology ,ddd., Shanghai, China. Chimeras were
excluded during assigning OTUs based on 97% siityilé&vel. Taxonomic assignment was
against the SILVA database (Release 123) with 80ftliagity threshold. Archaeal 16S rRNA
gene sequences were removed. After rarefactiorhgéontinimum sequence number for each
sample, estimators such as Chao 1’, Shannon indexes Good's coverage were calculated
(Table S5). All above analyses were performed vim@pipelining (Caporaso et al., 2010).

Quantification of dddP, dmdA and 16S rRNA Genes

gPCR was performed on StepOne ABI (Applied Biosyste Foster City, CA, USA). The

abundance oflddP was quantified with primer sets dddP_874F/dddPRI{Tlable S4) targeting

Roseobacter clade (Levine et al., 2012). Sevenerisets designed to target differemdA

subclades (A/1, A/2, B/3, D/1, D/I3, C/2, E/2) wareed fordmdA quantification (Varaljay et al.,

2010). Environmental sample SW of P03 were suljetieSanger sequencing to confidmdA

anddddP gene specificity. The abundance of 16S rRNA geas guantified using the primer set
8
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Eub338F/518R (Yin et al., 2013) (Table S4). All P@&Rctions were performed in triplicates in
20 pl system using 1Qul 2 x SYBR Premix Ex Taq Il (Takara Bio Inc.), O 50 x ROX
reference dye, 0.2 — 0iM each primer, 21l 1/10 diluted template DNA. The PCR reaction
conditions referred to the primer designers. Anigdtion efficiencies for each gene ranged from
0.70 to 0.93, with all R values higher than 0.99. The relative abundancebaterial
DMSP-degrading genes was acquired by normalisiag ttopy numbers to the copy number of
bacterial 16S rRNA gene. Pearson’s correlation yamalwas conducted among environmental
parameters, DMSP-degrading gene relative abundamce 16S rRNA gene abundance in
pyrosequencing data using R’s Hmisc package. 8tafissignificance of the differences of
functional gene relative abundance and 16S rRNA gdrundance between SW and BW samples
were tested by Student t-test.

Construction and Analyses ofdddP Clone Libraries

To study the diversity ofiddP, dddP amplicons from different samples with primers dasd by
Peng et al. (2012) (Table S4) were used to cortsttane libraries and the insertions in the vector
were sequenced. The procedures were essentialyhas described by Yin et al. (2013). The
OTUs of dddP was determined with nucleotide similarity of 80% Klothur. Estimators like
Shannon, Simpson indexes and Good’s coverage wacela@ted (Table S6). Representative
sequences of each OTU were translated into pre@iuences and used for phylogenetic tree
construction as described above with Poisson model.

Data Availability

Bacterial 16S rRNA gene sequences and accompanyatgdata produced from pyrosequencing
were deposited in the NCBI Short Read Archive dagabunder accession number SRP138803.
Partial 16S rRNA genes of cultivated bacterial ased were under the GenBank accession
numbers KP639130 to KP639182; partial sequencdddbf gene from clone libraries were under
accession numbers MH193618 to MH193931; amplifiaedtial dddL genes from cultivated
strains were under accession numbers MH193936 td93B39, amplifieddddP genes from
cultivated strains were under accession numbers 93Bi32 to MH193935, amplifiedimdA
genes from cultivated isolates were under accessiwonbers MH193940 to MH193947. The
Whole Genome Shotgun project bficrobacterium ZYFDO042, Agrococcus sp. LZB059 have
been deposited at DDBJ/ENA/GenBank under the amressRBZY00000000 and
RBZZ00000000 respectively.

RESULTS

Environmental Characteristics of The ECS Seawater

The oceanographic parameters, environmental fagond DMSP/DMS concentrations of the

seawater samples were recorded (Table 1). As eegheSW samples had higher GhIDMSP

and DMS concentrations than BW samples. Coincigiebticterial numbers, estimated by 16S

rRNA gene quantitative PCR (gPCR), were also muighdr in SW than in BW samples

(three-fold higher in average) (Table S7 and Figbt¢. Chla concentration ranged from 0.03
9
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ug/L to 5.28ug/L (average 0.6ng/L) and showed a negative correlation with longgidistance
from shore ( = -0.78,P < 0.01) and salinityr(= -0.84,P < 0.05) (Figure S2). The average total
DMSP (DMSPt) concentration in SW samples was 3hM¥7(ranging from 10.23 nM to 88.42
nM), which was ca. four times higher than that W Bamples (average 7.90 nM). Particulate
DMSP (DMSPp) accounted for 55.31% to 94.75% (75.7@%average) of the DMSPt. DMS
concentrations ranged from 0.89 nM to 5.54 nM ($1I06in SW and 1.46 nM in BW on average).
These results are consistent with the higher ligils in SW over BW favouring photosynthetic
algae which are thought to be the major producé®MSP. This would in turn result in the
higher levels of DMSP substrate observed in SW ahiohately higher microbial DMSP
dependent DMS production.

Isolation of Marine Bacteria from the ECS Seawater

Heterotrophic marine bacteria from sites ME3 and Béawater were isolated on MA plates.
There was no additional selective pressure appligthg the incubation and isolation processes,
enabling us to later assess the proportion ofvallite marine bacteria that could catabolise DMSP.
In total 211 bacterial strains were isolated arghidied from their 16S rRNA gene sequences.
These isolates belonged to the phgtateobacteria, Actinobacteria, Bacteroidetes or Firmicutes,
comprising 37 genera and 54 species (FigureARhaproteobacteria comprised the largest
percentage of bacterial isolates, accounting fo8@#% of the total cultivated bacterial community
(73.60% in ME3 and 41.86% in P11). Not surprisingRoseobacters were well represented
within the isolates, accounting for 29.86% (35.2080 ME3 and 22.09% in P11), while
Gammaproteobacteria accounted for 5.2% of the total bacterial isolaf@<l0% in ME3 and
3.49% in P11). In additiomctinobacteria (22.33% in total, 12.80% in ME3 and 36.05% in P11),
Bacteroidetes (9.95% in total, 4.00% in ME3 and 18.60% in P11ty Birmicutes (1.90% in total,
3.20% in ME3 and none in P11) were also represerifedy little is known about DMSP
catabolism in anyBacteroidetes, Actinobacteria or Firmicutes and, to our knowledge, none of
these bacteria are known to contain functiamadA or any DMSP lyase genes.

DMSP Catabolism by Cultivated Bacterial Strains andtheir ddd and dmdA genes

Fifty-seven representative isolates from the d#ifergenera were screened for their ability to
utilise DMSP as sole carbon source (Figure 2 arfleT&2). Of these bacterial isolates, only
alphaproteobacterial strains of the gen®ulditobacter and Ahrensia, and gammaproteobacterial
Halomonas could use DMSP as sole carbon source (Table S8e$talomonas isolates, e.g.,
HTNK1 are known to use DMSP as sole carbon sowlesve DMSP and contain the CoA
transferase family DMSP lyase DddD (Todd et al.J®0 We also tested the ability of these
strains to degrade DMSP with and without a mixetb@a source. The strains of gené&faensia
andHalomonas, which only produced DMS from DMSP, had much high#&S production when
only supplied with DMSP as sole carbon source coeth#o the presence of the mixed carbon
sources (Figure S3). The same was true Soifitobacter sp. LZD018, which produced
comparatively higher levels of MeSH when DMSP waedias sole carbon source. Note the
MeSH could not be accurately quantified by the Gé&huad used here, likely due to the highly
reactive properties of MeSH. These observationsligdpthat the ability of these strains to
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catabolise DMSP is likely underestimated if catadmlis assayed in the presence of other carbon
sources.

It is well known that many bacteria containing ftional ddd and/ordmdA genes are not able to
utilise DMSP as a sole carbon source under labittond (Curson et al., 2011b). For this reason,
all the representative isolates were tested forr tB&SP-dependent DMS (Ddd) and MeSH
production (Ddm) when grown in the presence of mhikegular’ carbon sources (0.45% [v/V]
glycerol and 0.05% [w/v] glucose). Under this cdiwh, 24 (42.11%) of the tested isolates
showed Ddd activity (Figure 2, Table 2 and Table S2).

As expected, the majority of Dddsolates werdProteobacteria of which Alphaproteobacteria
dominated (66.67%), including many Roseobactersofatting for 33.33% of all tested Ddd
isolates), i.e.Donghicola, Ruegeria, Oceanicola, Paracoccus and Sulfitobacter isolates; some
non-Roseobacter strains, like strains of known ‘DykeheraAhrensia andLabrenzia; andof many
other unreported Dddalphaproteobacterial generdaurantimonas, Erythrobacter, Jiella and
Oceanicaulis. Surprisingly, only one gammaproteobacterial stadiHalomonas was shown to be
Ddd", while anotheHalomonas isolate was not.

Interestingly, the second largest group (12.28%guifivated Ddd isolates wadActinobacteria.
These includedAgrococcus, Brevibacterium, Kytococcus, Microbacterium, Micrococcus and
Phycicoccus genera which together accounted for 3.79% of tb#adterial isolates. Until now,
only members oRhodococcus and Clostridium genera of gram-positive bacteria isolated from
fresh water had been reported to be D@éch et al., 2001). Furthermore, no functiodadl or
dmdA genes have been identified in any gram-positivedne.

Under our conditions, strains @hrensia, Oceanicola, Ruegeria, Sulfitobacter, Agrococcus,
Micrococcus and Microbacterium showed similar or higher Ddd production rates4Q nmol
DMS per mg protein per hour) when compared to th&tiye control strains, i.€Roseovarius
nubinhibens ISM, which contains functionatlddQ and dddP genes (Todd et al., 2011), and
Oceanimonas doudoroffii J495, which contains functiondtldP and dddD genes (Curson et al.,
2012). The other Dddsolates showed relatively low Ddd production ley@able 2).

In contrast to the high proportion isolates showbé Ddd, only two alphaproteobacterial strains,
Donghicola sp. ZYFB040 (a Roseobacter) arktythrobacter sp. LZB006, showed detectable
Ddm production activity when tested withuM DMSP concentration (Table 2). To exclude the
possibility that DMSP added to the ECS isolates wasfficient to produce detectable MeSH
levels, incubations with higher DMSP concentratiasese conducted (0.5 mM and 5 mM). When
exposed to higher DMSP levels, most strains likelycontaindmdA (i.e. dmdA was amplified
from their genomic DNA or closely related strairssédmdA homologues in their genomes, see
below) showed detectable MeSH production, includthgdobacteraceae strainsLoktanella sp.
LZDO013, Oceanicola LZD026, Ruegeria ZYFB035 andSulfitobacter LZD018 and LZD014
(Table 2 and Table S2). These strains were coreicdes DMSP demethylating bacteria. However,
alphaproteobacterial strains @éfurantimonas ZYFD019 andHenriciella ZYFB017, and the
gram-positive strains dflycobacterium LZB054 and ZYFDO013 (which were shown to contain
dmdA by PCR) had no Ddmactivity even with the increased DMSP concentraidNVe tried to
guantify the disappearance of DMSP of these stiairaidition to the production of MeSH, but
11
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only R. nubinhibens ISM, the positive control, showed a statisticadignificant reduction in
DMSP levels P < 0.05) (Table S9). It is possible that thesesce#re degrading very low levels
of DMSP via demethylation, but the MeSH producearDMSP was quickly incorporated into
biomass during the incubation, leaving a MeSH cotreéion below the MeSH detection limit
used here. Thus, the absence of detectable DMSEndept MeSH production does not
necessarily indicate that a strain cannot demetiiyDSP. A similar situation could exist for
Ddd in bacteria where DMS produced from DMSP isidigptransformed, e.g. oxidized to
dimethylsulfoxide. It would be interesting to sdethie dmdA and/orddd genes are functional
and/or transcribed in strains that contain them Wwhich show no detectable Ddd or Ddm
phenotype.

To further investigate the potential molecular natdbms of the Ddd and Ddm production in our
isolates, we used publisheddD, dddL, dmdA primers (Raina et al., 2009; Varaljay et al., 2010
and our newly designed and ratifiellldP degenerate primers (Table S4) to screen for the
presence of these functional DMSP lyase and denasihygenes in all representative strains
(Table 2 and Table S2)ddL homologues were amplified from genomic DNA of Ddd
Oceanicola sp. LZD010 and LzZD026%ulfitobacter sp. LZD014 and_abrenzia sp. LZB033,
displaying 52.90% to 100% amino acid identity te ttupin-containing DddL frorSulfitobacter
EE36 (Curson et al.,, 2008). As expectalldP homologues were amplified from Ddd
Sulfitobacter sp. LZD018,Ruegeria sp. ZYFB035 anddonghicola sp. ZYFB040 with 79.68% to
88.24% amino acid identity t® nubinhibens ISM DMSP lyase DddP (Todd et al., 2009).
Labrenzia sp. LZB033 possessed DddP homologues, with 35.8&¥tity toO. doudoroffii J495
DddP2 (Curson et al., 2012). For the other isojateddd gene could be amplified by the primers
we used.

When probing the ECS isolates for DMSP demethytgsedmdA using the published universal
dmdA primer sets dmdAU (Varaljay et al., 2010), orlgktanella sp. LZD013, a strain that
showed no detectable Ddractivity, gave the correct PCR product (Table &iyen far more of
the isolates were expected to contdimmdA, primers specifically targetindmdA subclades (A/1,
A/2, B/3, E/2) were also used (Varaljay et al., @01Using these primers, 12.28 % of the
representative isolates were shown to cordendA and thus the genetic potential to demethylate
DMSP (Table S2)dmdA A/2 amplicons likely encoding functional enzymesres detected in
Oceanicola, Loktanella, SQulfitobacter and Henriciella isolates, which are genera of
Rhodobacteraceae, and surprisinglydmdA A/2 was also present in one actinobacterium of the
genusMycobacterium. Indeed, a recent metagenomic study suggestedsonag¢ Actinobacteria
can catabolise DMSP via the demethylation pathway @ntaindmdA (Mizuno et al., 2015).
Gammaproteobacterial E/2 subclade-targeting primers gave no PCR predueith any
gammaproteobacterial isolate but did from one alphaproteobacteAatantimonas strain and
another actinobacterium of the gedigcobacterium.

Using BLASTp, we interrogated the available genomislosely related strains that are in the

same genera as our 57 representative strains atified Ddd lyase sequences (Table S3). DddD,

DddL, DddP, DddQ and DddW homologues were foundneny of the alphaproteobacterial

strains (Table S2). However, no known Ddd homolsguere identified in the genomes of

bacteria most closely related to the Dddctinobacterial isolates or alphaproteobacterial
12



460 Erythrobacter, Aurantimonas, Jiella and Oceanicaulis isolates. DmdA homologues were present
461 in sequenced genomesAtirensia, Labrenzia, Oceanicola, Ruegeria and Sulftobacter strains, but
462 none of our isolates in these genera showed dbtedavels of Ddmactivity.

463

464  Bacterial Community Structure

465 Microbial community analysis was carried out by lgsiag the diversity of 16S rRNA genes in
466 SW and BW samples from five ECS sites across a@crirom inshore to offshore waters. Based
467 on 97% nucleotide identity level at the 16S rRNAngdevel, a total of 3089 operational
468 taxonomic units (OTUs) were obtained from 11 seawa@mples. In all seawater samples,
469  Alphaproteobacteria (34.31% * 6.46%) anGammaproteobacteria (17.70% + 8.19%), were the
470 most abundant classes (Figure 3).

471

472 The ECSAIlphaproteobacteria largely comprised SAR11 clade amthodobacterales bacteria
473  which together constituted 79.09% + 5.25% of t@thihaproteobacteria. SAR11 dominated in
474 almost all sampling sites (22.40% * 6.88% of thdaltobacteria) except P03 where
475 Rhodobacterales constituted 26.36% and 12.92% of total bacteri&W and BW respectively.
476  The relative abundance Bhodobacterales showed positive correlations with DMS, DMSPt and
477 DMSPp concentrations € 0.89,P < 0.01), and Ch&a concentrationr(= 0.70,P < 0.05). Of all
478 annotatedRhodobacterales, the gener&uegeria, Sulfitobacter, Paracoccus andLabrenzia, which
479  we find to be Ddd represented on average 0.84% + 0.57%, 0.70 £8.8170 + 0.59% and 0.05
480 £ 0.04% of the total bacteria (Table 2). The gelRoseovarius, a member of which is also known
481 to catabolise DMSP (Gonzélez et al., 2003), was iaentified and represented 0.63% + 0.43%
482  of the total bacteria. Consistent with the cultisatresults, the above Dddenera represented a
483 large proportion (19.2% to 54.1%) of totahodobacteraceae. The Ddd genusAurantimonas
484 was found in most samples (represented 0.04% 20 @fltotal bacteria) except P05 and BW of
485  PO03.Erythrobacter, which had Ddd representatives, made up 0.01% to 0.80% of tatetenia
486 (Table 2). Although not isolated in this study, thest abundant genus of SAR11 v@edidatus
487 Pelagibacter, representing 59.17% + 17.89% of SAftdde (10.94% + 5.65% of total bacteria).
488 SAR11 bacteria contaidmdA and demethylate DMSP (Howard et al., 2006) andyn®&AR11
489 bacteria also contailddK and cleave DMSP (Sun et al., 2016).

490

491 Of ECS Gammaproteobacteria, Oceanospirillales (7.37% + 3.78% of total bacteria) and
492  Alteromonadales (4.70% = 3.67% of total bacteria) were the dominarders representing
493 67.76% * 15.73% of totalGammaproteobacteria. Correspondingly, Halomonas from
494  Oceanospirillales and Alteromonas from Alteromonadales were the most abundant genera
495 representing 0.08% to 1.33%% (1.11% on average)OadizPo to 3.44% (2.03% on average) of
496 total bacteria, respectivelidalomonas representatives from both our ECS bacterial issland
497 an isolate from the macroalgbkva lactuca are known to have Dddactivity (Todd et al., 2010).
498 However, to our knowledge nalteromonas isolates have been shown to catabolise DMSP or
499 contain knowddd or dmdA genes.

500

501 Cyanaobacteria which are known to import DMSP (Vila-Costa et aD06), were abundant in SW
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samples (5.65% to 26.16 %) and were positivelyetated with longituder(= 0.94,P < 0.05). As
expected, their abundance decreased in BW sampeged from 0.37% to 6.20%) with
decreased light levels. At the genus le@jinechococcus made up 9.35% + 7.58% of total
bacteria in SW samples and was the second mostdaburmgenera. To our knowledge, no
Cyanaobacteria has been shown to catabolise DMSP. Only one seqdetyanobacterial strain,
Synechococcus sp. KORDI-100, and one metagenome assemi@gabchococcus genome
(Synechococcus sp. TMED20) (Lei et al., 2017) have a putative DMIyase gene, this being
dddY-like gene. ThusCyanobacteria are not believed to be significant DMSP catabddisén
contrast toCyanobacteria, Deltaproteobacteria were always more abundant in BW (8.01% =
2.19%) compared to SW samples (2.67% * 0.95%). oigh no Ddd or DdnT'
Deltaproteobacteria were isolated in this study likely due to the #&mn conditions,
Desulfovibrio acrylicus is known to contain a DMSP lyase, likely DddY, aidave DMSP (Der
Maarel et al., 1996; Curson et al., 2011a).

The Abundance and Diversity ofdmdA and dddP in the ECS Samples

The dmdA and dddP genes are the most abundant environmental indgatd DMSP
demethylation and cleavage (Curson et al., 2018)@CR primers targeting these genes have
been designed (Varaljay et al., 2010). These prsaty were used to investigate the abundance of
dddP anddmdA in ECS samples. It should be noted thatdimelA primer sets only target about
half of knowndmdA sequences.

The relative abundance of DMSP-degrading genesm@laring ddd and dmdA gene copy
numbers to that of the bacterial 16S rRNA gene copsnbers) are shown in Figure 4. As
expecteddmdA was abundant in the ECS seawaters, with the telalive abundances of all the
dmdA subclades ranging from 2.89 % to 29.88 % (Figukg Apart from BW sample of P12
(999 m in depth), the total relative abundanceaflA subclades was 19.57% on average, and
had no significant differencd?(> 0.05) between the SW and BW samples, but wasiyeg
correlated with temperature € 0.72,P < 0.05) (Figure S2). Within samples excluding BW
sample of P12dmdA SAR11 subclades D/1 (2.51 510 6.56 x 18 copies ') and D/3 (1.69 x
10° to 4.68 x 18 copies IY) were the most abundant; SAR11 subclade C/2 (6.8¢ to 4.30 x
10’ copies ') was comparatively abundant in the offshore sit&, Barticularly in the SW and
100 m depth samples (with relative abundance d3%.and 8.12%, respectively). On average,
the relative abundances of Roseobacter subcladésaAd A/2 were 0.98% and 0.82%,
respectively in SW samples, and 0.41% and 1.35%pectively in BW samples. The relative
abundance oGammaproteobacteria-derived subclade E/2 showed a decreasing trenddlwe
transection from inshore (3.04%) to offshore (0.3686d negatively correlated with longitude (
=-0.75,P < 0.01) (Figure S2). ThemdA subclade B/3 that is represented by the SAR116pgro
member Candidatus Puniceispirilum marinum’ (Oh et al., 2010) was nm@bundant in BW
samples (relative abundance of 2.61% on averag®) ith SW samples (relative abundance of
0.94% on average), with< 0.05.

It was clear that the genetic potential to cleawdIP via the DddP DMSP lyase is far less
prominent in the ECS samples than that for DMSPealbyfation (Figure 4B). This is expected
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and fits with previous metagenomic predictions (Mot al., 2012). The abundancedadtlP
ranged from 1.91 x Qo 2.34 x 18 copies L, with an average of 6.03 x 6opies L. Unlike
dmdA, thedddP gene was significantly more abundant in all SW @asthan in BW sample® (

< 0.05). This fits with DMSP cleaving bacteria lgimost abundant in SW where DMSP
concentrations are higher. The relative abundarficdddP was highest in the SW of P03 site
(2.95%) and steadily decreased as the sites movay tom land (to 0.244 % in BW of P12),
showing a negative correlation with longitude=(-0.7,P < 0.05), and a positive correlation with
Chl a concentrationr(= 0.68,P < 0.05) (Figure S2). This data implies tldgtlP may be more
prominent in bacteria that closely associate witlytpplankton, likeRhodobacteraceae. DMS
concentration in ECS samples positively correlatéthi the proportion of thelddP gene in the
total DMSP-degrading geneslddP/total dndA + dddP) (r = 0.94,P < 0.01) (Figure S2).
Although this value does not include other promtrieNISP lyase genes, correlation still implies
the competing relationship between DMSP demetlofiedind cleavage.

Clone libraries ofdddP were constructed from samples of P11, ME3, P03, PA0 and P12
(except BW samples of ME3 and P12, since no PCRliemmpcould be achieved). In total 314
clones were sequenced and classified into 13 OTalslé S6), among which OTU1, OTU2 and
OTU3 were dominant. Most representative OTU segeemeere clustered with functional DddP
sequences of Roseobacter clade bacteria (Figuex&@pt those affiliated in cluster 4 in which
representative OTUs were clustered with DddP hogude from uncultured bacteria, including
OTU2 (represented 31.53% of total sequences).iiffpies that uncultured bacteria, likely of the
Rhodobacteraceae, make a significant contribution to bacterial DM$avage in the ECS,
highlighting the need to combine culture depena@ctindependent techniques.

DISCUSSION

Bacterial demethylation and lysis of DMSP are imt@or and well-established components of the
sulfur cycle in marine environment. This study fduhat a relatively high proportion (42.11%)
of the tested cultivated heterotrophic bacteria thedcapacity to cleave DMSP generating DMS.
Of course, this is not necessarily reflecting thtaltbacterial community since the composition of
the tested cultivable bacteria is not wholly refileg the composition of the total cultivable
isolates, and moreover, we cannot reliably pretiietproportion of uncultivated Ddbacteria via
the methods used here. Curson et al. (2018) pestibat ~20% of total bacteria in the OM-RGC
metagenomic dataset, mainly apportioned surfacarobacteria, contain knowddd homologues
and thus the genetic potential to cleave DMSP. Qg this value is relatively lower than the
culture-dependent work presented here, both metboafirmed that Ddtibacteria are abundant
in the natural marine environment.

Many of the ECS Dddisolates are of genera whose members have beeondeated to cleave
DMSP and contain known DMSP lyases, including alphaproteobacteriRuegeria, Labrenzia,
Donghicola, Sulfitobacter, Oceanicola and gammaproteobacteriélalomonas (Curson et al.,
2008, 2011b). Every Dddoseobacterial isolate and thabrenzia isolate were found to contain
either DddL and/or DddP DMSP lyases that were aili/\closely related to functionally ratified
DMSP lyases (Curson et al., 2008; Todd et al., 20UBe Ahrensia DddL proteins predicted
15
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from the genome sequence of LZD062 (Liu et al.,&@tas only 46.98% to that &lfitobacter
EE-36 (Curson et al., 2008), but was cloned andvehim encode a functional DMSP lyase by
heterogenous expression kscherichia coli BL21 (DE3) (140.01 + 14.63 nmol DMS mg
protein® hl). These data extend our knowledge as to what itaiest a functional DddL DMSP
lyase protein.

The Ddd alphaproteobacterial isolates in the generdi@fa and Aurantimonas are in the same
Aurantimonadaceae family as Ddd Fulvimarina pelagi that contains DddL (Curson et al., 2008).
However, bothliella and Aurantimonas isolates gave no products when probeddfddl, dddP
anddddD primers, thus we do not know the identity of thBIEP lyase in these isolates. The
Ddd* Halomonas isolate which could use DMSP as sole carbon sodidenot give a product
with dddD or any otheddd primer sets used. Sinétalomonas HTNK1 hasdddD, uses DMSP as
sole carbon source (Todd et al., 2010), and otbguenced bacteria of this genera contain DddP
homologues, it is most likely that tldeldD and/ordddP genes in the ECHalomonas were not
captured by the primer sets used. However, it dap@ouled out that the EQ%alomonas isolate
contains other knowddd genes, likeldddL, dddQ, dddY or dddw, or even novetidd gene(s).

Many Ddd isolates from ECS were of genera not reported/en suspected to catabolise DMSP,
including Erythrobacter isolates in order Sphingomonadales and many gram-positive
Actinobacteria isolates of theAgrococcus, Brevibacterium, Kytococcus, Microbacterium,
Micrococcus and Phycicoccus genera. This is the first report of any gram-pesitmarine
actinobacteria making DMS from DMSP. None of thedDdctinobacterial isolates gave any
products with thedddL, dddP or dddD primer sets, nor were there any Ddd homologuesen
sequenced genomes of closely related bacteria. ¥deeaced the genomes of two Ddd
Actinobacteria (Microbacterium ZYFDO042 andAgrococcus sp. LZB059, which grew well in
MAMS media and also showed relatively high Ddevels), finding onlydddD-like gene in the
genome of ZYFDO042, with 35.64% amino acid similatis DddD ofMarinomonas sp. MWYL1
(Todd et al., 2007). When cloned and expressed E.icoli, this DddD-like enzyme did not
cleave DMSP. Thus, it is most likely these bactedatain novel DMSP lyase enzymes. Future
molecular work is required to identify the novel BM lyase gene(s).

In comparison to e.g., SAR11 and Roseobacter hacfedd” generaof Actinobacteria were not
abundant in the ECS samples and were not detattatl sSamples (Table 2Brevibacterium was
only seen in SW of P05 (0.01%) and BW of P12 (0.p2%crobacterium was found in most
samples (representing 0.06% + 0.08% of total bejtexcept in the BW of P03, P05 and P07.
Micrococcus was only found in BW and comprised less than 0.@1%tal bacteria on average. It
is unlikely these DdtActinobacteria constitute major contributors to DMS productiontlimese
environments. Further molecular work on these bicte required test these hypotheses.

Quantification ofdmdA subclade genes (normalized to 16S rRNA gene copybers) indicated

their abundant distribution in both SW (19.53% ¥®6) and BW (16.00% + 8.73%) ECS

samples (Figure 4A), although at lower levels thegviously reported (~ 60% of bacteria) in the

GOS metagenomic data (Howard et al., 2008). Thserdpancy may partly be due to the

limitation of primer sets that do cover all th®dA subclades and/or to the selection of 16S rRNA

gene as the normalizing gene, since some bactgraimes have multiple copies of 16S rRNA
16
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gene (Cui et al.,, 2015). Nethertheless, this waskfioms that the genetic potential for the
bacteiral DMSP demethylation is prevalent in theSECulture dependent work, showed that in
the majority of cases whedmdA was found in a bacterium, the said bacterium hetéatiable
MeSH production when grown in the presence of DM&Rwvever, this was not always the case.
Further work involving RNA and/or proteomics on tkeavironmental and pure cultures is
required to establish why bacteria, eAgrantimonas ZYFD019, Henriciella ZYFB017, and the
gram-positive strains d¥lycobacterium LZB054 and ZYFDO013, that contadmdA homologues
but do not generate MeSH from DMSP.

In the transect of ECS studied here, we found tti@iconcentrations of Cla, DMS and DMSP
(in the surface seawater) gradually decreased théhdistance to the land (longitude), while the
salinity and temperature showed increasing trefidbl¢ land Figure S2), which provided us
natural environmental gradients to study correfetibetween bacterial DMSP degradation and
environmental factors. The predicted major DMSPrdéimg bacterial group&hodobacteraceae
and SAR11, showed contradictory changes in relatendances based on the 16S rRNA gene
amplicon sequencing data (Figure S2 H) and haereifit correlations with Ctd, DMSPt and
DMS concentrations (Figure S2)Rhodobacteraceae are normally abundant in coastal
environments and associated with oceanic algalno@onzalez and Moran, 1997; Moran et al.,
2004; Simo et al., 2000). Their positive correlatowith DMS and DMSPt concentrations
implied thatRhodobacteraceae might be the major DMS producer from DMSP in teéSEstudy
sites. However, since some phytoplankton diredttave DMSP to DMS, the correlations might
also be due to the associationRbfodobacteraceae and phytoplankton (Figure S2 I-K). SAR11
bacteria are widely distributed in marine seawasgrd particularly abundant in the open ocean
where relatively low DMSP concentrations exist (@iononi, 2005, 2017). SAR11 bacteria lack
a sulfur reductase and require reduced organosutiurpounds, like DMSP, in surrounding
seawater (Tripp et al.,, 2008). The negative cotiiabetween SAR11 and DMS, DMSPt
concentrations implies that SAR11 are not significeontributions to DMS production from
DMSP in the studied areas of the ECS (Figure S2.LANhough, it should be noted that standing
stock concentrations of DMSP and DMS are not alwgoad indicators of activity. The positive
correlation between DMS and DMSP concentrations wie total relative abundance dahdA
SAR11 subclade D1 and DB% 0.72,P < 0.05) (Figure S2 O) implies that SAR11 might rdeig
DMSP mainly through the demethylation pathway.

Overall, using culture-dependent methods, we ifle@MSP catabolising bacterial taxa in the
ECS, many of which are novel gram-positive DMSRaeieg Actinobacteria. This further
extends the phylogenetic territory of marine miecgamisms that can carry out this globally
influential process. The work provides necessargehorganisms to discover novel pathway(s)
and gene(s) for DMSP degradation. Also, throughucedindependent methods, we find a high
proportion of ECS bacteria have the genetic paértth catabolise DMSP, and highlight
heterotrophic Alphaproteobacteria, particularly SAR11 and Roseobacter bacteria, ay k
degraders. Further work studying the activity aeglutation of key DMSP lyase and demethylase
genes in this environment will shed light on th&atige contribution of these two competing
pathways.
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TABLES AND FIGURE LEGENDS

TABLE 1 Seawater sampling stations and environmental peteasi

Station Latitude Longitude Sampling Sampling Depth T () Salinity DO Chl a DMSPt DMSPd DMSPp DMS
°N) (°E) year layer (m) (pp)  (mg/ll) (ugl) (M) (M) (nM)  (nM)
SW 4 22.05 30.13 6.9955 0.69 88.42 4.63 83.78 5.36
PO3 31.00166 122.5998 2015 BW 50 23.46  33.73 47251 0.57 8.63 2.68 5.95 1.62
SW 3 24.07  32.59 5.149 0.54 15.59 1.8 13.79 2.17
P05 30.17909 124.0094 2015
BW 45 24.07  33.75 6.2535 0.36 8.1 3.08 5.02 1.35
SW 5 2435  33.77 6.4402 0.29 NA NA NA NA
PO7 29.39963 125.0007 2015
BW 76 22.32 34.24 3.8145 0.16 NA NA NA NA
SW 3 2454  33.76 6.4949 0.36 24.03 2.77 21.26 2.2
P10 29.0014 126.0038 2015
3 BW 94 19.6 34.62 5.0794 0.04 8.1 3.62 4.48 1.34
SW 4 26.44  34.85 6.3014 0.14 10.4 2.31 8.09 0.96
P12 28.13561 127.1214 2015 100 m 100 2357 3491 6.3717 0.21 NA NA NA NA
BW 999 4341 3441 2.9671 NA NA NA NA NA
SW 3 26.56  33.63 6.6998 5.28 38.36 6.67 31.69 5.54
ME3 28.97528 122.817 2013
8 8 BW 59 18.36 34.41 5.0263 0.22 11.45 3.34 8.11 2.12
SW 3 28.9 33.61 6.0879 0.2 10.23 2.56 7.67 2.11
P11 28.87861 126.8517 2013
BW 193 11.83  34.39 47463 0.03 3.22 0.99 2.23 0.89

#SW’ stands for surface seawater; ‘BW’ stands fottbm seawater, ‘NA stands for not analysed.
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913 TABLE 2 Characteristics of DMSP-degrading bacterial issddtom the ECS sites ME3 and P11 and ghejportions in the total bacteria community

Known Ddd/DmdA
Average

. Closest . _ Rate of PCR homologues in .
Representative . Strain Taxonomic Ddm* d)roportlons of the
strain code taxonomically source descriotion DMSP-dependent activity® detected genome sequence enus aqainst

related genus P DMS productiod ddd/dmdA  strains in the sameg _ g
total bacteria
genera
Alph teobacteria;
ZYFB0O40  Donghicola plisw . Praproleonatiena  a; 274541 Y dddP DddW 0%
Roseobacter
Alph teobacteria; DddD,
LZD013 Loktanella ME3 BW . PraProCobaciena b ¢ Y dmdA A/2 0%
Roseobacter DddL,DddW,DmdA
LZD026 Oceanicola ME3 BW g';’:ssg::fde”a; 97.15+0.19 Y dddL
Alphaproteobacteria; DddL, DmdA 0%
LZD010 Oceanicola ME3 BW PP ' 97.22+1.49 N.D.  dddL
Roseobacter
Alph teobacteria;
LZB009 Paracoccus ME3 SW R;)SZ‘ELZ;:" & 843+053 ND.  N.D.
Alphaproteobacteria: DddP 0.70% + 0.59%
ZYFDOO6  Paracoccus P11 BW pnap ' 13.05+2.84 ND.  N.D.
Roseobacter
Alph teobacteria; DddD, DddP,
ZYFB035 Ruegeria P11 SW PRAaproteobactena, 42,07+ 7.07 Y dddP 0.84% + 0.57%
Roseobacter Dddw, DmdA
Alph teobacteria; dddL,
LZD014 Sulfitobacter ME3 BW R;)SZ‘ELZ;:" M 450.48+209.96 v e
Alphaproteobacteria: DddL, DmdA 0.70 £ 0.41%
LZD018 Sulfitobacter ME3 BW PP * 19.06 +7.01 Y dddP
Roseobacter
i ) N
LZD051 Ahrens!a ME3 BW Alphaproteobacter!a 6122.78 £ 297.96 N.D. N.D. DddP, DmdA 0%
LZD062 Ahrensia ME3 BW  Alphaproteobacteria  532.83 £ 65.12 N.D. N.D.
ZYFDO019 Aurantimonas P11 BW Alphaproteobacteria 25.67 £ 21.86 N.D. N.D. N.D. 0.04% + 0.01%
LZB006 Erythrobact ME3 SW Alph teobacteri 10.07 + 6.46 Y N.D.
rythrobacter praproteosa er!a N.D. 0.15% + 0.22%
LZD016 Erythrobacter ME3 BW  Alphaproteobacteria  35.36 £ 7.37 N.D. N.D.
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914
915
916
917
918

LZB041
LZB033

ZYFBO036
LZD012
LZB059
LZD025
LZB010
ZYFDO030
ZYFDO042
ZYFBO012
LZB055

Jidla
Labrenzia

Oceanicaulis
Halomonas
Agrococcus
Brevibacterium
Kytococcus
Microbacterium
Microbacterium
Micrococcus
Phycicoccus

ME3 SW
ME3 SW

P11 SW
ME3 BW
ME3 SW
ME3 BW
ME3 SW
P11 BW
P11 BW
P11 SW
ME3 SW

Alphaproteobacteria
Alphaproteobacteria

Alphaproteobacteria
Gammaproteobacteria

Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria

28.13+0.46
15.14 £ 0.32

14.65 + 8.62
6.14 £ 1.29

907.91 £ 339.92

18.99+5.10
15.29+2.21

461.39 + 314.22
1236.21 + 392.42
1653.81 + 277.64

19.47 £ 10.57

N.D.

N.D.

N.D.

N.D.

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

N.D.

dddL

N.D.

N.D.

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

N.D.
DddL,
DmdA

N.D.

DddP

N.D.

N.D.

N.D.

N.D.

N.D.
N.D.

0%
DddP,

0.05% + 0.04%
0%
1.5% = 0.01%
0%
0.02% + 0.01%
0%

0.06% * 0.08%

0.03% + 0.04%
0%

#Rate of DMSP dependent DMS production in nmol DMB g protein per hour, average of three experigneith standard deviation in brackets.
by stands for positive activity to produce MeSH frddMSP. Due to the extremely volatile character@atof MeSH, the detected MeSH was

unquantified.

°N.D. stands for no detectable of DMS or MeSH praidmcform DMSP, noddd/dmdA gene detected under our experimental conditionsoor
Ddd/DmdA homologues detected from the genomesxaintamically close strains to the ECS Dad Dmd strains.
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FIGURE 1 Locations of the sampling sites in the ECS. Thktriangles indicate sites from 2013
cruise, and the blue circles indicate sites frori320ruise. Stations plotted in Ocean Data View
(Schlitzer, 2002).

FIGURE 2 Neighbour-joining tree of 16S rRNA gene sequerafeS7 representative cultivated

strains. Solid circle represents Ddgtrains. Triangle represents Dtstrains. The genera shown
in bold represents bacteria which only showed Ddctivity when 0.5 and 5 mM DMSP was

added. Bootstrap coefficients below 50% were naiwsh Scale bar 0.02 substitutions per
nucleotide position.

FIGURE 3 Relative abundance of top 10 dominant classesawater samples from 2015 cruise.
‘SW’ stands for surface seawater, ‘BW’ stands fottdaim seawater.

FIGURE 4 The relative abundance of bacterial DMSP-degradamnges in ECS seawater samples.
ThedddP anddmdA genes were normalized against bacterial 16S rRdpy aumbers. A) Seven
different subclades aimdA; B) dddP. ‘SW’ stands for surface seawater; ‘BW’ standslottom
seawater; ‘100’ stands for seawater of 100 m depth.

FIGURE 5 Amino acid tree of representative DddP OTU seqgesmnd their top-hit sequences in
Genebank. Xaa-Pro aminopeptidase sequences welleagsthe out group. Stars represent the
DddPs which have been experimentally ratified toflbectional. The neighbor-joining tree was
made with Passion model.
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Bar: gene copies number of 16S rRNA gene, solidggam: DMSPt concentration; circles: DMS
concentration; solid triangles: Clal.concentration.
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Supplementary Tables

Table S1Composition of modified MAMS medium*

Solution& Components (g/L)

NaCl (25.0), (NH)2S0; (1.0), Call- H:0 (0.2)

MgSQ- 7H0 (1.0), FeS® 7H0O (0.002), NaMoO4 (0.002)
KHPOy (3.6), KeHP Oy 3H0 (6.0)

Trace metal solution#

g A WO NP

Vitamin solutiont

*The MAMS medium was modified from that of (Rainzag, 2009).

&Solution 1 was autoclaved at 121°C for 20 min;usions 2-5 were filter-sterilised separately. pHsvealjusted to
7.6.

#1 ml/L (Balch et al., 1979).

110 ml/L (Steinsbu et al., 2010).
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Table S2 DMSP dependent DMS (Dddand/or MeSH (Ddrf) production ability, PCR check of DMSP degradimeges of the 57 representative
strains selected from difference genera and DM$fPad@ation enzyme homologues in the genomes oflglosiated reference strains.

Representat Closest Strain DMSP-dependen dddanddmdA  Reference genome of closely related GenBank accession DMSP Accession E-value Identity
ive strain taxonomically source t DMS/MeSH by normal or strain(s) from the same genus number of genome degradation number of the
related genus production degenerate enzyme homologue
PCR homologue
ZYFBO010 Aeromicrobium P11 SW N.D. N.D. Aeromicrobium marinum DSM 15272 GCA_000160775.2 N.D. - - -
Aeromicrobium massiliense JC14 GCA _000312105.1 N.D. - - -
LZB059 Agrococcus ME3 SW DMS N.D. Agrococcus lahaulensis DSM 17612 GCA_000160775.2 N.D. - - -
Agrococcus pavilionensis RW1 GCA_000400485.1 N.D. - - -
LZD051 Ahrensia ME3 BW  DMS N.D. Ahrensia kielensis DSM 5890 GCA_000374465.1 DddD WP_018690356 0 51.49%-67.31%
LZD062 Ahrensia ME3BW DMS N.D. Ahrensia sp. 13_GOM-1096m GCA_000620605.1 N.D. - - -
Ahrensia sp. R2A130 GCA_000179775.1 DmdA EFL87629 4e-91t02e-81  40.06%-42.99%
DddP EFL90704 7e-176 to 2e-119 45.80%-58.92%
ZYFDO019 Aurantimonas P11 BW DMS dmdA E/2 Aurantimonas manganoxydans SI85-9A1 GCA_000153465.1 N.D. - - -
Aurantimonas coralicida DSM 14790 GCA_000421645.1 N.D. - - -
LZB012 Bacillus ME3 SW  N.D. N.D. Bacillus aquimaris GCA_000935355.1 N.D. - - -
LZD038 Bacillus ME3 BW  N.D. N.D. Bacillus pumilus SAFR-032 GCA_000017885.1 N.D. - - -
LZD025 Brevibacterium ME3BW DMS N.D. Brevibacterium senegalense GCA_000285835.1 N.D. - - -
LZD055 Brevibacterium ME3 BW  N.D. N.D. Brevibacteriumalbum DSM 18261 GCA_000426445.1 N.D. - - -
LZB056 Cellulomonas ME3SW  N.D. N.D. Cellulomonas flavigena DSM 20109 GCA_000092865.1 N.D. - - -
Cellulomonas fimi ATCC 484 GCA_000212695.1 N.D. - - -
LZB003 Citromicrobium ME3 SW  N.D. N.D. Citromicrobium bathyomarinum JL354 GCA_000176355.1 N.D. - - -
LZD024 Citromicrobium ME3 BW  N.D. N.D. Citromicrobiumsp. JLT1363 GCA_000186705.2 N.D. - - -
ZYFB006 Croceibacter P11 SW N.D. N.D. Croceibacter atlanticus HTCC2559 GCA_000196315.1  N.D. - - -
ZYFB040 Donghicola P11 SW DMS and MeSH dddP Donghicola xiamenensis DSM 18339 GCA_000429365.1 N.D. - - -
Donghicola sp. S598 GCA_000308135.1 DddwW WP_017468368 1le-42 59.17%
LZB006 Erythrobacter ME3 SW DMS and MeSH N.D. Erythrobacter litoralis HTCC2594 GCA_000013005.1  N.D. - - -
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LZDO016 Erythrobacter ME3 BW DMS N.D. Erythrobacter longus GCA_000715015.1  N.D. - - -
LZDO012 Halomonas ME3 BW  DMS N.D. Halomonas elongata DSM 2581 GCA_000196875.1 DddP1 CBV41007 8e-108 to 2e-101 41.00%—42.56%
LZD049 Halomonas ME3 BW  N.D. N.D. DddP2 CBV41340 5e-116 to 5e-105 40.87%—45.03%
Halomonas campaniensis GCA_000696485.1 N.D. - - -
Halomonas zhanjiangensis DSM 21076 GCA_000377665.1 N.D. - - -
ZYFB003 Henriciella P11 SW N.D. N.D. Henriciella marina DSM 19595 GCA_000376805.1  N.D. - - -
ZYFBO17 Henriciella P11 SW N.D. dmdA A2
ZYFB039 Hyphomonas P11 SW N.D. N.D. Hyphomonas oceanitis SCH89 GCA_000685295.1 N.D. - - -
Hyphomonas neptunium ATCC 15444 GCA_000013025.1 N.D. - - -
LZB061 Janibacter ME3 SW N.D. N.D. Janibacter hoylei PVAS-1 GCA_000297495.1 N.D. - - -
Janibacter sp. HTCC2649 GCA_000152705.1 N.D. - - -
LZB041 Jiella ME3 SW DMS N.D. - - - - - -
LZB010 Kytococcus ME3 SW DMS N.D. Kytococcus sedentarius DSM 20547 GCA_000023925.1  N.D. - - -
LZB033 Labrenzia ME3SW  DMS dddL, dddP Labrenzia alexandrii DFL-11 GCA_000158095.1 DmdAl EEE47829 2e-180 to 5e-113 43.21%-66.39%
DmdA2 EEE44080 6e-99 43.82%
DddL EEE47811 le-142to 5e-71  49.77%—-80.26%
DddP1 EEE43511 6e-167 to 1e-124 48.09%-56.31%
DddP2 EEE44699 8e-122 45.73%
Labrenzia aggregata IAM 12614 GCA_000168975.1 DddL EAV43167 7e-165t0 1le-66  50.95 %-95.63%
DddP EAV46154 9e-119 to 2e-102 41.33%-45.11%
ZYFB002 Leeuwenhoekiell P11 SW N.D. N.D. Leeuwenhoekiella blandensis MED217 GCA_000152985.1  N.D. - - -
LZD017 a ME3 BW  N.D. N.D.
Leeuwenhoekiell
a
LZDO013 Loktanella ME4 BW MeSH dmdA A2 Loktanella cinnabarina LL-001 GCA_000466965.1 DddD WP_021695383 0 54.23%—-72.13%
Loktanella hongkongensis DSM 17492 GCA_000600975.1 DddW EYD72657 2e-44 59.17%
Loktanella vestfoldensis SKA53 GCA_000152785.1 DmdA EAQ06035 3e-106 43.73%
DddL WP_007204311 5e-119to 4e-62 49.52%—73.95%
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LZDO057 Maribacter ME5BW  N.D. N.D. Maribacter antarcticus DSM 21422 GCA _000621125.1 N.D. - - -
ZYFBO019 Maribacter P11 SW N.D. N.D. Maribacter forsetii DSM 18668 GCA _000744105.1 N.D. - - -
ZYFB005 Maricaulis P11 SW N.D. N.D. Maricaulis maris MCS10 GCA _000014745.1 N.D. - - -
Maricaulis sp. JL2009 GCA _000412185.1 N.D.
LZD059 Marinobacter ME3 BW  N.D. N.D. Marinobacter algicola DG893 GCA _000170835.1 N.D. - - -
LZD060 Marinobacter ME4 BW  N.D. N.D. Marinobacter hydrocarbonoclasticus VT8 ~ GCA_000015365.1 N.D. - - -
Marinobacter adhaerens HP15 GCA _000166295.1 N.D. - - -
ZYFDO030 Microbacterium P11 BW  DMS N.D. Microbacterium hominis GCA_000813805.1 N.D. - - -
ZYFD042 Microbacterium P11 BW DMS N.D. Microbacterium trichothecenol yticum GCA_000956465.1 N.D. - - -
Microbacterium hydrocarbonoxydans GCA_000956475.1 N.D. - - -
Microbacterium azadirachtae GCA_000956505.1 N.D. - - -
ZYFB012 Micrococcus P11 SW DMS N.D. Micrococcus luteus NCTC 2665 GCA_000023205.1 N.D. - - -
Micrococcus luteus GCA_000877795.1 N.D. - - -
LZB054 Mycobacterium ~ ME3SW  N.D. dmdA A2 Mycobacterium smegmatis str. MC2 155 ~ GCA_000015005.1 N.D. - - -
ZYFDO013 Mycobacterium P11 BW N.D. dmdA E/2 Mycobacterium abscessus ATCC 19977 GCA_000069185.1 N.D. - - -
LZB046 Nocar dioides ME3 SW  N.D. N.D. Nocardioides halotolerans DSM 19273 GCA_000422805.1 N.D. - - -
ZYFDO039 Nocar dioides P11BW  N.D. N.D. Nocardioides insulae DSM 17944 GCA_000422825.1 DmdA WP_028660116 7e-94 43.09%
ZYFB036 Oceanicaulis P11 SW DMS N.D. Oceanicaulis alexandrii DSM 11625 GCA_000420265.1 N.D. - - -
Oceanicaulis sp. HTCC2633 GCA_000152745.1 N.D. - - -
LZB062 Oceanicola ME3 SW  N.D. dmdA A2 Oceanicola nanhaiensis DSM 18065 GCA_000688295.1 DddL WP_028285536 4e-119to 2e-65 49.30%—73.99%
LZDO010 Oceanicola ME3 BW  DMS dddL Oceanicola batsensis HTCC2597 GCA_000152725.1 DddL EAQ04071 5e-124 to 7e-61  46.48%—78.28%
LZD026 Oceanicola ME3BW  DMS and MeSH  dddL Oceanicola granulosus HTCC2516 GCA_000153305.1 DmdA EAR53105 4e-92 to 2e-84 40.87%—43.90%
DddP EAR50963 Oto 7e-101 40.46%—74.94%
LZB009 Paracoccus ME3 SW  DMS N.D. Paracoccus denitrificans PD1222 GCA_000203895.1 N.D. - - -
ZYFDO006 Paracoccus P11 BW DMS N.D. Paracoccus aminophilus JCM 7686 GCA_000444995.1 DddP WP_020952779 6e-98 to 6e-92 40.00%—42.27%
Paracoccus yeei ATCC BAA-599 GCA_000622145.1 DddP WP_028718905 0 to 6e-102 43.15%—75.58%
LZD001 Pelagibaca ME3 BW  N.D. N.D. Pelagibaca bermudensis HTCC2601 GCA_000153725.1  N.D. - - -
ZYFB032 Pelagibaca P11 SW N.D. N.D.
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LZB055 Phycicoccus ME3 SW DMS N.D. Phycicoccus jejuensis GCA_000720925.1  N.D. - - -
LZB004 Psychrobacter ME3 SW  N.D. N.D. Psychrobacter arcticus 273-4 GCA _000012305.1 N.D. - - -
ZYFDO008 Psychrobacter P11 BW N.D. N.D. Psychrobacter lutiphocae DSM 21542 GCA _000382145.1 N.D. - - -
Psychrobacter phenylpyruvicus DSM 7000 GCA_000685805.1 N.D. - - -
ZYFDO034 Rhodococcus P11 BW N.D. N.D. Rhodococcus fascians A44A GCA_000760735.1 N.D. - - -
LZB027 Rhodococcus ME3 SW  N.D. N.D. Rhodococcus erythropolis PR4 GCA_000010105.1 N.D. - - -
ZYFBO035 Ruegeria P11 SW DMS and MeSH dddP Ruegeria pomeroyi DSS-3 GCA_000011965.2 DmdAl WP_011047385 8e-89 to 2e-84 40.53%—-41.79%
DmdA2 WP_011047644 0 to 9e-108 41.44%-100.00%
DddD WP_011047438 0 40.74%—-48.73%
DddP WP_044029245 0 to 2e-100 40.93%-100.00%
DddQ WP_011047333 1le-144to 2e-52 42.05%-100.00%
Dddw WP_011046214 3e-106 100.00%
Ruegeria lacuscaerulensis ITI-1157 GCA_000161775.1 DmdA WP_005983312 0 to 3e-119 44.89%—74.32%
DddP WP_005982391 0 to 1le-100 40.67%-91.09%
DddQ WP_005978225 7e-1381t02e-34  40.24%-99.48%
Ruegeria mobilis F1926 GCA_000376545.1 DmdA ENZ93420 0to 7e-113 44.13%-76.27%
DddP ENZ89089 0 to 4e-102 40.87%-88.78%
Ruegeria mobilis GCA_000967745.1 DmdA KJZ25257 0to 7e-113 44.13%—-76.27%
DddP KJZ21592 0 to 4e-102 40.87%-88.78%
LZB024 Streptomyces ME3 SW N.D. N.D. Sreptomyces anulatus GCF_000717105.1 N.D. - - -
Streptomyces coelicolor A3(2) GCF_000203835.1 N.D.
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LzD014 Sulfitobacter ME3 BW  DMS and MeSH  dddL, dmdA Sulfitobacter pontiacus 3SOLIMARO9 GCA _000647675.1 DmdA KAJ31754 2e-88 to 3e-82 40.64%—-42.02%

LzD018 Sulfitobacter ME3BW  DMS and MeSH A2 DddL KAJ31922 8e-166 to 5e-62  47.20%-100.00%
dddP Sulfitobacter sp. EE-36 GCA_000152605.1 DmdA EAP83955 7e-92 to 3e-81 41.44%-42.30%
DddL EAP83768 8e-166 to 5e-62  47.20%-100.00%
Sulfitobacter mediterraneus KCTC 32188 GCA_000622345.1 DmdA1l KIN79610 2e-96 to 5e-85 40.58%—-42.90%
DmdA2 KIN79163 3e-103 tot 6e-98  40.27%—43.45%
DmdA3 KIN76909 7e-178to 1le-111 45.18%—-70.60%
DddP KIN77078 0 to 1e-103 42.16%-84.44%
Sulfitobacter donghicola DSW-25 GCA_000622405.1 DddL KIN66932 2e-133to le-64  48.83%-80.54%
DddP KIN66723 0 to 9e-105 41.60%-82.10%

N.D., not detected of any DMSP dependent produti$Dor MeSH), bacterial DMSP degrading genddd(or dmdA), or DMSP degradation enzyme homologue in refexenc
genomes based on the thresholds of E-vallie-5, identity> 40%, coverage 70% and length difference20% of the protein sequences. ‘SW’ stands foraagreawater; ‘BW’
stands for bottom seawater.
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Table S3Reference protein sequences of the ratified DM&Rathylation and cleavage enzymes

Protein Source Accession Number Reference

DmdA Ruegeria pomeroyi DSS-3 AAV95190 Howardet al., 2006
Pelagibacter ubiqgue HTCC1062 WP_011281570 Howaret al., 2006
Dinoroseobacter shibae DFL 12 WP_012178987 Howaret al., 2008
marine gammaproteobacterium WP_007233625 Howaret al., 2008
HTCC2080
Candidatus Pelagibactesp. HTCC7211  WP_008546106 Howaret al., 2011
Candidatus Puniceispirillum marinum WP_013044947 Howaret al., 2011
IMCC1322

DddD Marinomonas sp. MWYL1 ABR72937 Toddt al., 2007
Oceanimonas doudoroffii AEQ39135 Cursoset al., 2012
Psychraobacter sp. J466 ACY02894 Cursatal., 2010
Halomonas sp. HTNK1 ACV84065 Todet al., 2010
Snorhizobium fredii NGR234 AAQ87407 Todckt al., 2007
Burkholderia ambifaria AMMD WP_011659284 Todd al., 2007
Pseudomonas sp. J465 ACY01992 Cursoret al., 2010

DddL Sulfitobacter sp. EE-36 ADK55772 Cursaat al., 2008
Rhodobacter sphaeroides 2.4.1 YP_351475 Cursa al., 2008
Labrenzia aggregata LZB033 KP639184 Cursost al., 2017
Ahrensia marina LZD062 KP639183 This study

DddP Roseovarius nubinhibens ISM EAP77700 Todctt al., 2009
Ruegeria pomeroyi DSS-3 WP_044029245 Todet al., 2011
Phaeobacter inhibens DSM 17395 AF091571 Burkhardt et al.,

2017

Oceanimonas doudoroffii DSM 7028 AEQ39091 Cursomet al., 2012
Oceanimonas doudoroffii DSM 7028 AEQ39103 Cursomet al., 2012
Aspergillus oryzae RIB40 BAEG62778 Toddcet al., 2009
Fusarium graminearum PH-1 XP_389272 Tode al., 2009
Candidatus Puniceispirillum marinum WP_013046297 Chat al., 2015

DddQ Ruegeria pomeroyi DSS-3 WP_011047333 Todet al., 2011
Roseovarius nubinhibens ISM EAP76002 Todet al., 2011
Roseovarius nubinhibens ISM EAP76001 Todet al., 2011
Ruegeria lacuscaerulensis ITI1157 WP_005978225 Let al., 2014
GOS databases ECW91654 Todet al., 2011
GOS databases EBP74803 Todet al., 2011
GOS databases ECX82089 Toddet al., 2011

Dddw Ruegeria pomeroyi DSS-3 AAV93771 Toddet al., 2012

DddY Alcaligenes faecalis M3A ADT64689 Cursoret al., 2011
Shewanella putrefaciens CN-32 ABP77243 Cursoset al., 2011




Table S40ligonucleotide primers used in this study.

Primer name  Sequence (5'to 3’) Use Reference
27F AGAGTTTGATCCTGGCTCAG Amplification of
1492R GGTTACCTTGTTACGACTT cultivated strains 16S Laneet al., 1991
rRNA gene
515F GTGCCAGCMGCCGCGG Preparing partial 16S Chenet al
enet al.,
907R CCGTCAATTCMTTTRAGTTT rRNA genes amplicon for 2016
pyrosequencing
Eub338F ACTCCTACGGGAGGCAGCAG gPCR of 16S rRNAgeneY_ et al. 2013
inetal.,
Eub518R ATTACCGCGGCTGCTGG
M13F GTAAAACGACGGCCAG Sequencing primers for
M13R GTTTTCCCAGTCACGAC T-A clone fragments Yin et al., 2013
inserted in pUCm-T vector
dddDf ACCAACGTCATTGCAGGACC PCR detection afldD in Rainaet al
ainaet al.,
dddDr TGTGCGTGTTCTTCCGGTG representative cultivated 2009
strains
dddLf CTGGGAATACGGCTACGAGA PCR detection dfidL in Rainaet al
ainaet al.,
dddLr GTTCAAGATCAGCGATCCGG representative cultivated 2009
strains
DddPUf ATGTTCGACCCGATGAACathmgntaygc  PCR detectairddP in
DddPUr CCGCACTCCTGGAACcanggrttngt representative cultivated This study
strains
dmdAUF160 GTICARITITGGGAYGT PCR detection dfndA in varal ¢ al
araljay et al.,
dmdAUR697 TCIATICKITCIATIAIRTTDGG representative cultivated 2010] y
strains
A/l-spFP ATGGTGATTTGCTTCAGTTTCT PCR detectiondrhdA in varali tal
araljay et al.,
A/1-spRP CCCTGCTTTGACCAACC representative cultivated 2010] y
strains and gPCR
A/2-spFP CGATGAACATTGGTGGGTTTCTA PCR detectiondrfidA in varali tal
araljay et al.,
A/2-spRP GCCATTAGGTCGTCTGATTTTGG representative cultivated 2010] y
strains and gPCR
B/3-spFP GATGTCTCCTGCCAACGTCAGGTCGA PCR detectidrdmdA in varal ¢ al
araljay et al.,
B/3-spRP ACCGGGTCATTGATCATGCCTGCG  representative cultivated 2010] y

strains and gPCR
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C/2-spFP AGATGAAAATGCTGGAATGATA gPCR

Varaljay et al.,
AATG 2010
C/2-spRP AAATCTTCAGACTTTGGACCTTG
D/1-spFP AGATGTTATTATTGTCCAATAATT gPCR )
Varaljay et al.,
GATG 2010
D/1-spRP ATCCACCATCTATCTTCAGCTA
D/3-spFP AATGGTGGATTTCTATTGCAG gPCR )
Varaljay et al.,
ATAC 2010
D/3-spRP GATTTTGGACCTTGTACAGCCA
E/2-spFP CATGTTCAGATCTGGGACGT PCR detectiondafidA in varali tal
araljay et al.,
E/2-spRP AGCGGCACATACATGCACT representative cultivated 2010] y
strains and gPCR
dddP_874F AAYGAAATWGTTGCCTTTGA gPCR Leviret al.,
dddP_971R GCATDGCRTAAATCATATC 2012
dddPF GCAGCTCTGGAACGCCCATA Clone library construction emiet al., 2012

dddPR GCATCAGGCAGCCGTATTTC




Table S5Data of 16S rRNA gene pyrosequencing and richnedsleversity estimators.

) Sequence Bacterial )
) Sampling ) OTU Shannon  Simpson  Good’s
Station numbers with  sequence number ) ) Chao 1
layer ] ) numbers index index coverage
good quality  after rarefying
b03 SW 31017 17774 549 6.56 0.0279 0.99 729.76
BW 30626 17774 1522 7.86 0.0157 0.97 2141.62
bS5 SW 31667 17774 894 6.61 0.0417 0.98 1419.23
BW 27010 17774 1020 6.40 0.04656 0.97 1599.96
07 SW 37122 17774 735 6.23 0.0567 0.99 1037.16
BW 25367 17774 1685 7.96 0.0302 0.96 2390.88
510 SW 43104 17774 661 6.17 0.0591 0.99 824.26
BW 28770 17774 1076 7.48 0.0199 0.98 1425.20
SW 37062 17774 604 5.81 0.0711 0.99 789.05
P12 100 m 42718 17774 662 6.50 0.0343 0.99 855.12
BW 28191 17774 709 6.88 0.0206 0.99 856.35

‘SW'’ stands for surface seawater; ‘BW’ stands fottbm seawater.
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Table S6Summary of number of effectideldP clones classified into different OTUSs, richnesd diversity estimators and coverage values.

Sampling  Effective

Station OTU1 OTU2 OTU3 OTu4 OTU5 OTuU6 OTU7 OTU8 OTU9 OTU100TU11l OTUl12 OTU13 chao’l Shannonindex Simpsomind Good'’s coverage
layer clones
SW 32 10 16 5 0 0 0 0 1 0 0 0 0 0 4 111 0.35 0.97
Pos BW 37 3 5 23 3 0 0 1 1 0 0 0 1 0 10 1.27 0.4 0.92
SW 25 4 12 5 0 0 2 2 0 0 0 0 0 0 4 0.9 0.5 0.97
Pos BW 25 7 14 2 0 0 0 0 0 0 2 0 0 0 4 1.09 0.38 1
SW 26 4 10 6 3 0 2 0 0 0 0 0 0 1 5 1.37 0.28 1
Pl BW 24 11 8 5 0 0 0 0 0 0 0 0 0 0 3 1.05 0.34 1
SW 29 24 1 3 0 1 0 0 0 0 0 0 0 0 6 1.57 0.22 0.96
P BW 27 9 0 15 1 0 0 0 0 1 0 1 0 0 8 1.06 0.4 0.89
SW 29 9 14 6 0 0 0 0 0 0 0 0 0 0] 5 0.62 0.69 0.93
Piz 100 m 23 2 19 2 0 0 0 0 0 0 0 0 0 0 3 0.58 0.68 1
ME3 SW 37 25 0 8 0 3 0 0 0 1 0 0 0 0 3 1.04 0.35 1

‘SW’ stands for surface seawater; ‘BW’ stands fottbm seawater.
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Table S7 The copy numbers of DMSP degrading genes and R8&\rgene (copies t) in the

ECS.
Station  Sampling layer dndAA/1  dmdAA/2 dmdAB/3 dmdAC/2 dmdAD/1 dmdAD/3 dmdAE/2 dddP 16S rDNA
SwW 1.73E+07 2.43E+07 2.03E+07 1.66E+06 2.91E+08 5Bx07 1.71E+08 1.66E+08 5.62E+09
Pos BW 4.80E+06 2.02E+07 5.24E+07 6.89E+05 7.78E+07 6E+®7 3.19E+07 2.60E+07 2.21E+09
SwW 2.01E+07 3.62E+07 3.15E+07 1.10E+07 4.41E+08 6EKA8 3.24E+07 8.42E+07 3.40E+09
POS BW 2.03E+07 4.59E+07 7.13E+07 2.03E+06 2.99E+08 9H+D8 3.44E+07 5.54E+07 2.68E+09
SwW 2.44E+07 4.20E+07 5.02E+07 1.53E+07 3.09E+08 9EXQ@8 2.02E+07 7.05E+07 3.13E+09
Po7 BW 6.15E+06 2.62E+07 5.46E+07 1.48E+06 1.55E+08 2H+D8 1.01E+07 2.02E+07 1.36E+09
SwW 6.16E+07 6.92E+07 9.14E+07 4.30E+07 6.56E+08 8E&68 7.38E+07 2.34E+08 1.07E+10
P10 BW 2.53E+06 9.29E+06 1.55E+07 1.72E+06 6.04E+07 9Bt07 2.81E+06 6.04E+06 1.11E+09
SwW 1.74E+06 3.99E+05 1.33E+06 3.70E+06 4.92E+06 2EA@06 2.71E+05 8.53E+05 6.61E+07
P12 100 m 8.82E+05 8.38E+04 7.44E+05 3.86E+06 2.51E+0669E+06 1.71E+05 1.38E+05 4.75E+07
BW 8.60E+03 6.25E+03 3.84E+03 8.01E+04 5.14E+04 OBt04 2.58E+04 1.91E+04  7.81E+06

‘SW’ stands for surface seawater; ‘BW’ stands fottbm seawater.
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Table S8 Growth of the representative isolates which camwgrith DMSP as the sole carbon
source or with mixed carbon source*

Bacterial strains DMSP Mixed carbon source

Alphaproteobacteria

Sulfitobacter sp. LZD018 + +
Ahrensia sp. LZD051 w +
Ahrensia sp. LZD062 + +
Gammaproteobacteria

Halomonas sp. LZD012 + +

*Only the strains which are able to grow on DMSPsafe carbon source are listed; for total 57 regregive
information, see Table S3.

+, Positive growth; w, weak growth. Growth was ddesed positive R < 0.01) or weak B < 0.05) where the
averages of maximal absorbance of triplicate wekse significantly greater (Student’s t-test) thtanse of no
organic carbon source controls.
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Table S9DMSP consumption of dmdA-like gene containing hom-detectable MeSH producing strains.

MeSH production (Peak Area) DMS production (nmaB@® ul culture) Remained DMSP (nmol in 300 ul gré) , P

Replicate 1 Replicate 2 Replicate 3 Replicate 1 IiBae 2 Replicate 3 Replicate 1  Replicate 2  Repdi Students t-test
Mycobacterium sp. LZD054  N.D. N.D. N.D. N.D. N.D. N.D. 483.64 8@50 319.43 P >0.05
Henriciella sp. ZYFB017 N.D. N.D. N.D. N.D. N.D. N.D. 452.53 538.77 597.57 P > 0.05
Aurantimonas sp. ZYFD019  N.D. N.D. N.D. 3.06 3.57 3.27 54D.6 549.35 588.27 P >0.05
Mycobacterium sp. ZYFD0O13 N.D. N.D. N.D. N.D. N.D. N.D. 636.52 574.97 N.A. P > 0.05
R. pomeroyi DSS-3 3211 4376 1516 6.20 7.00 4.87 371.34 .5200 404.22 P > 0.05
R. nubinhibens ISM 29504 27534 28910 8.21 7.87 8.29 2.79 2.91 N.A. P05
Media control N.D. N.D. N.D. N.D. N.D. N.D. N.A. 6434 461.89

N.D. stands for MeSH or DMS production from DMSPswet detectable; N.A. stands for not available;

#, student’s t-test was conducted to test the feigmice of the difference between the remaining PMi$ the culture and in the media control. Sinaséhstrains
cannot grow with DMSP as sole carbon source, finatentration of 2 mM DMSP was added with the migadbon source into the media.
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