1' frontiers
in Microbiology

ORIGINAL RESEARCH
published: 21 December 2018
doi: 10.3389/fmich.2018.03206

OPEN ACCESS

Edited by:
Alison Buchan,
University of Tennessee, Knoxville,
United States

Reviewed by:
Jozef |. Nissimov,
Rutgers State University of New
Jersey, United States
Naomi Levine,
University of Southern California,
United States

*Correspondence:
Jonathan D. Todd
jonathan.todd@uea.ac.uk
Xiao-Hua Zhang
xhzhang@ouc.edu.cn

TThese authors have contributed
equally to this work

Specialty section:
This article was submitted to
Aquatic Microbiology,
a section of the journal
Frontiers in Microbiology

Received: 13 July 2018
Accepted: 11 December 2018
Published: 21 December 2018

Citation:

Liu J, Liu J, Zhang S-H, Liang J, Lin H,
Song D, Yang G-P, Todd JD and
Zhang X-H (2018) Novel Insights Into
Bacterial Dimethylsulfoniopropionate
Catabolism in the East China Sea.
Front. Microbiol. 9:3206.

doi: 10.3389/fmich.2018.03206

Check for
updates

Novel Insights Into Bacterial
Dimethylsulfoniopropionate
Catabolism in the East China Sea

Jingli Liu *2', Ji Liu *?', Sheng-Hui Zhang 2, Jinchang Liang !, Heyu Lin?*, Delei Song *,
Gui-Peng Yang *#, Jonathan D. Todd #* and Xiao-Hua Zhang **
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East Anglia, Norwich, United Kingdom? College of Chemistry and Chemical Engineering, Ocean Unirsity of China,

Qingdao, China,* Laboratory for Marine Ecology and Environmental Science,i@ydao National Laboratory for Marine
Science and Technology, Qingdao, China

The compatible solute dimethylsulfoniopropionate (DMSP)made by many marine
organisms, is one of Earth's most abundant organosulfur meicules. Many marine
bacteria import DMSP and can degrade it as a source of carbon d/or sulfur via

DMSP cleavage or DMSP demethylation pathways, which can gearate the climate
active gases dimethyl sul de (DMS) or methanthiol (MeSH)espectively. Here we used
culture-dependent and -independent methods to study bacteia catabolizing DMSP in
the East China Sea (ECS). Of bacterial isolates, 42.11% sh@d DMSP-dependent

DMS (Ddd) activity, and 12.28% produced detectable levels of MeSH.nkerestingly,

although most Ddd® isolates were Alphaproteobacteria (mainly Roseobacters), many
gram-positive Actinobacteria were also shown to cleave DMSP producing DMS.
The mechanism by which theseActinobacteria cleave DMSP is unknown, since no
known functional ddd genes have been identied in genome sequences of Ddfl

Microbacterium and Agrococcus isolates or in any other sequencedActinobacteria
genomes. Gene probes to the DMSP demethylation geneimdA and the DMSP lyase
gene dddP demonstrated that these DMSP-degrading genes are abundanand widely

distributed in ECS seawaters.dmdA was present in relatively high proportions in
both surface (19.53%  6.70%) and bottom seawater bacteria (16.00% 8.73%).

In contrast, dddP abundance positively correlated with chlorophyll, and gradually
decreased with the distance from land, which implies that th bacterial DMSP lyase
gene dddP might be from bacterial groups that closely associate with pytoplankton.

Bacterial community analysis showed positive correlatiambetween Rhodobacteraceae
abundance and concentrations of DMS and DMSP, further conming the link between
this abundant bacterial class and the environmental DMSP cjing.

Keywords: DMSP catabolism, DMS, methanthiol (MeSH), bacteri al community, the East China Sea
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INTRODUCTION eight di erent DMSP lyase geneslddD, dddL, dddP, dddQ
dddw, dddY, dddK, and Aimal, encoding distinct polypeptides
The tertiary sulfonium compound dimethylsulfoniopropionate in various protein families, have been identi ed in a wide gen
(DMSP) is made in prodigious amounts (several petagramgf microbes, demonstrating a high level of biochemical and
worldwide annually) in marine environmentgionzek et al., genetic diversity in DMSP lyase enzym&si(son et al., 2011b;
2019. DMSP is synthesized by many marine microalgae, e.galcolombri et al., 2015; Johnston, 2015: Johnston et al., 2016:
coccolithophores, dino agellates, and diatomsSuson et al., sSun et al., 2096 With the exception ofdddY, the bacterial
2018; Kageyama et al., 2)1thacroalgaeReed, 1993 a few  ddd genes are common in Roseobactetsison et al., 2019b
angiosperms Qtte et al., 2004 and some coralsaina et al., which can account for up to 30% of bacterioplankton cells
2019. Recently, heterotrophic bacteria have also been reportqdonzalez and Moran, 199ih eutrophic coastal regions where
to synthesize DMSPCurson et al., 2097 In these organisms DMS emission is intense and likely exerts in uence on climate,
DMSP may function in e.g., storage of excess sulfur and carbaflg., the East China Sea (ECS). Of the identied bacterial
(Stefels, 2000 cryoprotection, oxidative damage protection pMSP lyases, the DMSP lyase getésPand dddQare by far
(Sundaetal., 200Qzsignaling pathways acting as chemoattractanthe most prevalent in ocean microbial reference gene catalog
(Seymour et al., 20}@nd enhancing the production of quorum- (OM-RGC) metagenomic and Tara Oceans metatranscriptomic
sensing moleculesi¢hnson et al., 20).6The major ecological datasets apportioned mainly to marine bacterizu(son et al.,
signi cance of DMSP lies in it being an important nutrient for 2019,
marine microorganismsurson et al., 201)fproviding carbon, The ECS is the largest marginal sea of the western Pacic
sulfur and/or energy to microbes catabolizing it. Microbial (Figure 1). It is in uenced by the Yangtze River e uent and
DMSP catabolism can generate environmentally importanthe Kuroshio water current, and acts as a transition zonerahe
catabolites including the climate active gases dimethglsu terrigenous and anthropogenic materials are dischargech fro
(DMS) and methanethiol (MeSH). DMS, largely derived fromthe mainland to the ocean. A previous study of the ECS in the
DMSP catabolism, is the most signi cant biogenic sulfursymmer of 2011 found the surface waters to contain moderate
compound transferred from oceans to the atmospher8[ 10°  concentrations of DMSP, DMS and chlorophyl (28.25 nM,
tons, worldwide annually;Andreae, 199, where its oxidative 564 nM and 0.84mg L%, respectively) Yang et al., 2091
products act as cloud condensation nuclei (CCN) a ecting dou To date, our understanding of microbial DMSP metabolism in
cover and thus the radiation reaching Earth's surfa¢el(na and  marine environments comes mainly from studies conducted in
Simo, 200y. open sea, salt marsh and estuarine environments (&rgede
Although many marine phytoplankton can catabolize DMSPet al., 200)Lor with phytoplankton-attached bacteria (e gatton
(Alcolombri et al., 2015; Johnston, 2014t is believed that et al., 201p Studies on the spatial and temporal distribution of
marine bacteria are signi cant contributors to global DMSP bacterial DMSP-degrading genes have been carried out in the
catabolism once this molecule is released into the disdgdoel Sargasso Seadvine et al., 20)2the Paci c Ocean \(araljay
of DMSP in seawater(urson et al., 201)b Indeed, DMSP et al., 2012; Cui et al., 20)1and the Arctic Kongsfjordendeng
supports 1-13% of the bacterial carbon demand in surfacet al., 201} However, studies of the abundance and diversity
seawaterKiene and Linn, 2000and it is especially important of bacterial DMSP catabolism in marginal sea environments are
as a reduced organic sulfur source, e.g., for the dominanimited. In this study, we collected and characterized seaw
heterotrophic bacteria SAR11, which require exogenous ssurcsamples from seven ECS sites for their oceanographic parameters
of reduced sulfur for growthTripp et al., 2008 A wide variety and DMSP compositions. Culture-dependent methods were used
of marine microorganism import \(ila et al., 2004; Howard to study DMSP catabolizing bacteria in samples from two
et al., 200Band catabolize DMSP via two enzymatic pathwaysof these sites and led to the identi cation of novel DMSP
demethylation and cleavageCiirson et al., 2011b; Moran catabolizing bacterial taxa. Culture-independent methadse
et al., 201p. Demethylation is believed to be the predominantused to explore the spatial distribution and diversity of key IMS
DMSP catabolic pathway, converting75% dissolved DMSP catabolic genes in a transect of ve ECS stations from inshor
into 3-methylmercaptopropionate (MMPA), further into MeSH, to the o shore waters, and the results further demonstrate th
and then into microbial biomassK{ene and Linn, 2000  importance of bacterial DMSP-catabolism in the ECS.
This pathway does not liberate DMS. The maker gene for
DMSP demethylationdmdA’ is only found in bacteria and is MATERIALS AND METHODS
prevalent in the SAR11 lineage and another abundant marine
Alphaproteobacteritneage known as the Roseobactéis\yard ~ Sampling and Environmental Parameters
etal., 2006; Reisch et al., 2DIMhedmdAgenes can be grouped Surface seawater (SW) and bottom seawater (BW) samples were
into ve clades and fourteen subclades based on their nticleo collected onboard the R/VDong Fang Hong 2fn the ECS
and amino acid sequencesigward et al., 2006, 2008; Varaljay during two cruises from 14 July to 1 August 2013 (two sites, ME3
etal., 201 located near the continent and P11 further from the land) and
By comparison, there is far more biodiversity in the DMSP19 October to 2 November 2015 ( ve sites, P03, P05, P07, P10,
cleavage pathway where DMSP lyase enzymes generate Difsl P12; along a transect from coast to the ocean), resphrtive
from DMSP in bacteria, some fungi and phytoplanktabufson  (Figure 1, Table 1). Seawater was collected by Niskin bottles
et al., 2011b; Alcolombri et al., 2015; Sun et al., pOI6 date, equipped on a standard conductivity-temperature-depth rasett
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2mL of the preserved DMSP sample and incubated in the dark at
4 C for at least 24 h, allowing for complete conversion of DMSP
into DMS and acrylate. The liberated DMS was measured using
the method described above.

For chlorophyll a (Chla) analysis, the seawater samples were
ltered through 47 mm Whatman GF/F lters. The lters were
soaked in 10 ml of 90% acetone and then stored in the dark at
4 C. After 24 h, the concentration of Chlwas measured using a
F4500 (Hitachi) uorometer Parsons et al., 1984

36°N

The Yellow Sea

34°N

P03
* Bacteria Isolation and Phylogenetic

Analysis

Filters from the 2013 cruise were rinsed with sterile 0.85%
(w/v) saline supplemented with 15% (v/v) glycerol. The cells
were resuspended by vortexing, spread on Marine Agar (MA)
plates and incubated at 28 for 1 week. Single colonies were
picked randomly and puri ed three times on fresh plates prior
to further studies. Genomic DNA of the isolates was extrécte
by phenol/chloroform extraction, and the 16S rRNA genes were
ampli ed using the 27F/1492R primer setgne, 199) and

P05
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FIGURE 1 | Locations of the sampling sites in the ECS. The red triangles sequenced to determine their taxonomy. Calculation of paiew
indicate sites from 2013 cruise, and the blue circles indida sites from 2015 similarity values for the 16S rRNA gene of the cultivatedisa
cruise. Stations plotted in Ocean Data Views(chlitzer, 2002. and the most closely related type strains were achieved from

the Ezbiocloud server (http://www.ezbiocloud.net/ideyitifThe

16S rRNA gene sequences of representative cultivated lzcteri

strains and the most closely related type strains were aligne
(CTD). One liter of each sample was immediately Itered throughysing the CLUSTAL_X program Thompson et al., 1997
0.22mm pore size polycarbonate membranes lIters (Millipore Phylogenetic trees based on the neighbor-joining (NJ) élgors
Corporation, Billerica, MA, USA). Filters from 2013 cruise @er were constructed by MEGA version 5ynura et al., 20)with

soaked in sterile 0.85% (w/v) saline supplemented with 15%2CG model. The tree topology was checked by 1000 bootstrap
(viv) glycerol before stored at 80 C until in-lab bacterial replicates.

isolation. Filters from 2015 cruise were stored in liquittogen

onboard and at 80 C in lab for nucleic acid extraction. Salinity, Sole Carbon Source Test

temperature and dissolved oxygen were recorded with a SkabiFifty-seven representative bacterial isolates were seleantd

911 conductivity-temperature-depth (CTD). tested for their growth on MBM minimal mediunfaumann and
DMS and DMSP concentrations in the seawater samples weBaumann, 198iwith DMSP (2 mM; TCI, Japan) as sole carbon

measured as described Bgang et al. (2014PMS samples were source. The same medium lacking a carbon source (negative

measured onboard immediately after sampling using a modi ectontrol) or supplied with glucose (2mM), succinate (2mM),

purge and trap method. Brie y, a sample of 2 mL was collecteducrose (2 mM), pyruvic acid sodium salt (2mM), and glycerol

into a glass bubbling chamber through a GF/F Iter. Sulfurgms (2 mM) as the carbon source was used. Brie y, cells were grown

were sparged from the seawater with nitrogen and trapped in i Marine Broth (MB; Becton Dickinson) and harvested after

loop of Te on tubing immersed in liquid nitrogen. The trapped incubation at 28C for 2 days, and then washed three times with

gases were desorbed with hot water @Pand analyzed on a 3% (w/v) NaCl saline. Washed cells were diluted to ¢gfam

Shimadzu GC-2014 gas chromatograph equipped with a am® 0.4-0.6, then 1% (w/v) were inoculated in triplicate into the

photometric detector. A3m 3 mm glass column packed with media supplied with DMSP or mixed carbon source. Cells added

10% DEGS on Chromosorb W-AW-DMCS was used to separat® MBM medium without any carbon source were set up as non-

sulfur gases at 7C. carbon control. Growth was measured spectrophotometrically
Gravity Itering of samples for dissolved DMSP (DMSPd) (ODgoonm) after 1 week. Signi cance was determined using a

was conducted as described Byene and Slezak (200&%ith  Studentd-test P < 0.05).

the following modi cations. Total DMSP (DMSPt) and DMSPd

samples were xed with 50% sulfuric acid and stored on ship BDMSP Catabolism Assay

room temperature for 2 days. For DMSPd samples, the rst feWro measure DMSP catabolism of cultivated bacteria, bacterial

drops of Itrate was discarded, and a 4 mL sample was transferrestrains were grown overnight in MB at 28. Cells were

to a glass vial containing 4@ of concentrated sulfuric acid and washed twice in MAMS medialéble S} and diluted to OQyoo

sealed. For DMSPt samples, 1®D of 50% sulfuric acid was D 0.3 prior to 1 in 10 dilution into vials (CNW, China)

directly added to 10 mL of un Itered seawater samples and theontaining MAMS media supplied with 0.45% glycerol (v/v) and

sealed. When analyzed, 360 of 10 M KOH was injected into 0.05% glucose (w/v) as the mixed carbon source amiM;l
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TABLE 1 | Seawater sampling stations and environmental parameters.

Station  Latitude Longitude Sampling Sampling Depth T(C) Salinity DO Chl DMSPt DMSPd DMSPp DMS
(N) (B) year layer® (m) (ppRY) (mg/L)  a(mg/L) (nM) (nM) (nM) (nM)

P03 31.00166 122.5998 2015 SwW 4 22.05 30.13 6.9955 0.69 88.42 4.63 83.78 5.36
BW 50 23.46 33.73 4.7251 0.57 8.63 2.68 5.95 1.62

P05 30.17909 124.0094 2015 SW 3 24.07 32.59 5.149 0.54 15.59 18 13.79 2.17
BW 45 24.07 33.75 6.2535 0.36 8.1 3.08 5.02 1.35

P07 29.39963 125.0007 2015 SW 5 24.35 33.77 6.4402 0.29 NA NA NA NA
BW 76 22.32 34.24 3.8145 0.16 NA NA NA NA

P10 29.0014  126.0038 2015 SW 3 24.54 33.76 6.4949 0.36 24.03 277 21.26 2.2
BW 94 19.6 34.62 5.0794 0.04 8.1 3.62 4.48 1.34

P12 28.13561 127.1214 2015 SwW 4 26.44 34.85 6.3014 0.14 10.4 231 8.09 0.96
100m 100 23.57 34.91 6.3717 0.21 NA NA NA NA

BW 999 4.341 34.41 2.9671 NA NA NA NA NA

ME3 28.97528 122.8178 2013 SW 3 26.56 33.63 6.6998 5.28 38.36 6.67 31.69 5.54
BW 59 18.36 34.41 5.0263 0.22 11.45 3.34 8.11 2.12

P11 28.87861 126.8517 2013 SW 3 28.9 33.61 6.0879 0.2 10.23 256 7.67 211
BW 193 11.83 34.39 4.7463 0.03 3.22 0.99 2.23 0.89

a“SW” stands for surface seawater; “BW” stands for bottom seawater, “NA%stands for not analyzed.

0.5mM or 5mM DMSP as the catabolism substrate to get aource signi cantly a ected MeSH and/or DMS production from
nal volume of 2mL. After gas-tight sealing and incubation DMSP.
at 28C for 36h, the 2mL cultures were directly assayed

for DMS and MeSH production as described above. Rati eoBLASTp Analysis of Ddd and DmdA
DMSP degrading strainsRoseovarius nubinhibedSM and H0m0|ogs

Ruegeria pomeroydSs-3, which can produce both DMS andThe bacterial genome sequences of the strains that are of the

MeSH .from DMSP Gon_zé_lez et _al., 1999, 20p3vere used_ same genus as our 57 representative isolates were retrieved f
as positive controls. Abiotic media controls of MAMS medi e NCBI database as reference genomes (https://www.nebi.nl
supplied with the same concentration of DMSP were set up anFﬂh gov/assemblyTable S2. Rati ed DMSP Iyasee ie -DddI-D

incubated under the same conditions to monitor the backgrdu DddL, DddP, DddQ, DddY and DddW, and demethylase DmdA
chemical lysis of DMSP to_ DMS. Ba_ctenal Ddd production Table S3 were used to interrogate the putative proteins in all
was calculated by subtracting the abiotically generated DM ference genome sequences, using the BLASTp program (E-
from the total detected DMSP-dependent DMS in the baCte”a\I/alue 1e-5), and then the produced sequences were manually

cultures_. . librati q curated with the thresholds of identity 40%, coverage 70%,
An eight-point (2.06—-103 nM) calibration curve was ma €and length di erence  20%.

with a gradient DMS concentrations to calculate the DMSP

dependent DMS production rate of tested bacterial strains. Th . .
detection limit for the purge and trap GC analysis of DMS WasE)egenerate dddP Primer Design, PCR

0.8 pmol DMS, and the square root of the DMS peak area wddMpli cation and Sequencing of  ddd and
linear to the DMS concentration. Total protein concentration  dmdA genes of DMSP-Degrading Isolates
the cells was estimated using Bradford assays (Bio-Radyafé DMSP lyase coding genekldD, dddL and dmdA were PCR
of DMS production was expressed in nmol DMS per mg proteirampli ed using the published primer pairsdddDf/dddDr,
per hour. dddlf/dddLr (Raina et al., 200%nd dmdA primers for subclade
A similar eight-point (10-0.1 mM) calibration curve was A/1, A/2, B/3, and E/2 which contain culturable bactemahdA
constructed for MeSH as was done for DMS, see above. Howevsequences\araljay et al., 2090 while the degenerate primer
unlike DMS, the detected peak area of MeSH was not linear witset DddPUf (ATGTTCGACCCGATGAACathmgntaygc) and
MeSH concentration. The detection limit for the purge and trapDddPUr (CCGCACTCCTGGAACcanggrttngt)Téble S4 for
GC analysis of MeSH was Qrinol. Thus, MeSH assays carried dddPwere acquired by the j-CODEHOPE designBioge et al.,
out here, as described above, are considered as only givalitat2003; Boyce et al., 200Based on the rati ed DddP sequences
and not quantitative for DMSP dependent MeSH production. in Table S3and the validity of theirdddRtargeting property
Strains that could use DMSP as sole carbon source weveas veried on Ruegeria pomeroyDSS-3 andRoseovarius
tested for their DMSP dependent DMS and MeSH productiomubinhibensISM as positive controls and sequenced marine
with and without the addition of mixed carbon source to MBM strains withoutdddP in their genomes as negative controls.
media (as above) to test whether the addition of extra carboithe PCR system included 26®/ of each deoxyribonucleotide
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triphosphate and 5rL of 10 rTaq bu er containing MgCh, 500 nM DMSP and mixed carbon source as above, following by
0.4mM of each primer, 1 U of rTaq DNA polymerase of TaKaRaincubation with shaking in vials at 3C. After 2h, DMS was

(5 U/mL), 50 ng bacterial genomic DNA and nuclease-freequanti ed by GC as described above.

water to adjustto a nal volume of 58L. The reaction conditions

for dddD anddddL were the same as used Byina et al. (2009) Environmental DNA Extraction,

except that two rounds of PCR (using the product of the rst Pyrosequencing and Data Analysis

round as template for the second round) were performed torga) pNA of seawater samples were extracted using the method
enhance the intensity of the product. FaiddR two rounds  yegcriped byrin et al. (2013with a modi ed step to maximize

of PCR were also performed and the reaction condition forhe oytput, in which a Fast Prep-24 Homogenization System (MP
each round was as follows: &5 for Smin; followed by 30 gjomedicals, Irvine, CA, USA) was used to intensify cell lysis
cycles of 95C for 1min, 58C for 1min, and 72C for 40s; 4 maximum speed for 1 min. The V4-V5 regions of bacterial

and then a nal extension of 7Z for 10min. PCR products 165 rRNA gene were amplied with primer sets 515F/907R
were visualized by electrophoresis on 1% agarose gel, puri ?@:hen et al., 2006in triplicate and pooled. Pyrosequencing

by TIANgel Mini Puri cation Kit (TIANGEN Biotech, Beijing), yas performed on Illumina MiSeq PE300 platform at Majorbio
then cloned into the pUCm-T (TaKaRa) and sequenced by M13Bj,_pharm Technology Co., Ltd., Shanghai, China. Chimeras

primer (Table S§ using an automated DNA sequencer (modelyqre excluded during assigning OTUs based on 97% similarity
ABI3730; Applied BlpSystems) at BGl, angd.ao, C_hlna- All PCRy\el. Taxonomic assignment was against the SILVA database
amplicons were subjected to BLASTx analysis against the@RefSRejease 123) with 80% similarity threshold. Archaeal 16S
database and hits were counted as encoding functional Ddd QRNA gene sequences were removed. After rarefaction to the
DmdA sequence if they were most similar68% amino acid  minimum sequence number for each sample, estimators such as
identity, to rati ed Ddd or DmdA enzymes. Chao £ Shannon indexes, and Good's coverage were calculated
(Table S§. All the above analyzes were performed via Qiime
Genomic Sequencing of Two pipelining (Caporaso et al., 20%.0
Representative Actinobacteria
Genomic DNA of Microbacteriumsp. ZYF042 andhgrococcus Quanti cation of  dddP, dmdA and 16S
sp. LZB059 were extracted using E.Z.N.A. Bacterial DNA kitRNA Genes
(Omega). Genome sequencing was performed by Shanghgi®CR was performed on StepOne ABI (Applied Biosystems,
Majorbio Bio-Pharm Technology Co. (China) using the lllumi  Foster City, CA, USA). The abundancedddPwas quanti ed
HiSeq 2000 sequencer system with a 500 bp pair-end librargith primer sets dddP_874F/dddP_971Rable S targeting
The reads were assembled using SOAPdenovo v2.04. The gengReeobacter cladelvine et al., 20)2 Seven primer sets
coverages for strains ZYF042 and LZB059 were 24nd designed to target di erentimdA subclades (A/1, A/2, B/3,
450 , respectively. Putative genes were identi ed using Glimmepy/1, D/3, C/2, E/2) were used famdA quanti cation (Varaljay
3.02. Annotation was performed with BLAS®.2.24, searching et al., 201)) Environmental sample SW of P03 were subjected to
against the National Center for Biotechnology Information Sanger sequencing to con rdmdA and dddP gene speci city.
(NCBI) Non-Redundant Proteins (NR), Clusters of OrthologousThe abundance of 16S rRNA gene was quanti ed using the
Groups of Proteins (COG), the Kyoto Encyclopedia of Genegrimer set Eub338F/518RYih et al., 201B (Table S3. All
and Genomes (KEGG) and Gene Ontology (GO) databasesCR reactions were performed in triplicates in 80 system
respectively. Ddd and DmdA homolog searching was performegdsing 10mL 2  SYBR Premix Ex Taq Il (Takara Bio Inc.),
by BLASTP analysis with veried Ddd sequences as query4m_ 50 ROX reference dye, 0.2—Go each primer, 2

sequences, as abovi@fle S3. mL 1/10 diluted template DNA. The PCR reaction conditions
referred to the primer designers. Ampli cation e ciencies for

Cloning and Expression of Predicted each gene ranged from 0.70 to 0.93, withRéllvalues higher

ddd -Like Genes than 0.99. The relative abundance of bacterial DMSP-deggadi

The predicteddddL gene of Ahrensia LZD062 and dddD- ~ 9€nes was acquired by normalizing their copy numbers to the
like gene ofMicrobacteriumzYFD042 were amplied from COPY number of bacterial 16S rRNA gene. Pearson's correlation

their genomic DNA and ligated into the pET24&) vector analysis was conducted among environmental parameters,
(Novagen), transformed int&.coliBL21 (DE3) and incubated DMSP-degrading gene relative abundance and 16S rRNA gene

at 37C in Luria-Bertani (LB) complete mediumS@mbrook abundance in pyrosequencing data using R's Hmisc package.
et al., 198D supplemented with 10amg mL 1 kanamycin. Statistical signi cance of the dierences of functional gen

At thye mid-exponential growth phase, isopropy-D-1- relative abundance and 16S rRNA gene abundance between SW
thiogalactopyranoside (IPTG) was added ata nal conceirat 2Nd BW samples were tested by Studetest.

of 0.1 mM. Cultivation was continued at 16 and 150 rpm .
until the cell density reached an Qg of 1.2. To measure Construction and Analyzes of dddP Clone

Ddd® of recombinantE. colicells, IPTG-induced culture was Libraries
washed twice by M9 mediumS@mbrook et al., 1989then  To study the diversity ofilddP, dddP amplicons from di erent
resuspended in M9 medium containing a nal concentration ofsamples with primers designed Byng et al. (201A)Table S3
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were used to construct clone libraries and the insertions idsolation of Marine Bacteria From the ECS
the vector were sequenced. The procedures were essentidjgawater
as what described byin et al. (2013) The OTUs ofdddP  Heterotrophic marine bacteria from sites ME3 and P11 seawater
was determined with nucleotide similarity of 80% by Mothur.\yere isolated on MA plates. There was no additional selective
Estimators like Shannon, Simpson indexes and Good's Cweragressure applied during the incubation and isolation processes
were calculated Table S§. Representative sequences of eacBnapling us to later assess the proportion of cultivable nearin
OTU were translated into protein sequences and used fohacteria that could catabolize DMSP. In total 211 bacterial
phylogenetic tree construction as described above with thirains were isolated and identi ed from their 16S rRNA gene
Poisson model. sequences. These isolates belonged to the fhyiobacteria

Actinobacteria Bacteroidetesor Firmicutes comprising 37

genera and 54 specidsdure 2). Alphaproteobacterieomprised

the largest percentage of bacterial isolates, accountir@f66%
DATA AVAILABILITY of the total cultivated bacterial community (73.60% in ME3
Bacterial 16S rRNA gene sequences and accompanyiﬁﬂd 41.86% ir_] F_’ll). Not surprisingly,_Roseobacters were well
metadata produced from pyrosequencing were depositefgPresented within the isolates, accounting for 29.8692(B6.in
in the NCBI Short Read Archive database under accessidE3and22.09%in P11), whiammaproteobacteraccounted
number SRP138803. Partial 16S rRNA genes of cultivatd@ 5-2% of the total bacterial isolates (6.40% in ME3 and’.49
bacterial isolates were under the GenBank accession nsmbé? P11). In addition Actinobacterig22.33% in total, 12.80% in
KP639130 to KP639182; partial sequenceddufP gene from MES3 and 36.050/0_”'] Pllmact_ero_ldete(g.%% Ir] total, 4.00% !I’l
clone libraries were under accession numbers MH193618 #E3and18.60%inP11), aktrmicute1.90% in total, 3.20%in
MH193931; ampli ed partiaiddL genes from cultivated strains ME3and nonein P11) were also represented. Very little is known
were under accession numbers MH193936 to MH19393@EPOU_" DMSP catabolism in ariaactermdetes;\cnnobacterla_)r
amplied dddP genes from cultivated strains were underFirmicutesand, to our knowledge, none of these bacteria are
accession numbers MH193932 to MH193935, amplidrddA  known to contain functionadmdAor any DMSP lyase genes.
genes from cultivated isolates were under accession nusnber

MH193940 to MH193947. The Whole Genome Shotgun projeghM|SP Catabolism by Cultivated Bacterial

of Microbacterium ZYFDO042, Agrococcussp. LZB059 have Strai :
. . Strains and Their ddd and dmdA Genes
been deposited at DDBJ/ENA/GenBank under the access'ciplfty-seven representative isolates from the dierent ganer

RBZY00000000 and REZZ00000000 respectively. were screened for their ability to utilize DMSP as sole carbon

source Figure 2 Table S2. Of these bacterial isolates, only
alphaproteobacterial strains of the gene®al tobacter and

RESULTS Ahrensia and gammaproteobacteriaHalomonas could use

. . DMSP as sole carbon sourcdable S§. Some Halomonas
Environmental Characteristics of the ECS isolates, e.g., HTNK1 are known to use DMSP as sole carbon
Seawater source, cleave DMSP and contain the CoA transferase family

The oceanographic parameters, environmental factors anBMSP lyase DddDTodd et al., 201)) We also tested the ability
DMSP/DMS concentrations of the seawater samples werd these strains to degrade DMSP with and without a mixed
recorded Table 7). As expected, SW samples had higher &hl carbon source. The strains of gen&harensiaand Halomonas
DMSP, and DMS concentrations than BW samples. Coincidentlyyhich only produced DMS from DMSP, had much higher DMS
bacterial numbers, estimated by 16S rRNA gene quantitatBie P production when only supplied with DMSP as sole carbon
(qPCR), were also much higher in SW than in BW samples (3source compared to the presence of the mixed carbon sources
fold higherin average)lgble S7Figure S). Chlaconcentration (Figure S3. The same was true foBul tobactersp. LZD018,
ranged from 0.03ng/L to 5.28mg/L (average 0.65g/L) and which produced comparatively higher levels of MeSH when
showed a negative correlation with longitude/distancenfro DMSP was used as sole carbon source. Note the MeSH could not
shore ¢ D 0.78,P < 0.01) and salinity D 0.84,P < 0.05) be accurately quanti ed by the GC method used here, likely due
(Figure S3. The average total DMSP (DMSPt) concentration into the highly reactive properties of MeSH. These observations
SW samples was 31.17 nM (ranging from 10.23 nM to 88.42 nM)mplied that the ability of these strains to catabolize DMSP is
which was ca. four times higher than thatin BW samples (averadikely underestimated if catabolism is assayed in the presehce
7.90nM). Particulate DMSP (DMSPp) accounted for 55.31 tother carbon sources.

94.75% (75.76% on average) of the DMSPt. DMS concentrations It is well known that many bacteria containing functioragdd
ranged from 0.89 to 5.54 nM (3.06 nM in SW and 1.46 nM in BWand/ordmdAgenes are not able to utilize DMSP as a sole carbon
on average). These results are consistent with the higght li source under lab conditionsCurson et al., 201)b For this
levels in SW over BW favoring photosynthetic algae which areeason, all the representative isolates were tested forlhasP-
thought to be the major producers of DMSP. This would in turn dependent DMS (Ddd) and MeSH production (Ddm) when
result in the higher levels of DMSP substrate observed in S8V argrown in the presence of mixed “regular” carbon sources @.45
ultimately higher microbial DMSP dependent DMS production. [v/v] glycerol and 0.05% [w/v] glucose). Under this conditj@4
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83 @ ASulfitobacter sp. ME3 LZD014
98 @ A Sulfitobacter sp. ME3 LZD018
54 A Loktanella sp. ME3 LZD013
@ A Donghicola sp. P11 ZYFB040
@ A Ruegeria sp. P11 ZYFB035
100 [ Pelagibaca sp. ME3 LZD001
[ Pelagibaca sp. P11 ZYFBO032 Receobactorclade
@ Oceanicola sp. ME3 LZD010
100 | @ A Oceanicola sp. ME3 LZD026
Oceanicola sp. ME3 LZB062
@ Paracoccus sp. ME3 LZB009
100 @ Paracoccus sp. P11 ZYFD006

99 ﬁ Maricaulis sp. P11 ZYFB005
@ O icaulis sp. P11 ZYFB036 Alphaproteobacteria
Hyphomonas sp. P11 ZYFB039
94 —m‘:EHenrfcieI/a sp. P11 ZYFB003
100 - Henriciella sp. P11 ZYFBO17
100 @ Jiella sp. ME3 LZB041
—C. Aurantimonas sp. P11 ZYFD019
100 92 @ Labrenzia sp. ME3 LZB033
63 Ahrensia sp. ME3 LZD051
100 '@ Ahrensia sp. ME3 LZD062
100 | Citromicrobium sp. ME3 LZB003
Citromicrobium sp. ME3 LZD024

— 100 @ A Erythrobacter sp. ME3 LZB006
84 L_@ Erythrobacter sp. ME3 LZD016

7

61

100 ——— Bacillus sp. ME3 LZB012
L Bacillus sp. ME3 LZD038
Streptomyces sp. ME3 LZB024
93 100 Nocardioides sp. ME3 LZB046
‘%,—E\locardioides sp. P11 ZYFD039
100 Aeromicrobium sp. P11 ZYFB010
100 I: Rhodococcus sp. ME3 LZB027
Rhodococcus sp. P11 ZYFD034
7 Mycobacterium sp. LZB054
ﬁ: Mycobacterium sp. P11 ZYFDO13
— 100 | @ Microbacterium sp. P11 ZYFD030
@ Microbacterium sp. P11 ZYFD042
@ Agrococcus sp. ME3 LZB059
100 (@ Brevibacterium sp. ME3 LZD025
Phycicoccus sp. ME3 LZD055
@ Micrococcus sp. P11 ZYFBO12
Cellulomonas sp. ME3 LZB056
@ Phycicoccus sp. ME3 LZB055

@ Kytococcus sp. ME3 LZB010
Janibacter sp. ME3 LZB061

100 I: Psychrobacter sp. ME3 LZB004
Psychrobacter sp. P11 ZYFD008
100 @ Halomonas sp. ME3 LZD012
100 —|__ Halomonas sp. ME3 LZD049 Gammaproteobacteria
91 Marinobacter sp. ME3 LZD059
4100EMan'nobacter sp. ME3 LZD060
Ci ib sp. P11 ZYFB006
100 | Leeuwenhoekiella sp. ME3 LZD017
100 4' Leeuwenhoekiella sp. P11 ZYFB002

Maribacter sp. ME3 LZD057
100 | Maribacter sp. P11 ZYFB019

Firmicutes

Actinobacteria

52

Bacteroidetes

3]

0.02

FIGURE 2 | Neighbor-joining tree of 165 rRNA gene sequences of 57 repeentative cultivated strains. Solid circle represents Ddd strains. Triangle represents
DAmC strains. The genera shown in bold represents bacteria whicbnly showed Ddm® activity when 0.5 and 5mM DMSP was added. Bootstrap coef cierts below
50% were not shown. Scale bar 0.02 substitutions per nucledtle position.
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(42.11%) of the tested isolates showed Bdxttivity (Figure 2 DMSP via demethylation, but the MeSH produced from DMSP
Table 2 Table S2. was quickly incorporated into biomass during the incubation

As expected, the majority of Ddsolates werProteobacteria leaving a MeSH concentration below the MeSH detection limit
of which Alphaproteobacteri@lominated (66.67%), including used here. Thus, the absence of detectable DMSP dependent
many Roseobacters (accounting for 33.33% of all tested®DddMleSH production does not necessarily indicate that a strain
isolates), i.e.,Donghicola Ruegeria Oceanicola Paracoccys cannot demethylate DMSP. A similar situation could exist for
and Sul tobacter isolates; some non-Roseobacter strainsDdd in bacteria where DMS produced from DMSP is rapidly
like strains of known Ddf generaAhrensiaand Labrenzia transformed, e.g., oxidized to dimethylsulfoxide. It would be
and of many other unreported Ddd alphaproteobacterial interesting to see if themdA and/or ddd genes are functional
generaAurantimonas Erythrobacter Jiella and Oceanicaulis and/or transcribed in strains that contain them but whichosi
Surprisingly, only one gammaproteobacterial strain ofno detectable Ddd or Ddm phenotype.
Halomonaswas shown to be Ddd, while anotherHalomonas To further investigate the potential molecular mechanisms
isolate was not. of the Ddd and Ddm production in our isolates, we used
Interestingly, the second largest group (12.28%) of cutva published dddD, dddL, dmdA primers (Raina et al., 2009;
Ddd® isolates wagictinobacteria These includeddgrococcys Varaljay et al., 20)0and our newly designed and ratied
Brevibacterium KytococcusMicrobacterium Micrococcusand  dddP degenerate primersTéble S to screen for the presence
Phycicoccugenera which together accounted for 3.79% of totabf these functional DMSP lyase and demethylase genes in
bacterial isolates. Until now, only members Bhodococcus all representative strainsTgble 2 Table S2. dddL homologs
and Clostridiumgenera of gram-positive bacteria isolated fromwere ampli ed from genomic DNA of Ddf Oceanicolasp.
fresh water had been reported to be Bd@Yoch et al., 2001  LZD010 and LZD026Sul tobactersp. LZD014 and_abrenzia
Furthermore, no functionalddd or dmdA genes have been sp. LZB033, displaying 52.90 to 100% amino acid identity to the
identi ed in any gram-positive bacteria. cupin-containing DddL fromSul tobacterEE36 Curson et al.,

Under our conditions, strains ofAhrensia Oceanicola 2009. As expecteddddPhomologs were ampli ed from Ddfl
Ruegeria Sul tobacter  Agrococcys Micrococcus and  Sul tobactersp. LZD018Ruegeriasp. ZYFB035 an®onghicola
Microbacterium showed similar or higher Ddd production sp. ZYFB040 with 79.68 to 88.24% amino acid identity to
rates & 40 nmol DMS per mg protein per hour) when compared R. nubinhibendSM DMSP lyase DddPTEdd et al., 2000
to the positive control strains, i.eRoseovarius nubinhibens Labrenziasp. LZB033 possessed DddP homologs, with 35.16%
ISM, which contains functionatlddQ and dddP genes {odd identity to O. doudoro i J495 DddP2urson et al., 2002 For
et al., 201), and Oceanimonas doudoro 0495, which contains the other isolates, ndddgene could be ampli ed by the primers
functional dddP and dddD genes Curson et al., 2002 The we used.
other Ddd® isolates showed relatively low Ddd production levels When probing the ECS isolates for DMSP demethylase
(Table 2. genedmdA using the published universalmdA primer sets

In contrast to the high proportion isolates shown to bedmdAU (Varaljay et al., 2000 only Loktanellasp. LZD013,
Ddd®, only two alphaproteobacterial strain®onghicolasp. a strain that showed no detectable D8mactivity, gave
ZYFBO040 (a Roseobacter) aBdythrobactesp. LZB006, showed the correct PCR productTable S3. Given far more of the
detectable Ddm production activity when tested withmi¥l  isolates were expected to contaitmdA primers speci cally
DMSP concentration Table 2. To exclude the possibility targeting dmdA subclades (A/1, A/2, B/3, E/2) were also
that DMSP added to the ECS isolates was insu cient toused {araljay et al., 2000 Using these primers, 12.28% of
produce detectable MeSH levels, incubations with highethe representative isolates were shown to con@indA and
DMSP concentrations were conducted (0.5 and 5mM). Wherthus the genetic potential to demethylate DMSPalfle S2.
exposed to higher DMSP levels, most strains likely to contaidmdA A/2 amplicons likely encoding functional enzymes were
dmdaA (i.e.,dmdA was ampli ed from their genomic DNA or detected inOceanicolaLoktanella Sul tobacter andHenriciella
closely related strains havendA homologs in their genomes, isolates, which are genera®hodobacteraceaand surprisingly,
see below) showed detectable MeSH production, includingmdA A/2 was also present in one actinobacterium of the
Rhodobacteraceastrains Loktanella sp. LZD013,0Oceanicola genus Mycobacterium Indeed, a recent metagenomic study
LZD026, RuegeriaZYFB035 andSul tobacter LZD018 and suggested that sonfectinobacteriacan catabolize DMSP via the
LZD014 (Table 2 Table S2. These strains were considered asdemethylation pathway and contadmdA (Mizuno et al., 201p
DMSP demethylating bacteria. However, alphaproteobacteri@ammaproteobacterial E/2 subclade-targeting primers gave no
strains of AurantimonasZYFDO019 andHenriciellaZYFB017, PCR products with any ammaproteobacteriakolate but did
and the gram-positive strains d¥lycobacteriumLZB054 and from one alphaproteobacteridlurantimonasstrain and another
ZYFDO013 (which were shown to contaimdA by PCR) had no actinobacterium of the genudycobacterium
DdmC activity even with the increased DMSP concentrations. Using BLASTp, we interrogated the available genomes of
We tried to quantify the disappearance of DMSP of theselosely related strains that are in the same genera as our
strains in addition to the production of MeSH, but onlR. 57 representative strains with ratied Ddd lyase sequences
nubinhibensISM, the positive control, showed a statistically(Table S3. DddD, DddL, DddP, DddQ, and DddW homologs
signi cant reduction in DMSP levelsR < 0.05) fable S9. It were found in many of the alphaproteobacterial strains
is possible that these cells were degrading very low levels @able S3. However, no known Ddd homologs were identi ed
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in the genomes of bacteria most closely related to the ©dd  Cyanobacteriawhich are known to import DMSP \(ila-
actinobacterial isolates or alphaproteobactettalthrobacter, Costa et al., 2006 were abundant in SW samples (5.56% to
Aurantimonas, JielleandOceanicaulissolates. DmdA homologs 26.16%) and were positively correlated with longitudeX
were present in sequenced genomesAbirensia Labrenzia 0.94,P < 0.05). As expected, their abundance decreased in
OceanicolaRuegeriaand Sulftobactestrains, but none of our BW samples (ranged from 0.37% to 6.20%) with decreased
isolates in these genera showed detectable levels of°Ddnlight levels. At the genus levébynechococcusade up 9.35

activity. 7.58% of total bacteria in SW samples and was the second most
_ _ abundant genera. To our knowledge, Bganobacteridas been
Bacterial Community Structure shown to catabolize DMSP. Only one sequenced cyanobacterial

Microbial community analysis was carried out by analyzing thestrain, Synechococcisgp. KORDI-100, and one metagenome
diversity of 16S rRNA genes in SW and BW samples from veassemble@®ynechococcgenome Synechococcsp. TMED20)
ECS sites across a transect from inshore to o shore waterél.ei et al., 201)/have a putative DMSP lyase gene, this being
Based on 97% nucleotide identity level at the 16S rRNA gerddldY-like gene. ThusCyanobacterisare not believed to be
level, a total of 3089 operational taxonomic units (OTUs) ever signi cant DMSP catabolisers. In contrast tGyanobacteria
obtained from 11 seawater samples. In all seawater sampl&sltaproteobacteriaere always more abundant in BW (8.01
Alphaproteobacterié84.31 6.46%) andsammaproteobacteria 2.19%) compared to SW samples (2.60.95%). Although no
(17.70 8.19%) were the most abundant classégyre 3). Ddd® or DdM® Deltaproteobacteriaere isolated in this study

The ECSAlphaproteobacteritargely comprised SAR11 clade likely due to the isolation conditiondDesulfovibrio acrylicuis
andRhodobacteraldmcteria which together constituted 79.09  known to contain a DMSP lyase, likely DddY, and cleave DMSP
5.25% of totalAlphaproteobacteriecSAR11 dominated in almost (Der Maarel et al., 1996; Curson et al., 20Q11a
all sampling sites (22.40 6.88% of the total bacteria) except
P03 whereRhodobacteralesonstituted 26.36% and 12.92% of . .
total bacteria in SW and BW respectively. The relative abnoda | N€ Abundance and Diversity of dmdA and
of Rhodobacteraleshowed positive correlations with DMS, dddP in the ECS Samples
DMSPt, and DMSPp concentrations D 0.89,P < 0.01), and ThedmdAanddddPgenes are the most abundant environmental
Chl a concentration ¢ D 0.70,P < 0.05). Of all annotated indicators of DMSP demethylation and cleava@ei(son et al.,
Rhodobacteralethe generadRuegeriaSul tobacter Paracoccys 2019 and gqPCR primers targeting these genes have been
andLabrenziawhich we ndto be Dd&, represented on average designed \(araljay et al., 20)0These primer sets were used to
0.84 0.57%, 0.70 0.41%, 0.70 0.59%, and 0.05 0.04% of investigate the abundance @fidPanddmdAin ECS samples. It
the total bacteriaTable 2. The genusRoseovariys member of should be noted that thdmdAprimer sets only target about half
which is also known to catabolize DMSBd{nzalez et al., 20)3  of knowndmdAsequences.
was also identi ed and represented 0.630.43% of the total The relative abundance of DMSP-degrading genes
bacteria. Consistent with the cultivation results, thewad®dd®  (normalizing ddd and dmdA gene copy numbers to that of
genera represented a large proportion (19.2% to 54.1%) of totdde bacterial 16S rRNA gene copy numbers) are shown in
Rhodobacteracea@he Ddd® genusAurantimonaswas found — Figure 4. As expectedmdAwas abundant in the ECS seawaters,
in most samples (represented 0.040.01% of total bacteria) with the total relative abundances of all tliendA subclades
except P05 and BW of POErythrobacterwhich had Dd¢  ranging from 2.89 to 29.88%Figure 4A). Apart from BW
representatives, made up 0.01 to 0.80% of total bacfeatdd 2. sample of P12 (999 m in depth), the total relative abundance of
Although not isolated in this study, the most abundant genusimdA subclades was 19.57% on average, and had no signi cant
of SAR11 wa<CandidatusPelagibacter, representing 59.17 dierence (P > 0.05) between the SW and BW samples, but
17.89% of SAR11 clade (10.9%6.65% of total bacteria). SAR11 was positively correlated with temperatureld 0.72,P < 0.05)
bacteria contairdmdA and demethylate DMSPHpward et al., (Figure S9. Within samples excluding BW sample of P12,
2006 and many SAR11 bacteria also contaiddK and cleave dmdA SAR11 subclades D/1 (2.511C° to 6.56 10° copies
DMSP Sun et al., 2016 L 1Y and D/3 (1.69 10°to 4.68 1C° copies L1) were the

Of ECS GammaproteobacteriaOceanospirillaleg7.37 most abundant; SAR11 subclade C/2 (6.82(° to 4.30 10
3.78% of total bacteria) andlteromonadaleg4.70 3.67% copies L 1) was comparatively abundant in the o shore site P12,
of total bacteria) were the dominant orders representing/67. particularly in the SW and 100 m depth samples (with relative

15.73% of totalGammaproteobacteriaCorrespondingly, abundance of 5.56% and 8.12%, respectively). On average, the
Halomonas from Oceanospirillalesand Alteromonas from  relative abundances of Roseobacter subclades A/1 and A/2 were
Alteromonadalesvere the most abundant genera representingd).98% and 0.82%, respectively in SW samples, and 0.41% and
0.08% to 1.33% (1.11% on average) and 0.42% to 3.44%85%, respectively in BW samples. The relative abundance of
(2.03% on average) of total bacteria, respectividglomonas Gammaproteobacterderived subclade E/2 showed a decreasing
representatives from both our ECS bacterial isolates and arend along the transection from inshore (3.04%) to o shore
isolate from the macroalgadlva lactucaare known to have (0.36%), and negatively correlated with longitudé( 0.75,P
Ddd® activity (Todd et al., 201)) However, to our knowledge < 0.01) Figure S3. ThedmdAsubclade B/3 that is represented
no Alteromonassolates have been shown to catabolize DMSP dny the SAR116 group memberCandidatusPuniceispirillum
contain knowddd or dmdAgenes. marinum” (Oh et al., 201Pwas more abundant in BW samples
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FIGURE 3 | Relative abundance of top 10 dominant classes in seawater saples from 2015 cruise. “SW"” stands for surface seawater, “BV” stands for bottom
seawater.

(relative abundance of 2.61% on average) than in SW sampld®se aliated in cluster 4 in which representative OTUs
(relative abundance of 0.94% on average), With 0.05. were clustered with DddP homologs from uncultured bacteria,
It was clear that the genetic potential to cleave DMSP via thmcluding OTU2 (represented 31.53% of total sequences). This
DddP DMSP lyase is far less prominent in the ECS samples thamplies that uncultured bacteria, likely of tHiehodobacteraceae
that for DMSP demethylationHigure 4B). This is expected and make a signi cant contribution to bacterial DMSP cleavagehia t
ts with previous metagenomic predictions/oran et al., 201  ECS, highlighting the need to combine culture-dependent and
The abundance ofiddPranged from 1.91 10*to 2.34 10° -independent techniques.
copies L1, with an average of 6.03 10’ copies L 1. Unlike
dmdA thedddPgene was signi cantly more abundant in all SW
samples than in BW sample® & 0.05). This ts with DMSP DISCUSSION
cleaving bacteria being most abundant in SW where DMSP
concentrations are higher. The relative abundancddifPwas Bacterial demethylation and lysis of DMSP are important and
highestin the SW of P03 site (2.95%) and steadily decreasked astvell-established components of the sulfur cycle in marine
sites moved away from land (to 0.244% in BW of P12), showingnvironment. This study found that a relatively high proporti
a negative correlation with longitude D 0.7,P < 0.05), and (42.11%) of the tested cultivated heterotrophic bacteria had
a positive correlation with Chk concentration ( D 0.68,P  the capacity to cleave DMSP generating DMS. Of course,
< 0.05) Figure S3. This data implies thadddP may be more this is not necessarily re ecting the total bacterial conmity
prominent in bacteria that closely associate with phytoplankt since the composition of the tested cultivable bacteria it no
like Rhodobacteracea®MS concentration in ECS samples wholly re ecting the composition of the total cultivable istes,
positively correlated with the proportion of thdddPgene inthe and moreover, we cannot reliably predict the proportion of
total DMSP-degrading geneslddRtotal dmdA C dddP (r D uncultivated Dd& bacteria via the methods used hefairson
0.94,P< 0.01) Figure SJ. Although this value does notinclude et al. (2018)predicted that 20% of total bacteria in the OM-
other prominent DMSP lyase genes, correlation still implielRGC metagenomic dataset, mainly apportioned surface ocean
the competing relationship between DMSP demethylation antbacteria, contain knowrddd homologs and thus the genetic
cleavage. potential to cleave DMSP. Although this value is relativelydo
Clone libraries ofilddPwere constructed from samples of P11,than the culture-dependent work presented here, both methods
ME3, P03, P05, P10, and P12 (except BW samples of ME3 aocdn rmed that Ddd® bacteria are abundant in the natural marine
P12, since no PCR amplicon could be achieved). In total 31dnvironment.
clones were sequenced and classi ed into 13 OTlble S, Many of the ECS Ddfl isolates are of genera whose
among which OTU1, OTU2, and OTU3 were dominant. Mostmembers have been demonstrated to cleave DMSP and
representative OTU sequences were clustered with fundtionaontain known DMSP lyases, including the alphaproteobadteria
DddP sequences of Roseobacter clade bacteéigare 5), except RuegeriaLabrenzia Donghicola Sul tobacter Oceanicolaand
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FIGURE 4 | The relative abundance of bacterial DMSP-degrading genes iECS seawater samples. ThedlddP and dmdA genes were normalized against bacterial
16S rRNA copy numbers.(A) Seven different subclades ofdmdA; (B) dddP. “SW” stands for surface seawater; “BW” stands for bottom sawater; “100” stands for
seawater of 100 m depth.

gammaproteobacteridialomonaqCurson et al., 2008, 201)Lb products when probed fodddL, dddP, anddddD primers, thus
Every Ddf roseobacterial isolate and tHeabrenziaisolate we do not know the identity of the DMSP lyase in these isolates.
were found to contain either DddL and/or DddP DMSP The Ddd® Halomonasisolate which could use DMSP as sole
lyases that were all very closely related to functionaltyed  carbon source did not give a product witdhddD or any other
DMSP lyases Gurson et al., 2008; Todd et al., 200The  ddd primer sets used. Sind¢alomonasHTNK1 hasdddD, uses
AhrensiaDddL proteins predicted from the genome sequenceDMSP as sole carbon sourcéo(dd et al., 201)) and other
of LZD062 (iu et al., 201p was only 46.98% to that of sequenced bacteria of this genera contain DddP homologs, it
Sul tobacterEE-36 Curson et al., 2008 but was cloned and is most likely that thedddD and/or dddP genes in the ECS
shown to encode a functional DMSP lyase by heterogenousalomonasvere not captured by the primer sets used. However,
expression inEscherichia colBL21 (DE3) (140.01 14.63 it cannot be ruled out that the ECBalomonassolate contains
nmol DMS mg protein® h 1). These data extend our other knowndddgenes, likelddL, dddQ dddY or dddW, or even
knowledge as to what constitutes a functional DddL DMSP lyaseovelddd gene(s).
protein. Many Ddd® isolates from ECS were of genera not reported
The Ddd alphaproteobacterial isolates in the generdiefla  or even suspected to catabolize DMSP, includiitgthrobacter
and Aurantimonasare in the sameiurantimonadaceaéamily isolates in orderSphingomonadaleand many gram-positive
as Ddd Fulvimarina pelagthat contains DddL Curson et al., Actinobacteria isolates of the Agrococcys Brevibacterium
2009. However, bothliellaand Aurantimonasisolates gave no Kytococcus Microbacteriumy Micrococcus and Phycicoccus
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FIGURE 5 | Amino acid tree of representative DddP OTU sequences and thietop-hit sequences in GenBank. Xaa-Pro aminopeptidase spiences were used as the
outgroup. Stars represent the DddPs which have been experientally rati ed to be functional. The neighbor-joining tre@vas made with the Passion model.

genera. This is the rst report of any gram-positive marine In comparisonto e.g., SAR11 and Roseobacter bacteri& Ddd
actinobacteria making DMS from DMSP. None of the 5dd genera ofActinobacteriavere not abundant in the ECS samples
actinobacterial isolates gave any products with didell, dddP  and were not detected in all sampleRable 2. Brevibacterium

or dddD primer sets, nor were there any Ddd homologs in thewas only seen in SW of P05 (0.01%) and BW of P12 (0.02%).
sequenced genomes of closely related bacteria. We sedquenbécrobacteriumwas found in most samples (representing 0.06
the genomes of two Ddd Actinobacteria(Microbacterium 0.08% of total bacteria) except in the BW of P03, P05, and
ZYFDO042 andAgrococcusp. LZB059, which grew well in MAMS P07 .Micrococcusvas only found in BW and comprised less than
media and also showed relatively high Bddevels), nding 0.01% of total bacteria on average. It is unlikely these D©dd
only dddD-like gene in the genome of ZYFD042, with 35.64%Actinobacteriaonstitute major contributors to DMS production
amino acid similarity to DddD ofMarinomonassp. MWYL1 inthese environments. Further molecular work on these biaat
(Todd et al., 200/ When cloned and expressed it B. colj is required to test these hypotheses.

this DddD-like enzyme did not cleave DMSP. Thus, it is most Quanti cation of dmdA subclade genes (normalized to 16S
likely these bacteria contain novel DMSP lyase enzymesrd-utwrRNA gene copy numbers) indicated their abundant distribution
molecular work is required to identify the novel DMSP lyasein both SW (19.53 6.70%) and BW (16.00 8.73%) ECS
gene(s). samples Figure 4A), although at lower levels than previously
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reported ( 60% of bacteria) in the GOS metagenomic datédetween DMS and DMSP concentrations with the total relative

(Howard et al., 2008 This discrepancy may partly be due to theabundance ofimdA SAR11 subclade D1 and D8 D 0.72,P

limitation of primer sets that do not cover all ttbbtndAsubclades < 0.05) Figure S2Q implies that SAR11 might degrade DMSP

and/or to the selection of 16S rRNA gene as the normalizingnainly through the demethylation pathway.

gene, since some bacterial genomes have multiple copies of 160verall, using culture-dependent methods, we identify DMSP

rRNA gene Cui et al., 201p Nevertheless, this work con rms catabolizing bacterial taxa in the ECS, many of which are

that the genetic potential for the bacterial DMSP demethglati novel gram-positive DMSP-cleavidg:tinobacteriaThis further

is prevalent in the ECS. Culture-dependent work showed thatxtends the phylogenetic territory of marine microorganisms

in the majority of cases whe@mdAwas found in a bacterium, that can carry out this globally inuential process. The

the said bacterium had detectable MeSH production when growwork provides necessary model organisms to discover novel

in the presence of DMSP. However, this was not always theathway(s) and gene(s) for DMSP degradation. Also, through

case. Further work involving RNA and/or proteomics on theculture-independent methods, we nd a high proportion of

environmental and pure cultures is required to establish whfECS bacteria have the genetic potential to catabolize DMSP,

bacteria, e.g.AurantimonasZYFDO019, Henriciella ZYFB017, and highlight heterotrophicAlphaproteobacterjaparticularly

and the gram-positive strains d¥lycobacteriumLZB054 and SAR11 and Roseobacter bacteria, as key degraders. Further wor

ZYFDO013, that contairdmdA homologs but do not generate studying the activity and regulation of key DMSP lyase and

MeSH from DMSP. demethylase genes in this environment will shed light on the
In the transect of ECS studied here, we found thatelative contribution of these two competing pathways.

the concentrations of Chla, DMS, and DMSP (in the

surface seawater) gradually decreased with the distanteeto AUTHOR CONTRIBUTIONS

land (longitude), while the salinity and temperature showed

increasing trendsTable 1; Figure S2, which provided us natural X-HZ and JT designed the experiments and wrote the
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