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ABSTRACT

Di met hyl sul fide (DMS) is the most abund
oceans, i sandnai nl vy produced cblye v adgtee enz
di met hyl sul foni opropionate (DMSP)vi DMS and
the gl obal sul fur cycle and may affect cl
osmol yt e, a @r asziigmnga |l d entge rnroe netc,u |l e, an anti
anadssiank f or kwaslengiseliesed thét anly marine eukaryasesh
as phytoplanktorproduce DMSP. However, we recently discovered that marine
heterotrophic bacteriean alsoproduceD MS P, ntlzein ia pagentially important
source of DMSP At present, one prokaryotic and
enzymes nhaivde nbteief Heterdtrophiddarcit reel ii ktelhey e maj or
degraders of DMSP, using two knoMany pat hway
phytoplanktora n d s o @ alfowleagg MS.P Se efvdeinf f er ent prokar
and earkear yot isce sDvMSaPv d ybaeenevdewtri i bed. thibaigl
di stribution patt ekrnnowvwn gledsSeRbeasmmdcl€adb8e t he
of DMS P, and t he physi ol ogical and ecol ogi
organosul fur mo | ercav e s yun dvehri ctha nwdiilnlg ionip t he
DMSP and DMS production and their roles 1in

Key words: marine microorganismg i met hyl sul f oni opropi onate
sul fide ( DibESNthesisDWMSE| eav age
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I NTRODUCTI ON

The biogegias di amet hyl sul fide (DMS) is t

volatile organic sul fur compounds emitted
environment (Charlson et al ., 1987; Andrea
The amount ofosml 6ur DMEN thansferred from
approxilBdamTelgnnuall y (Ksionzek et al ., 201c¢

DMS emi ssions not only balance the gl oba
Eamst cl i mate through its oXAgdaidhdenn pDMSIuct s
di ffuses into the atmosphere, it can be rafr
(at ni ght) radi cad anttai nfionrgm pvraord uvocutss ,s usl uf cuhr
( S, met hanesul foniscesaati ds(MBR) EANdseaa et

al ., 1985; Boucher and Pham, 2002). Sul fat e
t he natural acidity of atmospheric depositi
nucl ei (CCN) in remote marsi 2 1dnv iCrhanmmemins
1987) . Changes I n CCN <concentration affe
concentration, which influences cloud al bec
(Charl son et al ., 1987) . HoweveppseHet baht
DMS biol ogical control over CCN probably o
DMS on climate has been exaggerated (Quinn

The main precurdsedrhydfsuDM® ni opropionate (
sul fur ¢ onpprooudnudc et ch aitn ipsr odi gi ous amounts (2
worl dwi de) by many homagthth e ma irnmgld yunckd rioi an ke e
phyt op(Famkuytrog0el | er et al ., 1989; Stefels et
Upon the relldaslearofDMSPt riant 0 t he environmenr
wi de range of microorganisms (Mal mstrom et

2017) and catabolised as a source of <carbo
al ., 201320RQin@reppaet,al., 2008). DMSP i s
t heprcowmduct s ahcyrdyrl caxtyep r cHPi) 8 nbayt ei n(t3r acel | ul ar
bacteri-lay a DMSdFn gyumeBulr(son et al ., 2011; Joh
i s thoughtnarhaftr aomtliyom afi ddied snedtevaerd %D MSP, v
is enzymatically cleaved to | iberate DMS (
DMSP is |likely demethyl ated by bacteri al a

of DMS, but tostédadgeaerbhéeadn of the trace
Kiene and Linn, 2000; Yoch, 2002; Howar d et

Il n al l known DMSP synthesfsomat hmea gdmi n DMS
L-met hi ¢ Migne and S l i kel vy more ra&sumdant
environments because of the high concentra
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The marine organi sms t kcaetl | ,eadk ep hDMSDP | iamdklIt wodh
di nof |l agel | actoecsc,o |diix@iKoednhiscermenselt all , , 128928 ; Ct

Kageyama et al ., 2018) , some red and greert
Greene, 1962), a few angiosperms (Otte et
al ., 2013) . More recently, it hascadreal $mu!l
make DMSP, making them a potentially i mpor:
al ., 2017) .

DMSP i s proposed to serve numerous physi
accumul ate it under different ¢éngi spemehti a
functi oni Mmad/i fvfagryent organi sms, perhaps bac
in the cell ( Tr oFsrexampleeDiMSRdetectedttie Shbréplastl 9 9 8 ) .

of the angiosperiollastoniawas onsidered t@ontribute significanyi to chloroplast

osmoregulation anchay protect photosynthetic processes from stréss p s s at et al
199Burthermor e, DMSP also acts as a carbon
synthesis may prevent the deprdieng ome roif od snpa
nitrogen | imitation (Stefels et al., 2000)

| n Rehviise w, we focus on the distribution
marine environment, the relative contributi
the productionegfadMSIPorantdo i DBIS, d t he physi
DMSP and DMS and their roles in the gl obal

DI STRI BUTI ON AQP DNMWSPHIBIWARI NE ENVI RONMENT

DMSP is wubiquitous in the euphotic | ayer
variationranhi caromceanging from | ow nanomol
concentTradbt)iecomMMS( i s produced mainly from th
al sprbedbcdddSPndependent sources (Carri-n e
certain extestoft DMS&®i sndi DMSIi shhow simil ar
the surface ocean. Here we summarise many
di stribution in | ast(T8BW)eyebBhes d¢omene MtIr8a8Bt itao
DMSP (DMSPt) wahsatd Mwayns sleasvater. The major
found within mi drarotrigauwuld(edhS, B ER)me dwhi | st
t he avail@&bs$ eo DWE®MSNIP |, concent®2anrs5 ons ar
n M.

Spatial characteristics

On a gl obalarscadd, s umpod alr regi ons, hig
concentrations Thale) lan War ycst (i eciNgtinzrasbAtidntid
and Norwegian and Greenland Seasur f ace seawater, DMS conc

observednd®p wboil e DMSPer e niop2mtMS & dd
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respectivel vy, |l i kely due to the phytopl ank

me | t Malirg et &l., 1993 Li et al.,, 2015 . Rel atively high DMS
concentrations al so occur200d9)i,n tthhee WReossts AXe
Penisula (Stefels et al ., 2018) and Cana
(Jarn2kovsg§ et al., 2018) as shown in Tabl e

I n hiaghtude and hieppMerande DMP oosncentr al
calhed “pmti weiitde t he high primary productiv
China continent al sea, the average DMS, D
summer are observed at 5.3 nM, 5.2 nM and =~
Hi gh concentratiorpoot edMER ahe &Hlusd of Me
1993) and Gul f of Saint Lawrence (Cantin
Bel gi an coastal zone showed relatively hig
t he coast al upwelhlei werdrnead bBa@apuse odf ntut i
accompanied by high DMS and DMSP concentr a
up 8 Meland DMS30 umpMt(oSpReeckaert enttraslt.i,on201:¢
of DMS apar ©&@MSIPso reported in waters off tl}
42 nM &Bdb 550M respectively (Locarnini et al
moder an el atnidvel y constant DMS concentrati ol
Quinn, 1997).

The wvertical di stribution of DMS and DN
decreasing trends from the(Tabh)h™Made mwmt er s
DMS and D#&MsSPravhons are usually found i n s
100 m below the surface, but are reduced
phytoplankton are widely recognised as the
environment, tthaits veot i sat pdii Stmgbution pa

resemble those of phytoplankton.

Seasonal cycle pattern

I n both hemispheres, DMSP and DMS <concer
cycle patterns in relation tothehabg@sand t
DMSP concentrations rise in spring and ususz¢
through autumn and winter. These tempor al

apparent-highmi atdilttude ocean r eQcieoanns ,whseurceh
the average DMS concentration reaches the
drops to the minimum (< 1 nM) in the winte
Yel IEmwt China Sea, the concel8tmOM)t i dwr ionfg DN
wimteand highe@284i 08 sMinmean@7s6i 4. I0 high
nM) than b%h3sprnM)y (Yang et al ., 2006, 201
2017) . Moving towards the equator, this se
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andemrevdi sappear s, consistent with the asso
decreasing variation in temperature or day
equator, the average concentrations of DM
t hrougheoaurt. t he vy

Diurnal cycles of DMS and DMSP concentr a
(2014) reported DMSH oad ®n cae retarsa tweornes hiing hoefrf
t han at ni ght, and the DMS concentration
mi ni muhne iemartl y morning.

Ef fect of environment al factors on DMSP an¢

The distribution of DMSP and DMS i n seaw

chemical and bi ol ogi cal factors. I n the |
chl or agpchrydadnitorn (i ndi cator of phytoplankton
most significant i mpact factor in DMSP pr o
and salinity (Li et al ., 2015) . I n mar gi
at mospheric Ilpay liumpomt, amtayr @l es i n the pr oc
(Yang et al ., 20153v.aillmbatvetl i oknn,o wni tarso g &
influencing factor in increasing intracel!/l
(Keller 8undbh20®DT7&LRB;son) .etNuatlr i2a0nlt8s | i ke si

indirectly affect DMSP production through
nanoplankton (Zhai et abhwel | 20A8Wn &®l an T A
driver of DMfe dyamaam ccVadlnl itna and Si m- , 20
driving force on DMSP degradation, the bio
marine environment have vlttpaskibleithatfallthegenc e on
factors such as nutrierlfevelsand solar radiatigrmay affect phytoplankton biomass,

which are the direct factosffecing DMSP and DMS cotentrations

The DMS and DMSP temporal cycle pattern i
of phytoplankton, pmracdwgl aakg,t bagdi ghdi DM
prymnesi ophytes (Kell er, 1989) . Hi gher pt
activities are found during the warmer and
mor e DMSP and -dmogrea doaft iioths phneatundt ,an@BMXel Ta
(1996) found tdhfatDM®SME eweratrehated more

speci fic pphwytcdmplsamkattchrer t han t o otveedyal | ph
ofScareraa(t200 2) in the northwestl|l At sagni €i ah
correlations between thedalpurydarecse opfhytdesoao
concentrations of DMS(P). I n the region wi

phyt ophaskmbhage wa&hrd/smicrha pend | b ppréayyminee)s i o
anGyrodi ni um( diilnaogfell al gaerlel at e) whose abundar
correlation with total DMSPp as well as t|
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addition, Archer et al . (20009) di scovered
producipnlgamkhtydamo i s appar en@dMSmht tden cemtsroantail
Peridinin and DMSPt concentrations showed

the substanti al contribution by the dinof]
i n -l awitteunpeer at e and northern subtropical a
the summer, when phytoplankton biDiMBass i s
summer @ariamdoxapAdd iPedlrb@993i bl e redoam(s) mi
oreither: ) stuxx@msemion from mpirmbodrucit mg ma
phytoplankton as previoWl@s$ly,prn®®®3ed?2()Sibho
DMSProducing bacterial taxa which were foul
al ., 2017) .

BI OSYNTHESI S OF DMSP

Bi osesitsh of DMSP has been identi fied [
phytoplankton, corals (Reed, 1983; Kell er
al ., 1994; Kocsis et al ., J1Au9%8ma ettt ealet, a2l0
and mosyt alescoe ndtilscoveredT Tiamh| m&Ay smar ieme alb acg
Thus, DMSP is present in all mari ne ecosys
producing organi sms, but also by other spe

producer s.
BiosynthesisoD MSP by marine eukaryotes

DMSP was first identi Polkydsi(pn®Ghladida® nige r t [&e
Si mpson, 1948) . The main DMSP producers a
phytopl ankton, and strains f hagehlel atcleady s ex
Prymnesi dphypd egpedwdrees recor ded wi t h high i
concentr at i>-a AnsM o(f Keulpl ero, 110989; Stefels, 200
hi gh producer s, DMSP biosynthesisghdas al so

e.g. diatoms (Lyon et al ., 2WI1vlg iKrett & d teisn a
(Gage et al ., 1997), and some higher plant:
coast al EBmpaird d mear fakd ot cesrinsi fel toWaalslt 2o nli A9 &)i fd od
(Hanson et al ., WP ®d )oom)yhe whi edn otcicde s ( an

summer in the Yell olWi §e)méeavdd) sSEagti n@hsi nwa t e ¢
odour (DMS is one of the compounndgs tchoent r i b
al gal decay process. Recentl vy, DMSP biosynt

ani malia with Acwmoo pcoaraaansidicsirpeepcoireash o wm uti o

produce DMSP (Raina et al., 2013). The occ!
attribut edprtomducdien g McSHrnabl i osdyirnhiitutormthnvesti gat |
al galee juvenile corals c | edaerpleyn d d @ mo nsMSPa

production by the marine invertebrates thel
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t he rewld® XBMSP bi osynthesis gene present i
Acropor a cweerrvei c s ho ws t o encoddee pandfelnnnct i
met hyl transferase, catalyzing the key enzy
transamination Ip.at havly8 )  .Cur son et a

At present, it i's known that DMSP synth
through four different pat hways, t wo met hy
and Gage, 1996 ; Kocsi s et al ., 1998) , a
dinof eagehbhptophytes, green algae and cor al
1998, Raina et al ., 2013; Curson et al ., 2
di nof | adgreliddaat a |l (, 1996) . Each of the ©prop

bi osynt hewsimt be,ginanlstehough sulfde qgquwe Bti Bteep s
the biosynthesis reactions and enzymes evol
bi osynthetic pathways must have evolved i
whet her somé ytaxenhnomicecalorgani sms such as
dinofl agell at es, haptophytes and corals wus
horizontal gene transfer event or due to th
has been fousma fowibttehspeme emember s of a ger
ot herasmmdnacta,n vary by tWwremhypytradglran.lof® magmo t |
hi ghest i ntracehbrw@ypaircacloonycemeépati @eds i n di
haptophytes anangd oiwre (Thhibadteakrdshit eat i 1989) .

Al t hough it has | ong been known that euka
of genomic sequences and mol ecular tool s f
the functional genes ihad.e Tonddy ared ecnalllye abgeu
work in bacteria (B®¥dBebheel, o w)n c ociddd greghn idae NSEAIM t
met hyl transfer ase, i n many marine al gae,
coccolithophadrnesscoarsea | DvbeYlBl meseli hegs step of
transaminati on parehvhayg-htyhdiroaxghbotr ynwr age 4( MT HI
di met hy2bytdforybut yrTaahbel; EuD2dDHB 2018) . Takal
coll eagues have recently f ounThatlhaes sii 02 y me
ps eudagnamane d (TTapoNI¢h o d e d pbMyh 2tnhee, whi ch s howe
significant homology with rabDM$P esly DISYdBsi g
genes involved in stepsther than Snethylationhave not been identifiech any
organismsso far

Biosynthesiso©DO MSP by marine bacteria

Recentl vy, DMSP bi osylnalhreesn zsi awazB gBe&tgead tae «
(Fi gdreand then al so iAl psheawerod,le oibradoleuwed iinmagr i
Oceanicola HbPE@cC2e®®jlagi baca HECEeRbOMLs i s
Sedi mi ni mon asDSdi2d dABourepnhsui s SM1r8a36488p,i t t ul a
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st elE3dl,.a aggrheMlaztéal Bh alaammddsobacuD8Ml$E3 @ xi ge
(Tabl;eCuRson et Thlese D@rieria synt hesi se [
transaminatiame pmathhwagyy udhedsby many mari ne
Through sdr.eeanggirgeR@@&83a genomic | ibrary for
bi osynthesisdgygBenncodneggeaenéuncti onal MT HE
was identified asDMER lkiegsygyenlkkesnddbpbBhert as
gene alone was sufficient to conbMSPthe ab
producing Rbacecoéi umm | .eQhiims no sari «cmt es t hat
catalyzing the productiom of ®BMSBBarntdeehe&i
are not specific Tthadds DBISH®t epirno dil € p earo ch® A ¥

met hyl transf enbageldee dghaln o me s Alfp h-al@rO0o tmeaa b ancet e
(malQués §J0. hsaysBl ati vel y btww sukal gpitc DSY
val 0eld 40, but this low level of similarit

subsequent identi DSUggdnendedcirtihleed ukmowelt ik
conditions known to affect DMSP producti on
salinity, nitrogen availadksiobwnhyt oamugriegwl tae
expression odfs ygBhree ,baas ewe lal as thle. produc
agrgeglazB033 (Curson et aldsyR04ddme ODaet aciga.
consequently the ability to synthesise DMS
the marine environment, where bacteria mus
| ow rnoigen availability.

Phyl ogenetic analysis of eukaryotic DSY

showed that DSYB and DsyB sequences for med
al |l maj or alD&iBn gtr baiprs dhearwvemes ( Cuwr dmn et &
these facts, the authors concluded that e
Dsy®8ar |l y i n tamai nt hewolwetrieombt ai ned either:
of the mitochondri al ancestor, whiah | ed t
significant proportion in eukaryotic genon
been | ost by some of 't he mudkarpyl cet ehso;r i azro n2 )e
transfer (HGT) events (Curson et al., 2018

DMSP CLEAVAGESARB@MON

Aft ersylnit hesi s, some of the produced DMSI
cryl aHR) (boy tghreo DUMSePr (AlheolsemlvreisCert s an ., 2
t al). ,H2wdwer, the vast majority of the DN
nto themwaterthel form of dissolved DMSP (|
eterotrophic microorgani sms, predomi nant |
orresponding enzymes that catalyse DMSP c
X1 st in bot h teewk aarhyiofjlieasrdeaviels siat y i n t he be
|l yasséslcodl ong to three distinct protein suyf
8
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304 eukaryotic DMSP I yase Al mal bear®dd@o reser
305 DMSP I|(Yyabks 3

306 CleavageoDMSP by heterotrophic bacteria

307 Al t hough many marine phytoplankton degr :
308 produce (Stefels 2000), mo s t of the microb
309 following its release iIintoaudedildiakgseil sed

310 zooplankton grazing or senescence of t he
311 assimilation andl idveigrgadi@addtoer iboypl am&eé on or
312 (Kiene et al ., 2000).

313 Mar i ne chtabolisedMSPaviatwo competing pathways,demethylation

314 pathway (accounting for the majority of DMSP degradation; Kiene et al 2000) and the
315 cleavage pathway. The demethylation pathway can yield the reactive gas methanethiol
316 (MeSH). The key enzyme DmdA, which belongs to the glycine cleavagetdin

317 (GcevT) superfamily, catalyses the first step in the DMSP demethylation pathway
318 (Howard et al., 2006; Reisch et al., 2008), and genes for the subsequent steps of the
319 DMSP demethylation pathway have also been fully elucidated by the Moran laboratory
320 (Reschetal., 2011a,2011b, 2013; Moranetal.,2MMSP de meis&majoat i on
321 biological control on DMS formation because it directly competes with the cleavage
322 pathway. The cleavage pathway produces the climatically relevant volatile DMS via
323 DMSP lysis or hydrolysis (Gonzalez et al., 1999), which will be described in detail here.

324 Currently, seven bacterial DMSP cleavage getusD, -L, -P, -Q, -W, -Y and-K

325 have been identified, and the enzymes they encode mediate the cleavage of DMSP to

326 DMS( Curestonal . , 2011 a; Johnston et al ., 2016
327 found i n var i odddD is lpraserit ersonaamnta@aoteabacterja

328 especially in Oceanospirillalesand Pseudomonadalesand also in some other
329 Proteobacterialike RhizobidesandRhodobacteraleoth Alphaproteobacteripand

330 Burkholderiales(Betaproteobacterip dddL, -P, -Q, and-W are mainly found in the
331 Rhodobacteraceatamily of Alphaproteobacteriawith dddP also present in some
332 eukaryotic fungi (Todd et al., 2009; iKivood et al., 2010dddYwas identified in the

333 betaproteobacteriumAlcaligenes faecalisstrain M3A and is found in other
334 Proteobacteria ie. Gammaproteobacterja  Deltaproteobacteria  and

335 EpsilonproteobacterigCurson et al., 2011b; Li et al., 201dddK was identified in

336 Pelagibacter ubiquéiTCC1062, which belongs to the most abundant marine bacterial
337 group °~ the S3IARERLI )cANhmang thegélbactridddgenesdddP

338 anddddQare the two most abundant ones in marine metagenomes (Curson et al., 2018).

339 Interestingly, the proteiproducts of thesdddgenes differ both in size and amino
340 acid sequence and belong to distinct polypeptide families. DddL/Q/W/K/Y belong to
341 the cupin superfamilgT a b | Lei et@l., 2018)and all catalyse DMSP lysis into DMS

9
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and acrylate. Biochemicahd crystal structural studies revealed that DddQ, DddW,
DddK and DddY all need metal cofactors, but that there is variability between which
metal works best for each enzyme. For example, based on its crystal structure, DddQ
from Ruegeria lacuscaerulensi$l_1157 is bound to Zn (ll), whereas the addition of
exogenous Co (II) and Mn (Il) can effectively enhance its activity (Li et al., 2014),
while Brummet et al. (2016) proposed that the addition of Zn (II) can inhibit its activity
and that F¢ ) is the appopriate cefactor. DAdQ is clearly promiscuous in which
metal cefactor it requires for activity. Based on biochemical studies, DddW fRom
pomeroyiDSS3 showed the highest enzyme activities with Fe (II) or Mn (ll) as
cofactors (Brummet et al., 2015);dBK from Pelagibactercan be activated by the
presence of Fe (I) and Ni (Il) (Schnicker et al., 2017). DddY from the
gammaproteobacteriudcinetobacter bereziniagontains a catalytic domain with Zn

(I) as cofactor (Li et al., 2017). Protein sequenceldifL show conserved active site
residues with the other cupin DMSP lyases for metal cofactor binding, but enzymatic
or structural biological studies on DddL have not been reported. DddP belongs to the
M24B metallopeptidase family (Todd et al., 2009), diké, the cupin lyases, catalyses

the cleavage of DMSP to DMS and acrylate. A study on the catalytic mechanism of
DddP fromR. lacuscaerulensi$ll_1157 revealed that mature DddP protein is a stable
dimer and undergoes an Fe ion shift during the procd3M&P cleavage (Wang et al.,
2015). DddD belongs to the class Il Goransferase family (Todd et al., 2007), and is
the only characterised Ddd that cleaves DMSP by hydrolysis and produces DMS and
3-HP or 3HP-CoA (Todd et al., 2007; Alcolombri et al., 201 Although, all the above

Ddd enzymes can act on DMSP, liberating DMS, only DddD, DddY and DddL have
high specific DMSP lyase activitiek¢atkKm; 318 M* s *for DddD; 16'6M'* s *for

DddY and 1.66 x 10M'! s 1 for DddL), whilst the other Ddd lyases have much lower
specific DMSP lyase activities (Alcolombri et al., 2014; Brummett et al., 2015; Lei et
al., 2018). It should be noted though that mucthefenzyme work is carried out with
proteins overexpressed and purified frleatherichia coland not from the natural host.
What effects this has on the activity of the enzymes and their metal content is not always
determined. The thresarbon moiety of MSP, transformed to acrylate o8 during

the cleavage process, can then enter in central carbon catabolism (Todd et al., 2010,
2012b; Curson et al., 2011, 20Rkisch et al., 2011b, 2013; Asao and Alber, 2013).

Within the Tara Oceansmetatranscriptomelata setsapportioned to marine
bacteriadddP, dddK dddQ dddDanddddLtranscriptsverealwaysdetectedand were
far more abundant thatddYanddddW which was not detectg@urson et al., 2018).
These results indicate that mostloésebacterial DM® cleavage genese expressed
in nature

Cleavageo DO MSP by phytopl ankton

It has been known for many years that marine phytoplankton can cleave DMSP
10
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into DMS and acrylateT(a b I, ¥och32002), but a eukaryotic DMSP lyase gene,
Almal, was only identifiedecently by Alcolombri et al. (2015), in the haptophyte
Emiliania huxleyi Its product Almal, which belongs tine aspartate racemase
superfamily generates DMS and acrylate from DMSP like the majority obtwterial

Ddd lyaseqT a b | Acol@nbri et &, 2015). Based on protein sequence similarity,
orthologues ofAlmal (and its paralogugsre present in a wide range of eukaryotes,
including haptophytesdinoflagellatesand corals, highlighting a wide taxonomic
distribution for this protein (Alcolombrét al., 2015). Almadlike proteinsof lesser
sequence similarity are also present in some bacteria. Only Admainesrom E.
huxleyiand Symbiodiniunhave been shown to have high DMSP lyase acti@tlier
homologuesvith lesser protein sequence simitiato the Almal fromE. huxleyj from

the haptophyt®haeocystis antarcticandthe coral A. milleporg haveextremely low
DMSP lyase activitie$<0.03 % of the activityf the SymbiodiniumAlmal homologue

and not much above the negative control) (Alcdbonet al., 2015) Thus, functional
predictions basedolely on sequence similaritgrestill very difficult andthis makes
predictions of the environmental importance very difficult without more functional
ratification. Many other eukaryotes, like spexiin Chlorophyta, Rhodophyta and
Alveolata, are also known to cleave DMSP into DMS and acrylate (Cantoni and
Anderson, 1956; Stefels et al. 1993, 1995; Nishiguchi and Goff, 1995; Steinke et al.,
2002; Yoch, 2002; Yost and Mitchelmore, 2009; Franklin.e28(10; Niki et al., 2000),

but the genes involved have not yet been identified, and further effort will be needed to
uncover these.

FUNCTI ONS OF DDMSP AN

Ecol ogi cal rol es

Marine microorgani sms encounter and i mporl
incorporate its sulfur i-cambami moi atcy disoran
which underlines the role of DMSP as one ¢
sources for many marine bacteri a. Some bac
t hese of reduced sul fur compounds such as
ecologically relevant sulfur source that t
prominent alternative pathways for sul fur
beest | 0Tripp et al., 2008).

The process i n whi ch DMSP i s degraded
significance as mentioned above. DMS is vo
emitted in | argdoamesntper (ahnumilOoOfrom the
at mosphere. This represents the | argest n a

maj or route for the transfer of sul fur fr
substantially ftiloDMBeoxyi ob@il ors uffagucts, e.

11
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S0 and DMS O, di spl ay l onger residence t
ant hr opodgeerniiveeadal®® t hus their contribution
is also greater (Lovelock et al., 1972; Chi

I n the air, theséesDBMStomsdabhdenpraodon n.l

mol ecules to coalesce and form clouds. Whe
hel ps to bring marine sul fur to the contin
S@is transportiedefsomol ahd wcaams. The r et
ocean to the | and requires atmospheric sul

compound amordege rtihvgein SBOMM8E at mosphere acts i
as described aboveseandc|tovael rceoswelrt inmagy ii mdirl
possibly even gl obal al bedd, gwandiaba ec odo!| i n
Kettle and Andreae, 2000; Sim-, 2001). A ne
in which the coolsiedg DMSf eeanti sdu &® nt d eiamdesr ¢ @
production and thus a decreased production
This would then cause a consequent decr ea:
bi omass production toCbampbeneethal feed®87
this model harsedertnlandadBlagmegsed 2011) .

Physi ol ogical and biological functions

Besides the great i mportance of DMSP and
their potenti dlheefafnadestud founr cnoil neactud ,es al s o
suggested physiological and bioTaolglead fun
However t heevried einsc el iattt lae mol ecul ar genetic |
functions in any oofr gtame spr adepsped er anaemsyy f or
being strongly suggested to be beneficial
the marine environment.

0]

DMSP

I n phytoplankton and green al gae, DMSP
osmoprotecbaettiaatdeatgergrrent , an anti oxi dant
sul fur, as well as(Tohherd4 biological functi

For the organisms with high intracell ul ar
present at physi ol ogntcatld yb e ecocervsaind e rl eedv ed sn
hel ping cells to overcome the adverse envi
when exposed I n hi gh salt conditions, t hi
Hy menomonaseklhsteanebe as hrnugh hays e300lImM (1
Kirst, 1990)prbdumanyg, DBMBBP is |likely not
e. g. someomt dirmmigreqd@ osmol ytes | i ke glycine

adopting this function (wWaisc kiscveadftoiegtait@s . ,

12
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cryoprotective activity on the model enzyme
dehydrogenase (MDH), which Avemrcaesiexhamica ear ¢
(Chl orophyt a; KBort shit daec teit & nagllti .agjlse0d 904 & n d

MDHinder freezi nigrewiotnhditth eo nasd M8 iRRopr ot uDBS8P.
b yE . huaxndyiits degradation pCoMacvts cact wnl at
oxic effects @marneantyh eoargghaing tsgnseslatt hhrusdet e

~—+

i ncreasi ng Et he woureanicealof( Wol fe and Steinke
1997) . DMSP and its breakdown product s, e .
can scavenge hydroxyl radicals and other r
servehiaghly effective antioxidants (Sunda e
2012, Curson et al ., 2018) . DMSP biosynthe
excess energy, carbon and redbotogyegheyvias
savnngrogen for <cell growth and accelerati
(Gage et al., 1997; Stefels, 2000; Bul |l ock
DMSP can also be a signal mol ecan e, attr
structuring the nmatcrarme al ntcogrmaulnliyt i @ss ddi a
ot her organisms, underpinning their health
several phytoplanktonmarcd oz@aotperainkadmone & rsSc yl
2010). Apart f riosmmst,h eDsMeS Pmiccarno qorrgoavn de under
for some reef fish (DeBose et al., 2008). /
i nduce bacterial guorum sensing, e. g., par

organic matter (POIC) al(.S,eypdsayamdmobsntson et
medi ator of bacteri al virul €&hae,lbépdSPs may

(BatGaki sh et al., 2018).
DMS

DMS is the cue for chemosensory attracti
t hat feePhbromdubMB8g phyh lpshil Mrrdartu & 1t et al ., 1
Steinke et al ., 2006) . Il n addition, as men

the degradation of al gal DMSP to DMS and a
towards thebpvoreszoamnhhe representing a ch
the phytoplankton (Wolfe and Steinke, 199
i ncreased emission of DMS into the at mosphe
byweabi feedthggmzi ng zooplankton (Nevitt and

CONCLUSI ON ANBCPROSP

Il n summary, DMS and DMSP play i mportant r
and amlhfyelcitmat e. It i's now cl ear t hat bot h
eukaryotnaegaée. gan synthesise and degrade |
contributions to environment al DMSP produc

13
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guanti fied, and the ways in which they are
parameters Waisd aitoeg d beietnh edrle ¢ 5o mglet it h é&nta sD M
can only be produced by marine photosynthe
and concentration of DMSP and DMS were ma

|l ayer s, while i1 tslkeei heepsey ODbewmnhawne bee
According to the | imited data available (C
2018) , absolute concentrations rodl abtMSvwe layn d
| ow buag!| @rm al scalDeS DMS Rl eempd oceans shoul d
further due to the i mmense water volume an

Considbaetergotr ophare hkeanotheertieaaotdr op hiat

hyt opl apnhkottoona uatroet r ophi c, WwWhapr ophgsept meakhy
nly the major contributor to DMSP product
ceans where | imited or even no sunlight
eterotrophic bacteria to DMSP production |

> O O ©

Sinke di scovery of DMSP biosynthesis in
he identificadtiyd@dntdfi st ipe okceeyssgenmany ot her
ave also been found to produce DMSP. Howeyv
ewly ediedcopPpMBBUCI ng badtrearnisacr iaptdo ntelrse of
ukaryotes, MDe yIB D YBpIMdVae détieghedc h &t

di ffiesenymes or even DMSP biosynthesis pat
further exploredat Asnf onoolNstRnoeth ékgmacdndn

ddDbDMSP Igyeanseesrdeet ect ed i n t hteh@EMS®&d a@rvii mtgo me
eukamiyoatmed t he g enpornoeksa AayfoitOhdscdb asbobenbdbwael DMS
cleavage gene(s) stil!]l exist to be discove

® S5 =TT

Manmari ne baktteapgganfdgseemalooceani)coalnad bat s
al gaeE.(ehwnBRepeosyPpstnios only make DMSP but
compostnaef el s and BigkhhombenCeldd®9@m;; et 28115, 2

Wh a 't aeedadcenous and/ or external i ncenti ve
physi ol ogical rel evance? How are these coc
regul ated in one organism? The functions of

need t o bemovleerciufliaerd gaetnueatni scw elreevde | g u eTshteisoen s
the focus farepoar studuee bn the molecul ar

bi osynthesis and degradati on, and their re
cycl e.
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TablTehel di st DMSandtDM$Prin typital sea areas reported in the literature
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Table 2Major representative DMSProducing biological taxa

Taxonomic position Species or Strain Biosynthesis Key Enzyme & Intracellular DMSP DMSP Reference
(phylum/class/family) Pathway Pepide type Concentration (mM)* Production*
ALGAE AND CORALS (EUKARYOTE)
Haptophyta/Prymnesiophyc: Chrysochromulina tobin Transamination DSYB; MTHB 0.611 £0.08 N.T. Curson ¢al., 2018
ae/Chrysochromulinaceae CCMP291 methyltransferase
Chrysochromulinap. Transamination DSYB; MTHB 0.196 £ 0.0394 N.T. Curson et al., 2018
PCC307 methyltransferase
Haptophyta/Prymnesiophyc Prymnesium parvum Transamination DSYB; MTHB 54.3 +5.97 N.T. Curson et al., 2018
ae/Prymnesiaceae CCAP946/6 methyltransferase
Prymnesium parvum Transamination DSYB; MTHB 20.6 £ 3.05 N.T. Curson et al., 2018
CCAP941/6 methyltransferase
Prymnesium parvum Transamination DSYB; MTHB 53.8 £4.58 N.T. Curson et al., 2018
CCAP946/1A methyltransferase
Prymnesim parvum Transamination DSYB; MTHB 35.5+1.50 N.T. Curson et al., 2018
CCAP946/1D methyltransferase
Prymnesium parvum Transamination DSYB; MTHB 48.4 +6.29 N.T. Curson et al., 2018
CCAP946/1B methyltransferase
Prymnesium patelliferum Transanmation DSYB; MTHB 25.3+2.39 N.T. Curson et al., 2018
CCAP946/4 methyltransferase
Haptophyta/Prymnesiophyc: Hymenomonas carterae Unknown Unknown 120 N.T. Vairavamurthey et al.,
ae/Hymenomonadaceae 1985
Haptophyta/Prymnesiophyc Phaeocystisp. Unknown Unknown 717 169 N.T. Stefels and van Boekel,
ae/Phaeocystaceae 1993
Haptophyta/Chrysophyceae Ochromonasp. Unknown Unknown 529 N.T. Keller et al., 1989

Chromulinaceae
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Haptophyta/Coccolithophyci Emiliania huxleyiBT6 Unknown Unknown 166 N.T. Keller et al., 1989
ae/Noelaerhabdaceae
Bacillariophyta/Bacillarioph  Fragilariopsis cylindrus Transamination DSYB; MTHB 6.71 £0.92 N.T. Lyon et al., 2011; Cursor
yceae/Bacillariaceae CCMP1102 methyltransferase etal., 2018
Bacillariophyta/Coscinodisc Thdassiosira pseudonana  Transamination TpMMT; MTHB ~201 30 ~1 & mo | Kageyamaetal., 2018;
ophyceae/Thalassiosiraceaxt methyltransferase fresh mass Kettles et al., 2014
Bacillariophyta/Coscinodisc Melosira numuloides Unknown Unknown 264 N.T. Keller et al., 1989
ophyceae/Melosiraceae
Dinophyta/Dinophyceae/Sy Symbiodinium Transamination DSYB; MTHB 282 +£35.0 N.T. Curson et al., 2018
mbiodiniaceae microadriaticumCCMP2467 methyltransferase
Dinophyta/Dinophyceae/Cry Crypthecodinium cohnii Decarboxylation Unknown;L-Met  N.T. 10?110%e g / Uchidaetal., 1993 &
pthecodiniaceae ATCC e32001 decarboxylase culture 1996; Kitaguchi et al.,
2008
Dinophyta/Dinophyceae/Gy Gymnodinium nelsonii Unknown Unknown 280 N.T. Dacey and Wakeham,
mnodiniaceae 1986
Dinophyta/Dinophyceae/Prc Prorocentrumsp. [I1B2b1 Unknown Unknown 1,08 N.T. Curson et al., 2018
ocentraceae
Chlorophyta/Chlorophyceae Platymonas subcordiformis Unknown Unknown 170 N.T. Dickson and Kirst, 1986
Volvocaceae
Chlorophyta/Ulvophyceae/U Ulva lactuca Unknown Unknown N.T. 231128 Greene, 1962; Reed,
Ilvaceae mmol/g fresh 1983; Van Alstyne et al.,
mass 2007
Ulva intestinalis Transamination Unknown; D N.T. 7134 mmol/g Gage et al., 1997; Reed,
MTHB S fresh mass 1983; Van Alstyne et al.,
Methyltransferase 2001; Summers et al.,
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Ulva pertusa Transamination Unknown; MTHB  N.T. ~12137 Ito etal., 2011
S emol /g
methyltransferase mass
Rhodophyta/Florideophycee Hypnea spinella Unknown Unknown N.T. 0.020.2 Bischoff et al., 1994
e/Hypneaceae mmol/g fresh
mass
Rhodophyta/Florideophycee Polysiphonia fastigiat#& Unknown Unknown N.T. N.T. Challenger and Simpson
e/Rhodomelaceae Padlysiphonia nigrescens 1948
Polysiphonia hendryi Unknown Unknown N.T. 8130 mmol/g Van Alstyne et al., 2001
fresh mass
Polysiphonia lanosa Unknown Unknown N.T. 4597 Reed, 1983
mmol/g fresh
mass
Rhodomk confervoides Unknown Unknown N.T. 4i8 mmol/g  Reed, 1983
fresh mass
Chondria coerulescens Unknown Unknown N.T. N.T. Chillemi et al., 1990
Streptophyta/Liliopsida/Poar Spartina alterniflora Methylation Unknown; l-Met  N.T. 29. 0 ¢ 1 Kocsis etal., 1998
eae methyltransferase fresh mass
Saccharunspp.(sugarcane) Unknown Unknown N.T. 6 € mol / Paquetetal., 1994
fresh mass
Streptophyta/Asteraceae  Wollastonia biflora Methylation Unknown; L-Met  N.T. ~12130 Hanson et al., 1994;
methyltransferase emol / g Jamesetal., 1995
mass
Cnidaria/Anthozoa/Acropori Acropora cervicornis Transamination DSYB; MTHB N.T. N.T. Curson et al., 2018
dae methyltransferase
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Acropora millepora Transamination  Unknown N.T. ~2.55.2 Raina et al., 2013
nmol/mn?
Acropora tenuis Transamination  Unknown N.T. ~3.116.0 Raina et al., 2013
nmol/mn?
BACTERIA (PROKARYOTE)
Proteobacteria/Alphaproteol Pseduooceanicola batsensi: Transamination DsyB; MTHB 6.3 405+0.2 Curson et al, 2017
acteria/Rhodobacteraceae HTCC2597 methyltransferase pmol/ug
protein
Pelagibaca bermudensis Transamination DsyB; MTHB 40.6 259 £52.7 Curson et al, 2017
HTCC2601 methyltransferase pmol/ug
protein
Sediminimonas giaohouens Transamination DsyB; MTHB 19.1 122 + 4.6 Curson et al, 2017
DSM21189 methyltransferase pmol/ug
protein
Sagittula stellatée-37 Transamination DsyB; MTHB 1.7 11.1+0.3 Curson et al, 2017
methyltransferase pmol/ug
protein
Proteobacteria/Alphaproteol Labrenzia aggregata Transamination DsyB; MTHB 9.6 99.8+1.2 Curson et al, 2017
acteria/Stappia_f LZB033 mehyltransferase pmol/ug
protein
Labrenzia aggregatéAM Transamination DsyB; MTHB 5.1 329127 Curson et al, 2017
12614 methyltransferase pmol/ug
protein
Proteobacteria/Alphaproteol Amorphus coralli Transamination DsyB; MTHB 1.3 8.2+0.2 Curson et al, 2017
acteria/Rhodobiaceae DSM19760 methyltransferase pmol/ug
protein
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Proteobacteria/Alphaproteol Thalassobaculum salexigen Transamination DsyB; MTHB 0.8 48+1.6 Curson et al, 2017
acteria/Rhodospirillaceaen  DSM19539 methyltransferase pmoliug
protein

*Values that were taken from the literature with various incubation conditions and culturing media. # Per liter of celIN@lymot tested
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TablIMaj3or

r e pDMSRdegradiagtbiologeal taxa

Taxonomic
(phylum/class/family)

positn Strain

Degradati

DMSP br e

onenzyme pr oduct

Pol ypeptide

Crystallization, ce
factor and key aminc

Reference

acid residue
BACTERIA (PROKARYOTE)
Proteobacteria/Alphaproteol Roseobactesp MED193  DddW DMS and acrylate cupin superfamily no Todd et al., 2012
acterid Rhodobact RuegeriapomenDSS3 DddwW DMS and acrylate cupin superfamily no Todd et al., 2012
Brummet et al., 2015
DddQ DMS and acrylate cupin superfamily no Todd et al., 2011
DddP DMS and acrylate M24B metallopeptidas¢ no Curson et al., 20HL
family (COGO0006)
DmdA MMPA plus Glycine cleavage syster no Reisch et al., 2008
X Gh which X T family (COG0404)
is tetrahydrofolate)
Ruegeria lacuscaerulens DddQ DMS and acrylate cupin superfamily yes, Zit*, Tyrl31 or Lietal., 2014
ITI_1157 Fe3, Tyr120 Curson et al.,, 2011k
Brummett et al., 2016
Roseobacter denitrificans DddP DMS and acrylate M24B metallopeptidas¢ yes,F &* Hehemann et al., 2014
family (COGO0006)
Ruegeria lacuscaetensis  DddP DMS and acrylate M24B metallopeptidast yes, Zi*, Wang et al., 2015
family (COGO0006)
Roseovarius  nubinhiber DddQ DMS and acrylate cupin superfamily no Kirkwood et al., 2010
ISM DddP DMS and acrylate M24B metallopeptidas¢ no Todd et al., 2009
family (COGO0006)
Sagittula stellateE-37 DddD DMS and 3HP Cla§s Il CoA transferas no Curson et al., 20HL
family (COG1804)
Di nor oseobac DddL DMS and acrylate cupin superfamily no Curson etl., 201k
DFL 12
Sul f i tsoh a cEtEe DddL DMS and acrylate cupin superfamily no Curson et al., 20HL
Proteobacteria/Alphaproteol Alcaligenes faecalis3A Dddy DMS and acrylate cupin superfaity no Curson et al., 201l
acteriaAlcaligenaceae
Proteobacteria/Alphaproteol R h i z oNoG Ru2n8 4 DddD DMS and 3HP Class lll CoA transferas no Todd et al., 2007

acteria/Rhizobiaceae

family (COG1804)
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Pr ot e o Blphaproteobi Pelagibacter ubique DmdA MMPA plus Glycine cleavage syster yes, THF used a Reisch et al., 2008
acteriaPelagibacteaceae X Gih which X T family (COG0404) methyl acceptor
is tetrahydrofolate)
DddK DMS and 3HP cupin superfamily yes, Fé*Zn?*, Tyr64 Schnickeret al., 2017
Pr ot e o Bammnapeoted Mar i noMwYilas DddD DMS and 3HP Class lll CoA transferas no Todd et al., 2007
bacterik Oceanospi family (COG1804)
Pr ot e o Bamnapeoted Acinetobacter bereziniae DddY DMS and acrylate cupin superfamily yes, Zit*, Tyr271 Lietal., 2017
bacteria/Moraxellaceae
Proteobacteria/Gammaprote Shewanella  putrefacien DddY DMS and acrylate cupin superfamily no Curson etal., 2011 Lei
bacteriabhewanellaceae CN-32 etal., 2018
Proteobacteria/Gammaprote HalomonasHTNK1 DddD DMS and 3HP Class lll CoA transferas no Todd et al., 2010
bacteriadHal| o monad family
Proteobacteria/Betaproteob Bur k hol der i a DddD DMS and 3HP Class lll CoA transferas no Todd et &, 2007
cteriaBur khol der AMMD family (COG1804)
Proteobacteri&psilonproteo Arcobacter nitrofigilis DddY DMS and acrylate cupin superfamily no Curson et al., 204l
bacteria/Campylobacteracei DSM7299
Proteobacteri®eltaproteoba Desulfovibrio acrylicusp. DddY DMS and acrylate cupin superfamily no Van der M.
cteria/Desulfovibrioneeae Ha n s e n;, Cursbroet
al.,, 201b

ActinobacteridActinobacteri Rhodococcus sp. DY1, Unknown DMS and N.A. N.A. Yoch et al., 2001
a/Nocardiaceae DY5, DY6, DY7 & DY8 acrylate/3HP
Firmicutes/Clostridia/Clostri Clostridiumsp. Unknown DMS and acrylate N.A. N.A. Wagner and Stadtmai
diaceae 1962
ALGAE & FUNGI (EUKARYOTE)
Ascomycota/Eurotiomycetes Aspergillus oyzaeRIB40  DddP DMS and acrylate M24B metallopeptidas¢ no Todd et al., 2009
[Trichocomaceae family (COGO0006)
Ascomycota/Sordariomycett Fusarium  graminearurr DddP DMS and acrylate M24B metallopeptidas¢ no Todd et al., 2009
s /Nectriaceae ccl9 family (COGO0006)

Fusarium culmorunffu42  DddP DMS and acrylate M24B metallopeptidas¢ no Todd et al., 2009

family (COGO0006)

Haptophyta/Prymnesiophyct Emiliania huxleyiHL373 Almal DMS and acrylate aspartate racemas no Alcolombri et al., 2015
aeNoelaghabdaceae superfamily
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E. hBXl6e vy i Unknown DMS and acrylate N.A. N.A. Yoch, 2002
Haptophyta/Prymnesiophycc Ph aeos pst i s Unknown DMSandacrylate N.A. N.A. Stefels et al., 1995
aecPhaeocystac:i
Al veol at a/ Di r Symbiodinium Unknown DMS and acrylate N.A. N.A. Yost and Mitchelmore
bi odi ni aceae microadriaticum; 2009

Symbi odpni unmAlmal DMS and acrylate aspartate racemas no Alcolombri et al., 2015

superfamily

Al veol ata/ DirScrippppel | aUnknown DMSandacrylate N.A. N.A. Niki et al., 1997
acosphaeracece
Al veol ata/ DirHeterocapsa Unknown DMSandacrylate N.A. N.A. Niki et al., 2000
rocapsa NI E7S
Chl or dJdplytead) Ulva lactuca Unknown DMS and acrylate N.A. N.A. Diaz et al. 1994
|l vaceae
R h o d o [Floriggoghycea Polysiphonia paniculata  Unknown DMS N.A. N.A. Nishiguchi and Goff,
e/Rhodomelaceae 2010

Polysiphonia lanosa Unknown DMS and acrylate N.A. N.A. Anderson and Canton

1956

N.A. notapplicable MMBPAf hyl mercaptopropionat e.
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T a b | Fanctibns of DMSP and DMS

Functi . . : :
Compout;pes Specific functi ocRel ated organi sms References
DMSP Physio Osmopr ot ect ant Poterioochromonas malhameng&/nurophycede Kirst, 1990; Vairavamurthy e
functi Dunaliellaspp.Ch |l or opphyceace al., 1985

Polysiphonia lanoséF 1 or i de)o,phycea
Blidingiaminima(Ul vophyceae
Ulvalactuca(Ul vophyceace

some Rhodoploeae;

some Phaeophyceae

Cryopr ot ect ant Acrosiphonia arctgUlvophyceae); Karsten et al.1996
Microcoleus chthonoplasté€yanobacteria);
Enteromorpha bulbosgJ| vop h;yceae
Ulothrix subflaecidgK| ebsor mi di oph

Antioxidant Phaeocystisp.Ha pt ophyceace Sunda etal.,, 2002;L e s ¢
Emiliania huxleyi(Haptophyceae 2006 ; Hat alb2ah1o
Prymnesium parvurfHaptophyceae Curson et al., 2018

Thalassiosira pseudonarfd i a) o m
Skeletonema costatufeh i a) o m
Pfiesteria piscicidgDinophyceae)

Sink of e X c e ss photosynthetic marine algae and higher plants Gage et al.,, 1997; Stefe
reduced equi val ee.g.Enteromorphaintestinali@!l v oplhycea 2000;Bullocketal., 2017
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https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=33859&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=2830&lvl=3&lin=f&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=2830&lvl=3&lin=f&keep=1&srchmode=1&unlock

Saving nitrogen
accelerating sul
environment

Bi ol og
funct.i

Rebwving t h e thérmaakr Acropora millepoa andAcropora tenuigc o J; a | Raina et al., 2013
stressand i gnal mol e
certain benfedri cc

Predator deterrent Emiliania huxleyiHaptophyceae Wolfe andSteinke, 1996

EmilianiahuxleyiHa pt op)hyceae BarakGavish et al., 2018
Mediator of bacterial virulenc: SulfitobactefA|l phapr of;eobact er
associated with regulation of. Pseudoalteromonas piscicig@a mmapr ot e
huxleyiblooms

Chentoraact ant Silics pAd pthearpr o) eobact er Mileretal., 2004; Seymour €
reef fishes al., 2010; DeBose et al., @8

B a ¢ t guoriimasknsing inducer, Ruegeria pomeroypSS3 (Al phapr of e o b Seyedsayamdost et al., 2011
rel ated to decom Johnson et al., 2016
particulate organic matter (POC)

Ecol og
functi

The main precursor of DMS N.A. Stefels et al., 1993; Hill et al.
1998

39


https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=2830&lvl=3&lin=f&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=28211&lvl=3&keep=1&srchmode=1&unlock

Bi ogeochemical
carbon in the

¢ N.A.

Curson et al., 2011a

Chemoattractant

Antioxidant

Di omede aadkawclhampgs i I( Aves]
fish over <cor al
cal andieacn@andon@gcopepod) ;
Fl agedndatceisl i at es;

Emiliania huxleyiHaptophyceae)

Phaeocystisp. (Haptophyceae)

Skeletonema costatui@oscinodiscophyceae)

reef s;

Steinke et al., 2006;DeBose
and Nevitt, 2008; Nevitt, 200:

Suncetaal., 200PR e s s
2006

DMS Bi ol og
functi
Ecol og

funct. i

Climatecooling gas, which is the

precursoiof sulfuric cloud
condensation nuclei (CCN)

increasing cloud formation and thet

the albedo of the earth

The greatest flux of organosulfur
from the ocean into the atmosphere

N.A.

N.A.

Ease the stratif NA.

formosaitive feed

Charlson et al., 1987Ayers
and Gras1991; Andreae ani
Crutzen 1997

Lovelock et al., 1972; Chii
and Jacob 1996; Kettle anc
Andreae 2000
Lovelock, 2006

N.A. nat applicable.
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Figure | egends

Figumlfaelfate of di methyl sulfonioprop3gBahgd(OMBELCOHNpNd@n alituehecbynldert
nucDMB@ i med hhiyfl;0eiSAHe met MBMRAAI hmeott hyl mer T@At opriopaimpatetrahgdr df

FiguGree@&n tide outbreak in the. beach of Qingdao, China in July 2C¢(

FigePBedicted pathways for DMSP biosynthesis in higher pFants, cc
Wol | a¢$ apmirdainma b aScttreerpit)ao n(ybc) € s ntal cyEao B € g @ )m,0 ( ¢ ihTaht eolness, B(e bia)sar apr ymnesi opl
(Emi 1) anpaasTentorpahsyetl ecfsaolp o@mdubfbabegmtzica and (Arywtf H @ajged d jait Lem

AbbreviMati omeAdiodMeraddrerea®syl met hi ocadiemelshy)hmdlodycst, ei®&Sh € ; DVME®PR hyde; MMPA

met hyl mercaptopropionate.

Fi gdMer pholtdhey maMbel ang r DM als ther i lad b rseemrzaii ab 2803 >.ga(tAm) Pl ate streak
Fl uorescence microscopy of LZBG®G33 omelellecdtraainnend cwiotsit oPAPIlof @©@)l T
Broth soudblberee, 1( D) Transmission electron microscopy of transectdi

ul tramiscadlaeomy, 500 nm.



