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Abstract

In the last two decades, particular interest has been givbe tycle of dimethylsulfide (DMS), a
climate active gas, and its precursors the dimethylsulfoniopropionate (DMS®&)the

di met hyl sul foxide (DMSO). DMS is involved in
are produced by a wide variety of mierand macroalgae, corals, bacteria, or angiospénms
resposeto diverse environmentatressesSeveral functionbave beesuggested for these sulfur
compounds such as antioxidgntryoprotectars overflow mechaniss) osmolyte, zooplankton
deterrent®r signalling compounds.

This research aims at improving the knowledge about the antioxidant role of DMS(P,0) within
three major phytoplankton groups: diatone.(Skeletonema costatyyrPrymnesiophyceas.€.
Phaeocystis globo3aand dinoflagellateif. Heterocapsa triquetra The experimentalresults
demonstratéhat cellular DMS(P,0) havthe ability to lower cellulareactiveoxygen species
concentrationgroducedduring highlight and chemicallynduced oxidative stressethus
supporting the antioxidant functiotdowever, the initial DMS(P,0) concentrations of each
speciesare not informative of thg ability to tolerate a further oxidative stressand their
concentrationsdo not increase in highight grown cells. The DMSP,0) may then act as
antioxidantswithout being part othe antioxidant response of the ciélle recommendanalysing
more constituents dhe antioxidant system.¢. enzymes, carotenoidssdox buffer) along with
DMS(P,0O) byproductsand DMSPlyase activity to betteunderstand the cellular function of
DMSP.

Field measurements in the North Sea, including the Belgian Coastal Zone (BCZ) and the Northern
North Sea (NNS), limg additional information on the DMS(P,OJariatiors. While abidic
parameters (nutrientdemperature and incident light) influence the Chlorophwl (Chl-a)
concentrations in the BCZ, this impasnot reflected in the DMS(P,0) concentrations. The latter
depend orthe succession of lovand highDMSP producing speci€se. diatoms an&haeocystis
respectively)In the NNS in Augustno distinct patternanbe drawn for the DMS(P,O) evolution
regardingthe phytoplankton diversity or abiotic parameténsestigated by correlations beteve
DMS(P,0), photoprotective pigments and incident lighe, antioxidant functioms not observed
for this shoriterm period of sampling in a temperate sBased on Ch& linear regressions,
DMS(P,0O) concentratioreresuccessfullyestimatedvith two didinct relationships for diatoms and
Prymnesiophyceae in the BCHowever,this estimationlacks accuracyin the NNS due to the
mixed phytoplankton community observed. Further weitk providea better understarolg about

the antioxidant functioni especily on the fieldi and itsassociationwith the phytoplankton
diversityin temperate regions such as the North Sea.
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R®sS um®

Un intérét grandissant est né ces deux derniéres décennies pour le cycle du dimethylsulfide (DMS)

et ®sprécursews le dimethylsulfoniopropionate (DMSRt le dimethylsulfoxide (DMSO). Le

DMS est impliqué dans le budget radiatif terrestre alors que les DMS(P,0) sont produits par une
grande variété de macro et microalgues, coraux, bactéries et certains angiospermésopdre

aux pressions environnementales. Plusieurs fonctions physiologiques leuré caitribiées

avecent re autres deslecrybplotecesrd 6oaun tei nocxoysdea ndté o s mo | y t
Cette recherche a pour but drileaanti®dydad du®MS(P,@s c on
au sein de trois groupes phytoplanctoniques majdassdiatoméese(g. Skeletonema costatym

les Prymnesiophyceae..Phaeocystis globojat les dinoflagellése(g.Heterocapsa triquetra

Les résultatexpérimentauwont mis en évidencgque les DMS(P,0) ont la capacité de réduire les
concentrations en d®riv®s r®actifs de | d6oxyg
supportant ainsi l eur rtle doantioxydarmndes. Cer
chague esp ce ndéinforment pas sumboblaasgrmmma eandi t
|l ors de stress lumineux ~ long ter msesansipairs DMS(
autant faire partie de la réponse antioxydante de la cellule. Nous sugdésoltssd 6 anal yser

| 6ensemble du syst me ant is,danpod eedok) dg neEmeque l&sn z y me
sousproduits doéoxydati on du-lydBevii@(r Pnjed)comerendré l@act i v
fonction cellulaire jouée par le DMSP.

Des mesures de terrain en Mer du Nord, incluant la Zone Céotiere Belge (ZCB) et le Nord de la Me

du Nord (NMN), apportent un regard supplémentairéesuvariationslu DMS(P,0). Alors que les
parametres abiotiques (nutriments, température et lumiére incidente) influencent la concentration

en Chlorophyllea (Chl-a) en ZCB, cet impact ne se refleteaspdans les concentrations en
DMS(P,0). Ces derniéres sont déterminées par la succession de faibles ptoftutdeurs de

DMSP (diatomées ePhaeocystisrespectivementAu moi s dbéaod&tican pHMNtern
°tre identifi® dUs@®O)parrapdordaRlar diversitdé phydoplandtanique et les
parameétres abiotiquesttudiée grace aux corrélations entre le DMS(P,0), les pigments
photoprotecteurst la lumiére incidentda fonction antioxydante 6a pas ®t ® obser ve
courte p®riode dob®c h aBuasés dulles regresgioes limeairesnaeec la Ché mp ® r
a, lesDMS(P,0) ont été estimés avec succo&s ZCB avec deux relations distinctes pour les
diatomées et les Prymnesiophyce@ependant, cette st i mati on nda pas ®t ®
NMN en raison doéune ¢ ommu nDesrecRercipel suppEmdntaire t o n i
permettrontde mieux comprendre la fonction antioxydaiiten particulier sur le terraih et son

lien aveda diversité phytoplanctonique des régions tempérées comme la Mer du Nord.
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1 CLAW hypothesisaand its potential climate regulation

In 1974, one of the greatetfteories osymbiosis wasdvancedy James Lovelocknd Lynn
MargulisastheGaiahypothesisTheyclaimed that mutual benefits occur between communities

of organisns and their espective environmesi{Lovelockand Margulis, 1974 Thedefinition

of Gaiais:. aficompl ex entity involving the Earthos
totality constituting a feedback or cybernetic system which seeks an optimal physical and
chemical envir on me r{lovelbck and Margtilie, 199/4They donsidered | a n e t
that all living organisms constituting the biosphere can act as a single entity to regulate chemical
composition, surface pH and posgilallso theclimate.In other words, this suggests that our
remarkably stable climate and atmospheric composition on HEarthe result of active
intervention by liféforms (Ayers and Cainey, 2007)This Gaia hypothesis haled to
extrapolation, interpolation and is under debate on how forms of biological homeostasis are
maintained, or not, on this plar{@bhnston et al., 2008pf course, this theory needs some hard

data to suppoiit.

In 1972, Lovelock et aldiscovered thalimethylsulfide DMS) as the predominant form of
sulfur emitted from theoceanto the atmosphere and thence to the Madorecipitation. Tis
provides the critical missing link in the global sulfur cycle. Before this revelation in 1972,
hydrogen sulfidéH>S)was considereth bethe key component in this cyclkend yet attempts

to detect HS have alwayfailed,and the ocean surface waters are much too oxidising to permit
its existence at the concentrations needed for the equililmiuhe sulfur cyclgLovelock et

al., 1972 Yoch et al., 200 A decade laterhie discovery of DMS kto the CLAW hypothesis
anacronymfor the surnames of the four authors of the papeavas proposed dsllows: the

rate of DMS emissions have a homeosta#fisct on global cloud cover, and hence on climate
(Charlson et al., 1987; Joloa et al., 2008) (Figl-1). The CLAW hypothesisvas thusthe

perfect examplef the Gaia hypothesiescribed previously

The CLAW hypothesisoriginates fromShaw (1983) atmospheric oxidation of sulfur gases
produces aerosols that might affect the climatitbyencingthe radiation balance. From there,
three discoveriesllowedthe possibility to quantify thiheoryand bring the CLAW hypobiesis

to light (1) a wide range of phytoplankt@roduces DMS which escapeinto the atmosphere
whereit reacs with hydroxyl radicas to form sufate and methane $ahate (MSA) aeross|
(2) thesesulfateaerosad arepresent everywhere in the marine atmospheric boundary (8Yer;

the samesulfateaerosols act as clotmbndensation nuclei (CCN) in the marine environment.
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CCN are microscopic particles less than 300 nm that concentrate water vapor droplets to form
clouds. QCN can affect the amount of solar radiation reachingghe t hés surf ace
cloud dropletstheirnumber concentrationand size, and, as a result, the cloud reflectivity or
albedo Twomey, 1974Gali et al., 2018)The albedo can be definad the fraction of incident

light from the sun which is reflected back into space byBlh. The light not reflected is
absorbed by the atmosphere, oceans and land maintaining the climate and maKsththe
habitable (Twomey, 1974).

As it is schematisd on the Figl-1, due to the increase of anthropogenic greenhouse gases such
as methane CHs) and carbon dioxide €CO), theEar t h 6 s tiseimreasingdJhderr e
warming conditions, the phytoplankton growth regeenhanced, producingigher leves$ of
biogenic DMS precursors dimethylsulfoniopropionate (DMSP) and dimethylsulfoxide
(DMSO) (here afterDMS(P,0)). The DMS flux from the oceans to the atmosphere would
thereforeincreaseOnce in the #mospherethe oxidaion of DMSwould act asCCN through

the sulfate formatioand thuscut off the level of solar radiation. This would, in turn, drop the
temperatureand could result in changes in the speciation and abundance of phytoplankton
producing DMS completing a lspheremediated negative feedback loop(Fig. 1-2a)
(Charlson et al., 1987dohnson et al., 2008Quinn and Bates, 20LIFeedbacks are processes
that amplify or dampen the effect of a forcing (Carslaw et al., 20h@) original authors even
suggested that this feedback loop could be exploited to counteract the effect of increasing

atmospheric Cg) alleviating the effect of global warming (Green and Hatton, 2014).

Nevertheless, after almost three decades of research for evidence of a diogggitation of
climate through marine sulfur emissions, several arguments must be reviewed. The first is the
apparent altruism of algal populations, as this prior homeostasis regulation will benefit all the
plankton as well as the entire biosphere (Dasakil982 in Simo, 2001; Brimblecombe, 2014).

To overcome this evolutionary feasibility, Hamilton and Lenton (1998) suggeshénkcal
biogenic CCN releaseheat energy of phase change, inducargincreag of local air
movementsand promang the aerid dispersion of the DM$roducer phytoplankton cells.
However, DMS emissions also occur with Aginoming events and mixed assemblages of
phytoplankton species, dispersing cells of competitors as well (Sim6, 2001). The evolutionary
view of DMS productiong outlying since phytoplankton do not produce DMS directly, seen
as by or waste products of its main precursor DMSP (Simg, 2001).
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Figurel-1: Schematic illustration of the hypothetical influence on the climate system of tisM®) (inspired by Charlson

et al., 1987; Quinn and Bates, 2011; Wittek, 2019). The increase of ocean temperature due to anthropogenic emissions (CO
and CH) would enhance the biogenic DMS(P,0) production, leading to the increase of DMS emissiordntmtphere. Its

further oxidation into S@and S@* (non-seasakSQ:*) would increase the cloud condensation nuclei (CCN) and then the
cloud droplet number (CDN) concentrations. This latter promote the increase the cloud reflectivity or albedo. This would, in
turn, cut off the solar radiation to the earth surface, decgésinlight and energy inputs to the ecosys®oestions remain
regarding the positive or negative feedback lodpe SQ* would also participate to the wet and dry sulfur deposition and
acidic rain.

The second argumetat be reviewed deslvith the thre pointsevokedn the preedingCLAW
hypothesis: (1) that DMS is a significant source @EN; (2) that variations inCCN
concentrations derived from DMS woudtter thecloud albedo; and (3) that a change in cloud
albedo, surface temperature and/or sodaliation will lead to a change in DMS production
(Quinn and Bates, 2011Actually, step 1 can be discusdeaim threekey perspectives

(1) There is strong evidence between seasonal DddBate aerosols and CN but the
chemical composition and the senstinvof CCN to changes in DMS emissiohave to
be considere(Quinn and Bates, 2011 and citations theré\s)a matter of facthe link
between DMS and CN in the atmosphere is y&t beclearly identifiedasonly 007%
of total CCN is induced by amcrease of 1% of DM8ux for the Southern Hemisphere.
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This sensitivity drops to 0.02% for the Northern Hemispl@dfeodhouse et al., 2010)
In fact, the CCN sensitivity can vary by a factor of 20 between marine regions
(Woodhouse et al., 2013).

(2) These lav sensitivity results are due to the abundance of CCN derived frorD K&
sources and anthropogenic emissions (Woodhouse et al., 2010; Quinn and Bates, 2011).
Actually, seasalts and organic materials can also ageerator®f CCN after their
expulsion in the atmosphere by wind or wan®vement(Carslaw et al. 2010Q)with
seasalts malkng up a largeportion of CCN creation(Carslaw et al., 201@Quinn and
Bates, 2011). If these particlese already sufficiently large to serve aR, the
addition of DMS-derived sulfur to the particle will not increase the number ©NC
(Quinn and Bates, 2011).

(3) DMS emissions varpetween marine regiordue to wind speed and phytoplankton
distribution and do not always cause a correlated increase in @@Gdhouse et al
2010; 2013) The oxidant concentration for thether DMS oxidationstrongly affects
the potential of the DMS to make new aerosols (Woodhouse et al., Zg&@rmation
of sulfateaerosas due to DMS oxidatiortanalsobe involved in acid rains aulfur
deposition (Woodhouse et al., 2013).

Moreover, the cloud formation and resulting albédthe second steare complex. Charlson

et al. (1987) estimated that30% increaseof CCN in the atmosphere coulidicrease the
planetary albedagedudngtheEar t hés sur f ac e (Figd2g) Ragaadinghee by
previous statement made yoodhouse et al. (2010), this hypothesis assumes an inafease
about 300%n DMS emissions. In additiorgerosols can affect cloud microphysics (droplet
size or nurber concentration) but also macrophysics such as @buddancefraction, size

albedg and lifetime(Small et al., 2009Gali et al., 2018 For instancethe increase in CN
concentration could hawee contraryeffect accelerating the evaporatioh dropletsin clouds,

leading to their fractionatigmndtherebydecreasing the albed8mall et al., 2009).

Regarding thdinal step studies focusing on the climate change show that the impacts of solar
irradiance, temperature or atmosphericc&em to be reduced on the DMS emission by
oceanic areasgunson et al., 2006/allina and Simd, 2007). The effect of the global warming
scenario on the global annual mean DMS flux is similar of the interannual variability of wind

speed, with negligible esequences on CCN concentrations (Woodhouse et al., 2010).
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Neverthelesdijeld studieshave demonstratatiat DMS emission is linketd solar radiationn
the upper sea layéfoole and Siegel, 2004/allina and Sim@, 2007), supporting the CLAW
hypothesisAs a matter of fact,raimportant effect otlimate change and global warmirsy
ocean stratificatioomodification (Bopp et al., 2003; Kloster et al., 2007his leads to the
phytoplanktorying closdy to the sea surface amdhere theyeceive highedoses ofadiation
that induce higher DMS emissiorSunda et al., 2002/allina and Simo, 2007).

In addition,the warminginducedocean stratificatiomccurs mainly in the upper 200 m of the
ocean with an increase by 1% per decade since 1960 (Li eD20) Beducinghe nutrient
supplyfrom deeper waterghe growth ofphytoplanktm (Behrenfeld et al., 2006), argbnce
possiblythe DMS emissionéFig. 1-2b). Changing temperatuseandthe stratification process
could lead to variations ithe composition and structure @ytoplanktm (Bopp et al., 2003)

from low- to highDMS producersor inversely,having a small or large effect on DMS
emissiongFig. 1-2b) (Bopp et al., 2003; Kloster at., 2007) The effect of climate change with
theincrease in anthropogenic @@missionsalso leads to ocean acidificatitmat mightresult

in negative correlation with DMS emissions (Hussherr et al., 2017; Archer 20H8;,2018;

Jian et al., 2019}-urthermorethe eutrophication of the natural environment with the increased
delivery of nutrients from rivers to coastal waters leads to a general increase of primary
production but also a modification in the phytoplankton community and structure (Cloern
2001).This eutrophication disturbance of marine ecosystems can counter the effect of ocean
acidification in some case (Gypens and Borges, 20Changes inthe composition of
phytoplankton due to changes in ocean abiotic parantegesthe potential to strongly affect
oceanic DMS emissiongphytoplankton communitymarine aerosol chemistry and CCN

concentrations (Wang et al., 2Gi8.

Finally, it has been suggested to wittarthe CLAW hypothesis in the modeday climate

since the previous arguments demonstrated: (1) the significance-8fvi8rsources of CCN

and the low sensitivity of CCN; (2) the lack of evidence for a BddStrolled marine biota

climate feedback; and (3)e low sensitivity of modelization between changes and responses
at each step of the CLAW process, as well as under global warming scenario (Quinn and Bates,
2011; Woodhouse et al., 2013). Prediction of responses of clnelateant aerosol particles to
variation in DMS emissions requires the understanding of atmospheric chemistry, aerosols
microphysics and composition, microbial DMS production and its oxidation (Carslaw et al.,

2010). This retirement suggestion is only due to a deeper appreciation cantipéexity of
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biogeochemistry and climate physics compared to when the hypothesis was first announced
(Quinn and Bates, 2011; Green and Hatton, 2014).
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Figure1-2: Schematic illustration of the hypothetical influence on the climate system of the DMS(P,0O) with (A) the negative
climate feedback loop and (B) the positive climate feedbackd@mpssed in this section.

Based on the recent scientific progress, theothgsis need to bhaodified by considering that
(1) the DMS is not the major source of the CCN, (2) the DM&® shown to have several
hypothetical roles and its responseetavironmental stress depends the phytoplankton
species, (3) the DMS emissionspénd mainlyon the microbial activity and (4) the DMSO is
a sink of DMS in the water column (Green and Hatton, 2014).

Nevertheless, atmospheric studies and modelling have shown examplesywharnae DMS
controls aerosol particle formation (Gali et al., 2018 and citations theFaim)Arctic has for
instance been identified as a potential area wheneuitmder ofCCN could be impacted by the
biogenic DMS production (Leaitch et al., 2013; Chahgl., 2018)In summer, this region is
isolated from important aerosols sources. @nthropogenic pollutants) by the e front

(Law et al., 2014) allowing the formation of new CCN patrticles instead of the aggregation on
pre-existing particles. Her; the CCN formation in the Atic atmosphere can be enhanced by
algal spring blooms antbuldhave a local and seasonal impact on climate (Vallina and Simo,
2007; Levasseur, 2013jurthermore, it is likely that different responses rumgctiontogether

or in different regions or seasons, complicating the verification of the CLAW hypothesis (Boyd,
2002). The uncertainty of the model simulatighsir complexityandtheDMS emissionslata
usedadd anotherproblemin quantifying and understanding the CLAWpothesisand the
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indirect effect ofglobal aeros@ (Woodhouse et al., 201Carslaw et al., 2013Vang et al.,
2018h.

In other words, the influence of marine DMS on cloud albelinot be rule out (Green and

Hatton, 2014) and thusmainsinthespogiht ( Br ooks and Thornton, 2
CLAWO hypothesis i n ©ismaoée concaivabiei(faltna antd 8im& p her
2007; Levasseur, 2013given the potential significant impact of this climate active gas, the
understanding of the pdaction and cycling of DMS is important in light of the continuing

issue of global climate change (Green and Hatton, 2@14ally, in order to understand how

any climate feedback loop (positive or negative) between the phytoplankton community and

the atnosphere might operate, it is essential to clarify the biological rotaegprecursors
DMS(P,0)within the phytoplankton cells (Ayers and Cainey, 2007)

2 The sulfurcycle

Before explaining the hypothetical physiological roles of DMS(P,0) to better comprehend the
DMS cycle, a review of the sulfur cycle is needed since the DMSomasl to bethe missing

link between the hydrosphere, biosphatmosphereand lithosphere (Leelock, 1972. In fact,

sulfur represestone of the most important elemsrds it is present in the amino acids
(methionine (Met) and cysteine (Cys)) and enzymes (CoA) that are neededtainlife
(Brimblecombe, 2014Mo st sul f ur a tpredem aststlfats (58 sincefitasc e i s
thermodynamically stable in the presence of oxy@&marlson et al., 198 Takahashi et al.,

2011D).

2.1 Atmosphere
Volatile sulfur compounds are the precursorSG#* in the atmospherdheSQy? (and SQ)

emissiongan produce aerosolsthat@ah t er t he amount of sol ar ra
surface both directly by scattering solar energy and indirectly by acting as(Ci@N and
Jacob, 19965 ondwe et al., 200XKloster et al., 2007Carslaw eal., 2010 Wang et al., 2015).

Thesesulfur precursorsre producethroughbiogenic and anthropogenic procesdég. 1-3).

Anthropogenic sulfur emissions result from the combustion of fossil fuels and bjonilass
refining, and smelting of ores; aimtting SG (Chin and Jacob, 1996Yhese emissions
account for almost70% of the total sulfur emissions to the atmosphere withBID TgS yr

! (Fig. 1-3) (Chin and Jacob, 199&ondwe et al., 20030nce in the atmospherthey will
react quickly with hydroxyl radical( OHA) t o (Ehinrand J&d&, 1996Another
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significant nonrbiological but natural flux is the emission of 5&nhd HS by volcanoes and
fumaroles. This process represents between20% of the total natal flux of gaseous sulfur
to the atmosphemsith 41 16 Tg S yr* during noreruptive eventgFig. 1-3) (Chin and Jacob,
1996; Halmer et al., 200%Bondwe et al., 2003

The biogenic sulfur emissions (~23%) (Chin and Jacob, 1996) includ®gMS,carbonyl

sulfide (OCS) or carbon disulfide (Sepresent more than 60% of natural emissions. DMS
dominates the biogenic sulfur emissions (> 90%) in which the production from the oceans are
the main sources (95%) to the atmosphere since vegetation dndresamnly of minor
importance (0.3 Tg S ¥ (Pham et al., 199%ettle and Andreae, 2000;). The marine microbial
food web is currently emitting some 28.1 Tg S y17.61 34.4 Tg S yr) (Fig. 1-3) (Lana et

al., 2011; Wang et al., 2015; Gali et al.18D

— T —
a-16Tgsyrt —> SO,

17 - 34 TgS.yr!

/

_ DMS

Plants ﬂr’ 1

Animals

Microorganisms

Sediment

Figurel-3: Global geochemical sulfur cycle including the anthropogenic, volcamitbiogenic emissions. The biogenic cycle
involves the plants, animals, microorganisms (aerobic and anaerobic) andRageerepresents ehorganic sulfurThe

emission fluxes of volatile sulfur compounds emitted from land and ocean are reported in Tg of sulfur per year. Schematic
representation based on Takahashi et al. (2011), Brimblecombe (2014) and Wittek (2019).
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This estimation i47% hgher than the previous estimation made by Kettle and Andreae (2000)
thanks to thé&-fold increasen thenumber ofield measurements and their spatial and temporal
coverage (Lana et al., 201DMS emissions will thus depend on this complex web of mseEe
including bacterial consumption and production, zooplankton grazing, viral activit{g-s@a

ventilation, photolysis, and vertical mixing (Simd, 2001 and citations therein).

Once in the atmosphere, the DMS oxidation can followgatbways. At low temperature and
reacting with OHA or bromi de aci d, the fir
(DMSO,), mehanesulphinic acid (MSNA) andnethane sulfonai@ISA). The second pathway

produces S@ SQ? and MSA at higher temperaturedawhen itreacs with nitrate, ozone,
chloride or OHA (von Glasow and Crutzen 200
atmospherisulfateaerosol is derived from DMS (Gondwe et al., 2008}he troposphere, the

SO? and SQ can condensate to foraerosols or nucleate to form neulfuric acid particles

(Pham et al., 1995)The oxidation of S@to SQ* is nevertheless highly complex and occurs

via different mechanisms (Cainey and Harvey, 2002).

Under atmospheric conditions, sulfate aeroaotshe only final product of DMS oxidation that

increase the number of CCN while other sulfur products (DMSO, DMBISNA and MSA)

only impact the CCN size by condensing on existing particles (von Glasow and Crutzen 2004).

In addition,SOG will reactpreferemially on the surface of prexisting aerosols.€. sea salts),
increasing the CCN size rather than its concentratiorumber(Cainey and Harvey, 2002).

This has an impact of the cloud albedo, lifetime, and precipitations. For example, an increase
of CCN number would decrease the dropletds si z
lifetime and, as a result, an increase of its reflectivity (Albrecht, 1989; Stevens and Feingold,
2009). Theinhibition of precipitation might further change the haat water distribution in

the at mosphere and thereby modify the Eartho
the size of thedropletsis too small, it can also lead to cloud fractionation due to evaporation
which in turn reduces the resultinipado (Zuidema et al., 2008; Small et al., 2009). DMSO,
DMSO,, MSNA and MSA are involved in the CCN size ancrease in the mass of ttieoples

that will reduce the cloud lifetime due to precipitations and consequently the resulting albedo
(von Glasow and Crutzen 2004). These elements can be added to thepedowasly

explaineccomplexity regarding the CCN, the sulfate aerosols, the DMS aAt\Giypothesis.

Furthermore, the DMS following the first pathway in the atmosphere can also lead to the

formation of reactive halogens (Br CI) contributing to the ozone destruction. In addition,
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the production of sulfate aerosalsohave an influene on the pH of precipitations leading to
acidic rains. These can induce damages to natural ecosystems: deterioration of the boreal forest,
damage to crops, ocean acidification, incrdasdteration of the rocks impacting the
biogeochemical cycle (Schind)et988; Amiotte Suchet et al., 1995; Brimblecombe, 2014;
Huang et al. 2015). The Northern hemisphere sulfur cycle is largely influenced by
anthropogenic processes that lead to the predaosage to thecosystem, associated with a
cooling effect in regios of high emissions (Liss et al., 1997; Ayers and Cainey, 200i1.
previous acidification, amplified by the continuous anthropogenie €fissions in the
troposphere and the resulting increase in dissolveglic@e oceans (Stocker et al., 2013),
havebeen shown to have repercussions on DMS, DMSP and DMSO concentrations by various
effect on biogeochemical processes and ecosystems (Riebesell et al., 2009GHIokging &

Bruno, 2010; ZindleSchlundt et al., 2016).

Finally, the short residence time ofthropogenisulfurin the atmosphere compared with DMS

that needs to be oxidized before it can be removed, and volcanic emissions that areahjected
high altitude, mean that the majority of the sulfur in the global atmosphere comes from biogenic
sourcegChin and Jacob, 1996; Liss et al. 1997).

2.2 Lithospherdg Hydrospher@ Biosphere

The inputs from the atmosphere to the lithosphere includépnestipitationsand dry deposits

of SO, SO and OCSThe SQZ included in precipitation can also leach from lamd ocean.
Conversely, the erosion of rocks containing sulfur (gypsum or pyrite) lead to a flux from the
lithosphere to the atmosphe(Brimblecombe, 2014)The biosphere is characterizéxy
organism wa® (feces, dead organisms or leaves) inputs to the lithosphere while the
anthropogenic additions reside in fertilisers and manure (Havlin et al., 20485an activities

such adurning high sulfur coal contribute largely to S€nissions from the lithosphere to the

atmosphere (Brimblecombe, 201

Within the organismswo options can beised to reducsulfate the dissimilatory pathway
which isrestricted to sulfateeducing bacteria in anaerobic environments; and the assingilat
pathwaywhich produces large variety of organosulfur compounds such asdCet, and
are also present in membrane sulfolipids, cell walls, hormorntsnins, and cofactors
(Charlson et al., 198Takahashi et al., 20)1.1The interactioabetweenhesethree spheresan
beconsidered in the following way3$akahashi et al., 201Brimblecombe, 204 and citations
therein):
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- Plants camot only take upSQ:* or other sulfur organic compounds from the soil
throughtheir roots(active transportput alsoSQ; from the atmosphere through ithe
stomata.ln addition lichen and leafy vegetation remove OCS from the atmosphere.
Some plants and lichens can produce the volatile DMS, d¢fl other organosulfides
throughsulfate assimilation (Andreae and Jaeschke 1992; Gries et al., 1994).

- Bacteria can assimilate the sulfate in organic sulfur molecules; drive the pool of sulfur
through mineralisation insulfide $; or through the dissimilative oxid@duction
between SG¥ and $. Bacterial processes can also lead to the production®td-the

atmosphere (Havlin et al., 2013).

The lastcompartmenthat was not detailed previously was the hydrospherecdiheentration
of SQ:Z in the oceans reach&8 mmol L while in freshwateiit doesnot exceed 1 mmol L
(Holmer and Storkholm 2001; Giordano et al. 20088. incorporation, reductignand
transformation are well described in the followsegtionsvith an emphasien the DMS(P,0)
cycle

3 The bogeochemical cycle of DMS

As it was suggested previousMS is ubiquitous in the biosphere including vascular plants,
lichens, corals, algae and even bactdtig also theprincipal biogenic fraction of the sulfur
emissions from the ocean to the asploereHowever,DMS is due to two biogenic precursors
that are DMSP and DMSO. These three sulfur moleqiigs 1-4) are part of an important

biological cycle.

O 0
H He
H,C CH, HyC CH, |
CH,
DMS DMSO DMSP

Figure 14: DMS, DMSP and DMSO skeletal and chemical formula

The latter transform the uptake of $0On DMSP that will react insielphytoplankton cedi to
produce DMSO and DMS. Once in the water column, these DMS(P,O) interact with the
bacterioplankton leading ®loop closure DMSP represents significantfraction oforganic

sulfur in marine particles and it is a major sulfur carrier througtne marine food web (Simg,
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2001).DMSP is contributing not only to the cycling of sulfur via its link with DMS, but also to
the microbial food web through the supply of carbon and sulfur to marine bacteria (Kiene and
Linn, 2000).

3.1 DMSP and CH
Before explaining the DMS(P,O) biosynthesisdatheir hypothetical role within the

phytoplankton cell, we have toriefly introduce the possible link between methylated
molecules such as DMSP and the production of.GHe latter is the second most important
anthropogenic greenhouse gas (GHG) aftes.d@e production in the open ocean is weak (<

2 Tg yr') compared to other natural (~220 Tgtyor anthropogenic (~350 Tg ) sources
(Saunois et al., 2016). Gl¢missions from coastal waters are more important (~10 ¥jgayd

result from the methargenesis occurring in the sediments sustained by high organic matter
deposition, natural gas seeps, mud volcanoes ah@dtates Borges et al., 2019 and citations
therein). Methanogenesis is widely thought to be a product of anaerobic process inhibited o
outcompeted by the presence of oxygen and sulfate (Liu and Whitmas), Ztfuer et al.,
2008). Yet, higksulfate and fully oxygenated surface waters haupersaturatedCHa
concentrationswith respect to atmospheric concentrationBe origin ofthis CHs remains
elusive ands referred as h marifieCHsp a r a (Kiene,01991; Reebuhy 2007) The CHs
sursaturation in the upper surface layer is not coming from the deeper waters and the sediments,
neither from the littoral (Damm et al., 2010; Zindler et al., 20t 3)volves probably several

processes different from an ecosystem to another and mightate(Dang and Li, 2018)

1. the DMSP or other compounds such as methylphosph{vi&te) as substrates for the
aerobicmethylotroph methanogenegisarl et al., 2008)

2. the production of Cklby the phytoplankton itseff.e. Emiliania Huxley) involving the
bicarbonate and methionine as carbon precursooximconditions(Lenhart et al.,
2016)

3. themethanogenesis in the guts of some species of copepadslirect contribution to
CHa4 production through release of @precursors into the suwading water, followed

by microbial degradatio(Stawiarski et al., 2019)

4. the possible anaerobic conditions within a methanogenic bacteria (Damm et al., 2015)
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The methanogenesis normally requires anaerobic environment bui pr@tdction pathway
from methylated substrate suchMBn, DMSP, DMS, MeSH or MMPA(Sowers and Ferry,
1983;Welsh, 2000; Damm et al., 20Xndler et al., 203) was suggested in aerobic conditions
(Karl et al., 2008).The methylotroph methanogenesss realized by some methanogenic
coccoid (Oremland et al., 1989) and sorddphaproteobacteria(i.e. Rhodobacteraceade
Gammaproteobacterié.e. Methylophaga sp.Neufeld et al., 20082seudomonas spRepeta

et al., 2016) The nutrient limitation in oligotroph waters(P limitation) coupled with the
presence of DMS(P) &MPnas substrate would regulate the prbduction (Karl et al., 2008

In the central Artic Ocean, the N depletion seems to be a requirement for the aerebic CH
production, whereas the P excess is used by the bacteria as P source, and DMSP and its
degradation products as C sourBatfm et al., 2010 Damm et al., 2015 FurthermoreKarl

et al. (2008) suggest that nitrogen fixation, promoting further phosphaiation in the
ecosystem, may also enhance both MPn utilization and aerobic methane prodiution.
aerobic methanogenesisseems to occur in the sefabile dissolved organic matter
phosphonateseleasng CHs thanks to a multenzyme complex (€ lyase pthway) (Repeta

et al., 2016)In addition, a second potent GHG, nitrous oxideGN may be produced through
bacterial nitrification due to the excess of Nbtoduced by the nitrogen fixation (Karl et al.,
2008). The GHG productiofN-O and CH) due to theprevious processes may accelerate the
global warming, the thermal stratification of the ocean, expanded the phokptitzte,
nitrogenfixation-favourable marine habitat¢Karl, 2007; Polovina et al., 2008), and
accelerating the aerobic methane productszenarip the greenhouse warming and the
ecological consequenc@sarl et al., 2008).

3.2 The kacteria andlgal biosynthesis of DM&,0)

DMS(P,0) are produced by a wide variety of marine phytoplankton, macrpatgaesperms
and coralgKeller et al., 1989; Stefels, 2000; Simo and Mlasta, 2006; Hatton and Wilson,
2007; Raina et al., 2013Borges and Champenois, 20MM¢Parland and Levine, 2019A

review of the low and highDMSP producing speciesithin the eukaryote and prokaryote

phylogenyis presented in the figure3.and was assessed using previously published studies
(McParland and Levine, 2019).
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Figure 15: Tree of representative prokaryotic (left) and eukaryotic (right) DMSP producers built6&itarid 18S phylogeny.
The prokaryotic producers are grouped by functional groups, while the eukaryotic producers are grouped by the major

eukaryotic supergroups. Blue text representsiMSP producers (intracellular DMSP < 50 mM) and red text represigis h
DMSP producers (intracellular DMSP > 50 mM) (McParland and Levine, 2019).

The first complete biosynthesis pathway for the DMSP was described for thergeenlgae
Ulvaintestinalis(Gage et al., 1997; Summers et al., 1988view from the differat pathway
production is presented at the figdré. We focuseanthe phytoplankton pathwagyoduction
thatcan bedefinedas follows (Bullock et al., 2017)
1) Transamination from methionine timstable acid4-methylthic2oxobutyrate (MTOB)
2) MTOB is enzymatically reduced temethylthic2-hydroxybutyrate (MTHB)

3) MTHB is Smethylated in 4imethylsulfonie2-hydroxy-butyrate (DMSHB)
4) DMSHB isoxidativelydecarboxylated in DMSP

The key intermediate of DMSHB was also identified in three other phytoplankton spleeies:
Prymnesiophyceaémiliania huxleyithediatomMelosira nummuloidesandthe prasinophyte
Tetraselmis sgGage et al., 1997Yhe same pathway might then operatether algal species.

Microalgae sequentially utiliz€1) 2-oxoglutaratedependent aminotransferase (AT), (2)
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NADPH-linked reductase (REDOX), (3)&lenosylmethionindependent methyltransferase
(SAMmt) and (4)oxidative Decarboxylase (DECARB(Gage et al., 1997; Summers et al.,
1998) For thedinoflagellatesan alternative pathway has been proposed starting avivket
decarboxylase, and presumably followed by aminotransferase and methyltransferase steps
(Kitaguchi et al., 1999).yon et al. (2011) identified proteins and possible genes that would be
affected to the four enzyme classes needed #rfitet pathway These genes need to be
confirmed since they are not always detected with similar experiments (Kettles et al., 2014).
Moreover, DMSP productioseems to béocalisedin the chloroplast (Trossat et al., 1998;
Raina et al., 2017)Jsing radiotracet*S, Raina et al. (2017follow the incorporation of Sg&&

and show an accumulation of DMSP in the vacuoles and cytoplasm as well as the chloroplast.
These findngscould also confirm the hypothetical role ah osmoregulator, and antioxidant

discussedurther (Raina et al., 2017).

It was thought that only eukaryotes produce significant anmsafiDMSP but Curson et al.
(2017) demonstrated that many marine heterotrophic bacteria also produce DMSP. They
identified the DMSP gendsyB which encodes the nistitransferase enzyme needed for the
third step of therevioudy describedpathway (Curson et al., 201 Qurson et al. (2018) also
identified homologugto this bacterial gengsyB sccalledDSYB in the genomer proteome

of most Prymnesiophyceae, ditagellates, prymnesiophytes, some corals and about 20% of
diatoms and Ochrophyta. However, Kageyama et al. (2018) identified the gene coding for the
MTHB-methyltransferase, calleBpMMT, of the third step in the DMSP biosynthesisTin
pseudonanaThey dd not find homologous genes in other organisms nor \RSYB
suggesting it might be difficult to discover the MTHB gene by the sequence homology
(Kageyama et al., 2018). Recently, high concentrations of DMS(P) were found in various
sediment, from saltmah ponds, estuaries, or deep ocean, resulting mainly from bacteria
production. Approximatively 1 x fbacteria ¢ of surface marine sediment are predicted to
produce DMSP, and their contribution has to be included in future models of DMSP production
(Williams et al., 2019).

Even if questions remain regarding the direct and the exact localization of DMSO production,
it is in fact generally assumed that its production results from the oxidation of DMSP and DMS
by ROS such as Q#r 1O, (Scaduto, 1995; Lee and De Mora, 198@nda et al., 2002; Spiese

et al., 2009).DMSO concentrations within phytoplankton can approdus¢ of DMSP,
making DMSO a quantitatively important pool of methylated sulfur compounds (Simo et al.,
1998; Sim6 et al., 2000; Hatton and Wilson, 2007; Zindler et al., 2013).
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Figure 16: DMSP biosynthetic pathways reviewed fr@ullock et al. (2017). The structures in brackets have been verified

and complete arrows are identified or predicted based on the observed intermediates. 1, aminotransferase; -2, NADPH
reductase; 3, methyltransferase; 4, decarboxylase; 5, oxidase; 6,oagtzs&l/transaminase; 7, dehydrogenase. MTGB, 4
methylthio-2-oxobutyrate; MTHB, 4methylthio2-hydroxybutyrate; DMSHB, 4limethylsulfonie2-hydroxybutyrate; SMM,
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More recentlya new molecule calledimethylsulfoxonium propionattbMSOP) was found

in thedinoflagellated®. minimumthe Prymnesiophyced® parvum, I. galbanandE. huxleyj

the diatomS. costatunas well as in some bacteria (Thume et al., 2018). They suggest that
DMSOP might be produced directly by the phytoplanktobamteria, and/or result from the
oxidation of DMSP. They also concluded that DMSOP might be contributing to the DMSO
pool through bacterialegradation. More research needs to be conducted to refine the metabolic
pathway of DMS, DMSP, DMSO and DM production as well as their interaction with the

bacterioplankton.

Fromthe perspective of an ecosystem, the composition of seawater speabhredastor that
affects communifpMSP production the most (Stefels et al., 2007). Keller et al. (1989)
conclude that théinoflagellatesand the Prymnesiophyceae are higfdSP-producers while

the diatoms and some Chrysophyceae areDdWSP producers.

3.3 Thephysiological roles of DMS(P,0)

DMSP, and to a lesser extent DMSO, perform several important physiological and ecological

functions which benefit the phytoplankton producer (Simo, 2001). These benefits might have
led to the evolutionary selection of DMS¥nthesis in many phytoplankton species (Caldeira,
1989). However, these hypothetical functions are not fully understood. As we will see further,
intracellular, or particulate DMS(P,0) (DMS(Pd#R)might act as osmolytes, cryoprotectants,
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signalling molecwgs, overflow mechanisms, zooplankton deterrents, or antioxidants. The
unifying aspect of these hypotheses is that the DM$Rthesis will be upregulated under
different types of cellular stress such as changes in osmotic pressure, decrease in external
temperature, or increase in reactive oxygen species (McParland and Levine, 2019). Hence, the
DMS(P,0O) concentration in the ocean would be partially dependent on the environmental
conditions as well as the diversity of phytoplankton (Masotti et al., 2010).

3.3.1 Osmoprotectant

Phytoplankton might experience high or changing salinities in their environment due to
evaporation, moving of water masses or input of freshwaters, rainfalls, and ice melting. They
have to be able to adjust to these conditions of low or chgngater potential (osmotic
pressure) (van Bergeijk et al., 2003). Phytoplankton cells must be able to change their osmotic
pressure to avoid turgidity, when salinity decreases, or plasmolysis, when salinity increases
(Durack, 2015). In other words, ceftaust try to recover their original volume (Stefels, 2000).

The adjustment of organic and inorganic solutes in response to changes in salinity is well known
as a fundamental mechanism in salinity tolerance (Kirst, 1989). Andreae (1986) first suggests
that DMSP might be used as a compatible solute. This latter term means that the molecule has
a protecting/stabilizing effect on the metabolic pathway and memigendent processes

against adverse effects of high salt concentration (Karsten et al., 1992).

The DMSPstructure is similardthe osmoregulatory compound glycine betaine (GBT), which
has nitrogen ais central atom in contrast tiie sulfur in DMSP.The algae coulthusswitch
between the synthesis and accumulation of GBT, under N repletion, ai®PDihder N
deficiency(Liss et al., 1997)Regarding the evolutionary adaptation, this functitay have
represented an adaptative advantage-lmiMed oceans (Falkowski et al., 1998). Thisuld

also explain the taxonomic patterns observed: most diat@wvolved in more replete N
conditions (.e. early spring), synthetizing less DMSP per cell volume; conversely the small
Prymnesiophyceae alinoflagellatesare typical of more Meficient conditions and thefore
produ@ more DMSP.The exceptionto this hypothetical rule is the Prymnesiophyceae
Phaeocystissp. which forms extensive algal bloom in higitrate but silicatedeficient
conditions (Simé, 2001)DMSP accumulationin response to elevated salinibas been
observed in diatoms, PrymnesiophyceaedindflagellategDickson and Kirst, 198 Karsten

et al., 1992; Yang et al., 2011; Zhuang et al., 2011, Kettles et al., 2014; Speeckaert et al., 2019;
Wittek et al., 2020).
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In addition, GBT has the potentiafl buoyancy role in some large phytoplankton species while
DMSP is heavier than GBT (Boyd and Gradmann, 2@®iage GBT can be replaced by DMSP
under nutrient limitation hiis has led to the possidiEMSP-ballastrole to regulate the sinking

or rising raes of phytoplankton (Lavoie et al., 2015). The synthesis of DMSP might help the
cells to escape the low nutrients (N and Fe) and high irradiance environment in order to sink
down to nutrientich areas in the euphotic zone (Raven and Waite, 2004; Lavalie 2015).

3.3.2 Cryoprotectant

The first suggestion of the cryoprotectant role was made by Karsten et &) §ir8Se they
discovered DMSP in polar alga&djustmentof internalDMSP concentratiorwas observed in
Prymnesiophyceaa.€. E. huxleyi(van Rijssel and Gieskes, 200&hd in green macroalgae
(Karsten et al., 199 Sheets and Rhodes, 1996) at low temperatures. DMSP might be part of
the cryoprotection system synthetized by algae withinroti®ecules such as heat and eold
shock proteins, exopolysaccharides, polyunsaturated fatty acids, or crystallisation mhibitor
(Wittek et al., 2020 and citations therein). The DMSO cryoprotectant function has been
suggestedhroughin vitro experiment (liss et al., 1997) but the concentrations observed in ice

algae seem to be too low to decrease the freezing point in the algal cells (Lee et al., 2001).

3.3.3 Antigrazing compound

The phytoplankton cells are under the pressure of grémngthe zooplankton. This selection
pressure hakd to the development of toxins produced by marine microalgaechsmical
defence(Strom et al., 2008). Shifting the grazing pressure to other prey species also educe
the competition for nutrients (Wolfet al., 1997) Among tresedefencs, the degradation of
DMSP by the enzyme DMSP lyase (DL) produce acrylate that has antimicrobial gcivity
thus potential repulsive propertyhis might be significanin the shapingof the evolutionary
photosynthetidineage(Takahashi et al., 2011 and citations therdinhas been shown that
zooplankton grazers will prefer species with low DL activity (Wolfe et al., 1893@yvoida
decrease in their feeding rates (Strom et al., 200889 hypothesis has evolvedit has been
actuallyobserved that the DMSP itself (naturally produced or by addition in laboratory cultures)
decreases microalgae grazingr@st et al., 200B; Fredrickson and Storm, 280and not the
DMS or acrylate (Strom et al., 2003)MSP mighttherefore bea repulsive signal for the
predator(Strom et al., 2003bHowever,the addition of DMSP ima natural environmenrhas

no effect on grazing ras€Fredrickson and Storm, 280 As a matter of fact, recestudies

haveled to the same conclusierby supporting a nerepulsive effect or even a potential
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chemoattraction between DMSP and grazers (Seymour et al;, Rat@r et al., 2011; Simo
et al., 2018 Seymour et al. (2010) suggestihat the saturation dhe system with DMSP
addition obscuwad the microscale chemical signature of phytoplankton cells, masking their

position and thusreducing theooplanktorgrazing rates.

3.3.4 Infochemical

Even if the DMSPantigrazing compounéh marine microorganisms is uncleaif.(33.3),

DMSP represents dicdy or indirectly (by DMS) a foraging cue f@ome motile strain of
phytoplankton, heterotrophic bacteria, bacterivore and herbivore zooplask@myrchins,

coral reef fish, some seabirds, penguins, whale sharks and harbour seals (Seymour et al., 2010;
Nevitt, 2011; Savoca and Nevitt, 2014 and citations therein). Savoca and Nevitt (2014) even
present the hypothesis of a tritrophic interaction between DMS release, stimulated by
zooplankton grazing, and the attraction of seabirds specializing on prinmeyncers that will

reduce predatory pressure and enhance phytoplankton growth through iron recycling and

defecation.

3.3.5 Overflow mechanisms

DMSP might also be produced to dissipate an excess of energy, carbon oasuwifelt as
regulate cellular nitrogen (Bullock et al., 201&)gal cells might induce DMSP biosynthesis

as well as enzymatic lysis to DMS to discard unneéided carbonandbr reducedsulfurwhen

their incorporationis higher thanthe assimilation of ther nutrients such as nitrogéstefels

and van Leeuwe, 1998; Stefels, 2p00nder nutrient limitation, this energy and carbon
dissipation leads tthe regenerabn of intracellular nitrogen from Met, which can in turn be
used for synthesis of other ariacids (Stefels, 2000\ putative DMSP overflow mechanism
could provide a sink for unneeded photosynthetic products (NADPH and ATP) duringsperiod
of low cell biosynthesis and growth, helping to prevent overreduction of the photosynthetic
apparatus andedreasing a potential oxidative stress (Darroch et al., 2Bil&jher words, the

benefits are ultimately the continuation of the metabolic machinery (Stefels et al., 2007).

3.3.6 Antioxidant
Since the antioxidant function tee main subject of this thesig,will be largely described in

section 6.
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4 The fate of DMS(P,0)

We distinguish the particulag®MS(P,0)) and the dissolve@MS(P,0)) DMS(P,0O) The

first one occus within the phytoplankton cell while the other takes place in the water column.
As it wasmentioned previously, the biosynthesis of DMBBgins always with Met (Gage et

al., 1997; Summers et al., 1998).€latteris synthetized fronthe uptake of dissolved S8

andits furtherreduction, incorporation, and methylation (Takahashi et al., 2011)1FFigThe
DMS(P,0) cell quota within the phytoplankton depend on the initial DMS(P,O) concentrations
characterizing the lowor highDMSP producing species (Keller et al., 1989). Tedular
concentration variations between the sulfur compounds will then be influenced by the
environmental stress that may occur in natural environment. These interactions were explained

previously within the physiological roles of DMS(P,@9f. 3.29.

4.1 The fate of DMS(P,Q) iramarine environment

The DMS, DMSP and DMSO could be release into the marine environment by several
processes (exsudatisenescenceiral attackor grazing Fig. 1-7) that can impagbr not the
integrity of the cellFor instance, he algal senescence or thesis resultingfrom grazingwill

lead to the deatbf cells programmed in the first case, or because of the zooplairktibe
second case. The programmed cell death could be induced by viral attackjitoypmental
conditions, or by ROS production resultingooddative stresscf. 4.4 (Hill et al., 1998; Bidle

and Falkowski 2004 ooplankton grazing will increase the DM&#ol when the algae is not
entirely consumed in the first pla¢gdoppy feedig), or subsequentially by faecal pell¢Esg.

1-7) (Tang and Sim, 2003).The latter could then sediment or be degraded in deep water (Kwint
et al., 1996; Brimblecombe, 2014&E)xport rates were estimated to be between 0.1% and 16.6%
d!in coastal waterand between 0.03% and 0.74%id the open oceafbtefels et al., 2007)
Viral lysis release the entire DM$%FRontent of the algal, increasing the DMS3#ol, and
making it available for bacterial breakdown and potent@ytributingto its DMS conversin

(Hill et al., 1998).

Zooplankton could use some DMsA%a source o€arbon or sulfurArcher et al., 200)] since
24-70%o0f the ingested prey DMSP can be retained in the gr&2e8Q%o, Belviso et al., 1990
24-70%, Wolfeand Sherr1994; 33%, Simé et al., 2002;-32%, Tang and Sird, 2003) By

retaining the ingested DMSP iits biomass, the grazer transfers DMSP furthemughe food
chain (Tang and Simé, 2003Hlowever, it is assumed that ~70% of ihgestedDMSP is
releasecas DMSP in faecal pellsf DMSR;, DMS and acrylate or alternative -pyoducts of
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digestion(Fig. 1-7) (Archer et al., 2001; Stefels et al., 200¥e viral lysis or zooplankton
grazing could also act as pathwdgr DMSP cleavage to DMS and acrylate, by mgithe

DMSP lyases with its substrate during the physical degrad@ignl-7) (Malin et al., 199;

Wolfe andSteinke 1996;Evan et al., 2007Simo et al., 2018 They hypothesized that DMSP

and DL are physically compartmentalized in the cell (Wolfe and Steinke, Td86jmicrobial

activity in the intestial tract of the zooplankton and in faecal pellets may also be responsible
for DMS production (Stefels et al.0@7). Active exudation is also present in algae but is
speciesspecific and can be affected by abiotic parameters such as salinity, temperature, or
nutrient limitation(Fig. 1-7) (Stefels et al., 2007).

The main difference for theMS and DMSO (DMS(O))s their chemical properties that allow
passive diffusion across membrarfegy. 1-7) (Jacob and Woqdl967; Hatton and Wilson,
2007;Lavoie et al., 2016Spiese et al., 2016l)f we consider that the DMS(O) are produced
inside the chloroplast due to DMSP dation, DMS(O) diffusiorhas to be conducted across
several layers of membrane from the thylakoids to the outer cell menthesoge et al., 208).
DMSO is also produced by the photochemical oxidation of M& 1-7) (Brimblecombe and
Shooter, 1986)Jnlike DMS(P) which are essentially confinamithe euphotic zone of oceans,

DMSO might stay at high levels in deep oceans (Hatton et aB).199

Once in the marine environment, DMB3Rs a chemical halife of 8 years (Dacey and Blough,
1987) resulting in high abiotic stability under natural conditions. Most of its rentbeal
resultsfrom enzymatic processes (Stefels et al., 2007). DMBEId betaken upby algae that

are or not DMSP produceréFig. 1-7) (Kiene et al., 2000;an Bergeijk et al., 2008pielmeyer

et al. 2011; RuikGonzalez et al. 2012; Lavoie et al., 20P&trou and Nielsen, 2018Jon
DMSP producing species may form a considerable sink for DM8Rlucing DMSP
availability for other organisms and influencing the turnover of DMSP in the ocean (Lavoie et
al., 2018; Petrou and Nielsen, 2018hme motile phytoplankton can even actively seek out
localized DMSPy using its chemoattractiofBeymour et al., 2010 he DMSR; can alsobe
incorporated(~15%; Kiene and Linn, 2000nto bacteria as osmolyte, cryoprotectant, or
antioxidant (Karsten et al., 1996; Simet al., 2002; Lesser, 2006; Salgado et al., 20i4).
addition, he chemoattraction describpikviously seems to be present for some motile bacteria
strairs (Seymour et al., 2010%ince Curson et al. (2017) discovered that bacterialicaatly
produce DMSP, theideath might induce an increase of the DMSpool as well. The
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DMS(P,O)q could alsobe reduced, oxidised, or enzymatically cleaved by both bacterial and
algal processes (Fi@-7), leading to the formation of DMs)

Algal enzymatic cleavage includes DM8Rse that converts DMSPtmDMS and acrylate
(Yoch, 2002; Stefels et al., 200Mphapatra et al., 2014), and DMSO reductase for DMSO to
DMS (Spiese et al.,, 2009). Studies reported significant DL activity within phytoplankton
blooms and among individuals including some Prymnesiophyceaéljaeocystis sp.and
dinoflagellates(i.e. Heterocapsa triquetra(Stefels and Dijkhuizen, 1996; Niki et al, 2000;
Yoch, 2002 Caruana and Malin, 2014). The responsipmei Almali has been recently
discovered in Prymnesiophyceke huxleyi Sequence searches suggbat this gene is the
first characterized member of an entire family of DL preserg wide variety of algae i.e.
dinoflagellates and Prymnesiophyceae) (Alcolombri et al., 2015). It has been suggested that all
algal species could reduce DMSO to DMS, even species that afeM8(P O) producers
(Spiese et al., 2009). This idea pros@ossible uptake of DMSQas it is for DMSR.

The availability of DMSP in the water column will exert the greatest influence on overall
microbial consumption of DMSP(Lizotte et al.,, 2012). As a matter of faddMSPy
concentration could suppori 1L.3% of the bacterial carbon and sulfur demand in surface waters
(Kiene 1996; Kiene et al. 1999; Kiene and Ljri2000) with the main pathway as follew
(Stefels et al.,, 200: (1) demethylation producing-r@ethiolpropionate (MMPA), (2)
demethiolation leading to methanethiol (MeSH), (3) demethylation to prock®€Hity. 1-7).

It is likely that about 90% of DMSP in seawater is conventtd methanethiol (Kiene and
Linn, 200Q. The genes DmdA, DmdB, Dmd&nd DmdD are responsible for the DMSP
demethylation pathway (Bullock et al., 201This pathway is found in many marine bacteria,
notably the cladéelagibacterand Roseabacte(Curson et al., 2011MMPA could also be
demetlylated in 3mercaptopropionate (MPA) and then degraded #% tdnd acrylate in
anaerobic conditions (Kiene and Taylor, 1988; Taylor and Visstf86).In addition bacteria
could cleave DMSginto DMS and acrylate thanks to DL in aerobic conditions (Y@€92).

The cleavage pathway is considered as an important source of DMS (Curson et alTiz8#&1).
are actually six different gesavith a cupin motifcoding for this cleavage pathway (DddP,
Dddw, DddY, DddQ, DddL and DddK) (Curson et al., 2011; Bulleckl., 2017)Two other
DMSP cleavage enzymes have been identified to date, including DddD belonging to the CoA
transferase family and DddP of the metallopeptidase family (Alcolombri et al., 2015).
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The bacteria will prefer the first demethylation/demethiolataver the lyase pathway when
DMSPy concentrations are lowlhis pathway leads to highenergy productiorand it is a
relative economic way to assimilate redusatiur (Kiene et al. 2000; WelsH0P0), accounting

for ~75% of DMSR degradation (Kiene and Linn, 2000¥hen this concentration is higher,

the bacteria will cleave the DMgRot assimilated in DMSThe DMS can then be alsaken

up by bacteriabut acrylate might be used instead, leavimgDMS untouchedYoch et al.,

2002). However, factors controlling the bacterial degradation of DMSP to DMS versus
methanethiol (demethylation/demethiolation) are not well understood and depend on the local
phytoplankton bloom, its stage of developmeng BMSR producedthe microbial species
associated with the blooas well as environmental factors such as the salfivibeh et al.,

2002 Stefels et al., 20QBalgado et al., 20)4External DMSP concentration seems to dictate

the relative expression tiie two pathways, but only at high concentrations (> 1pmiololc

the demethylation; > 35 nmof'ifor the cleavage) characterizing the vicinity of phytoplankton
cells (Gao et al., 2020Kiene et al. (2000) stipulated that it is the bactesidfur demand

relative to the DMSjavailability that will lead to one or another pathwag.(if the sulfur
demand is low due to nutrient or high light stress, the demethylation pathway will be minor and
DMS yield will increase)This hypothesis is supported by field measurements in North Sea
where both phytoplankton and microzooplankton herbivory have a evabld impact on the
productivity and competitiveness of DM@&Rnd DMSconsuming bacterioplankton (Archer et

al., 2002).Enhancement of solar radiation exposure has been suggested for example to cause
the inhibition of bacterial S demand thus potentialyecting bacterial clades that consume
DMS (Slezak et al., 2001; Toole et al., 200B)us, the efficiency of bacterial conversion of
DMSP into DMS may vary from 2 to 100% depending on the nutrient status of bacteria and the
quantity and quality of the pb of dissolved organic matter (Kiene et al., 200R3cently, it

has been suggested that bacteria express both pathways simultaneously, but only modulate the
ratio between the cleavage and the demethylation according to DMSP concentration (Gao et
al., 202). Field measurements from various oceanic and coastal areas gave an average of 10
12% for the DMSP consumed and cleaved by bacteria into volatile DMS (Kiene and Linn,
2000; VilaCosta et al., 2008; Lizotte et al., 2012).

DMSQqy concentration in seawatean exceed those of DMS and, in some cases, those of
DMSP; (Hatton et al., 198 Simé et al., 1997). DMS{2an be produce from the transformation

of DMS via both photolysis and biological consumption (del Valle et al., 200@&).DMSP
cleavage pathway, pducing DMS and acrylate, and its further catabolism within the cell,
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produces DMSO anifleSH Two enzymes have been identified for this catabolism (Tmm for
DMSO and DmoA forMeSH). Because acrylate is toxic to bacteria, further detoxification is
required,and structures of three enzymes have been resolved recently (PrpE, Acul and AcuH)
(Wang et al., 201 Chen and Schéfer, 2019).

DMSO production from DMS photolysis are known to vary substantially from 14% in the
Equatorial Pacific Ocean (Kieber et al., 139-99% in the northern North Sea (Hatton, 2002)
and 3345% for the Southern Ocean (Toole et al., 2004). DMSO production can also be
stimulated by physiological stress, as a part of a cellular antioxidant system in phytoplankton
(Sunda et al., 2002 See5.4). Finally, some bacteria such as Roseobacter are also involved in
the reduction of DMS@to DMS (Spiese et al. 2009; Bullock et al., 2017).

4.2 The fate of DMS

Once in the water column, DMS will be removed by biotic and abiotic processes (Gali et al.,

2018). The percentage each process ithe DMS fate is still under debate but the resulting
volatilisation mainly depends orbacterial processes and photooxidation. The DMS flux
between seawater and the atmosphere is controlled @§fésence inconcentration with the
oversaturation of thappermixed layer compared to the atmosphere (Liss et al., 1997; Gali et
al., 2018)and by the magnitude of the DMS transfer velocity across treeaimterface (Bopp

et al., 2003). The last term is depending on thesse@ce temperature and wind velocity
(Wanninkhof, 1992). DMS emissions, dependingtogir precursordMS(P,0)produed by

the bacterigphytoplankton, will thus vary considerably in response to phenology and
ecological succession of microbial species, which in turn depend on physical forcing factors
such as light, sesurface temperature, or nutrient sup@ycher et al, 2002;Bopp et al., 2003;
Archer et al., 2004;izotte et al., 2012; Gali and Simé, 201B)yoleand Siege{2004) postulate

that there are two distinct DMS regisnél) a stres$orced regime controlled by environmental
stress that might enhance DMS g¢ro ct i on DMSsemmerfparadox) i and ( 2)
bloomforced regime whet® phytoplankton bloom dictates the DMS stock, occurring in
regiorscharacterized by monospecific blosof DMSP-producing species suchRBaeocystis

in the North Sea.

It has begr calculated that 90% of dissolved DMS is consumed by bacterial oxidation and UV
driven photolysigFig. 1-7). The remaimg 10% is emitted to the atmosphere (Gali and Simo,
2015)(Fig. 1-7). This percentage can vary considerably between 1% andd@%correlated

to the mixed layer depth (StrandPedibs-Alid, 1999).Estimations from Moran et al. (2012)
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calculated this volatilisatioat about 5%, the photooxidation to DMSDabout 10%and the
bacterial uptakat some85% (Fig. 1-7). This latter carmeach up to 98% of the DMS removal

in subsurface layer. As a matter of fact, the dominance of biological processes appeared to
moderate the impact of environmental forcing factors on DMS concentrations in the surface
layer (Archer et al., 2002).

The photoaidation occurred under UV/Visible wavelengtfHatton, 2002) and the reaction

rate variel with DMS concentration (Brimblecombe and Shooter, 1986). The DMS photolysis
does not always result in DMSO production. When it is the case, there is still a presitvie

to DMS thanks to the reduction pathway (Stefels et al., 2007). It has been shown that 14% and
~37% of the DMS was converted to DMSO by photooxidation in Pacific waters and in the
northern North Sea, respectively (Kieber et al., 1996; Hatton, 2068)e and Siegel (2004)
estimated that 77% of the DMS variability was explained by the UV radiation dose in the

Sargasso Sea.

Vila-Costa et al. (2006) estimated that around 70% ef8h% bacterial DMSuptake is
metabolized by bacteria in DMSO by DMShgdrogenase. Only 3% are incorporated in
macromolecules while between 13 and 28% are conventiedulfate. Theouteto sulfate is
characterized by the conversion of DMS by monooxygeaademethyltransferasa MeSH

and formaldehyde (De Bont et al. 19&orodina et al. 2002)herebythe bacteria used this
DMS asa source otarbon and sulfur (Fuse et al. 2000; Endoh et al. 20@@)ever, the
significance of bacterial DMS consumption also depends on the strength of other competing
loss processes (Stefegt al., 2007). For instanc®imd and Pedbs-Alid (1999) illustrated in

the subpolar North Atlantic thafl) the photooxidation process to DM3®@uld be dominant
under clear skieandwhenthe water columiis stratified (Simo6 and Pedrgdio, 1999) sine

the photooxidation under full light conditions can be responsible of 37% of DMS loss (Hatton,
2002) (2) bacterial consumption is most important wtiemweather is cloudy and/or when the
water columrs mixed to a greater depth; and (3) the bacteriasamption is equivalent to the

loss due to sew-air flux transfer.
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Figurel-7: Biogeochemical DMS cycle in the marine environment adapted from Stefels (2000), Sun(208alYoch et al. (2002)Stefels et al. (2007), Spiese et al.q20 Lyon et al(2016),

Curson et al. (2017) and Giordano and Prioretti (2016). Algal aotdiim are schematically represented. The process transforming the Methionine (Met) in DMSP involves transamination,
reduction, methylationand decarboxylation. DLA represents DMBRse activity; Cys = Cysteine; MSA = methane sulfonate ; MSNA = methatfanic acid ; MMPA =
methylmercaptopropionate; MeSH = methanethiol; MPA = mercaptopropionate. The percentage represents the fate of the MMB@eheironmentre approximative anshsed orVila-

Costa et al. (2006), Kloster et al. (2007), Moraalef2012) and Gali and Sim6 (2015).
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5 The atioxidant system

Light, temperature,and nutrient availability can be highly dynamic for aquatic and
photosynthetic organisms such as microalgae. The conditions change on a spatial and temporal
scale. Within these limits, the rate of light absorption has to be adjusted to meet cellular
demaumls, which in turn depends on the nutritional status of the cell (Goss and Jacob, 2010).
Nutrient status can change on timescales of days to seasons whereas changes in light availability
over several ordsiof magnitude can occur on much shorter timescéies, seconds to hours

and days (Litchman and Klausmeier, 2001; Mdller et al., 2001; Jahns and Holzwarth, 2012;
Erickson et al., 2015)[he fluctuation of cloud formatiensurface wave focusing, or vertical
mixing can affectheway phytoplankton experie® light intensity from complete darkness to
around 2000 pmol quantafs?, both temporally and spatially throughout the dapgs and

Jacob, 2010Huot and Babin, 2010; Ruban et al., 2012; Erickson et al., 2015).

Photosynthetic organisms have elaborated mechanisms to increase the light capture for
photosynthesis when light is low; or to protect against oxidative damage caused by excess of
light (Niyogi, 2017).Phytoplankton have developed three processes: adaptaticimation

and regulation (Huot and Babin, 2010 and citations therein). Photoadaptation includes genetic
responses to adapt the organism to particular photic envirosennear the surface or at
depth). When the organism is experi@ga cloudy @y, or light field variations, the spesje
adapted for this given environment, may need to change its macromolecular compiosition (
add or remove pigments) to improve its growth or reduce the damage: it is called the
photoacclimation. Télatter is a penotypic modification which involves adjustments of light

and dark reactions to harvelselight (i.e. changes in the size of the PSII antennaesittesor

the number of the reaction centres, decrease in the photosynthetic pigments such as chlorophyli
content (Fernandes, 2012 and citations thexekihally, when the cell is photoadapted to its
environment, photoacclimated to its light field variations, it may need to rapidly modify its
photosynthetic efficiency due to rapid changes in light $iélthis is termed photoregulation.

The difference with photoacclimationtlsatphotoregulation does not requde noveynthesis

or breakdown of molecules (Huot and Babin, 2010). Onother hangd photoprotection is
normally used to describe all the meclsamé protecting the cells from photodamage including
thermal dissipationi.g. carotenoids) (Fernandes, 2012).
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5.1 ROS production

With the evolution of processes such as photosynthesis or respiration, it has been established

that all oxygenmetabolizing organisms produce reactive oxygen species (ROS). ROS are a
group of free radicals, reactive molecules, and ions derived from molecular oxyg8&h#&@na

et al., 2012). In natar waters, ROS are present everywhida@ughat very low coicentrations
(1087 10° mol L) and with a shotlife span(us-days) (Dia and Plummer, 2018). This ROS
production within the cell might be harmful if it isrot controlledout can alspin many normal
cellular functionsplay a roleas cellular trarducer or messenger (Apel and Hirt, 2004; Lesser,
2006; Diaz and Plummer, 2018). Recently, biological ROS production might also promot
growth and survival with some examples in plants, fungi, seaweeds, white blood cells, corals
or sea urchins (Apel and ii2004; Diaz and Plummer, 2018 and citations therein). Regarding
phytoplankton, extracellular ROS production is implicated in the toxicity, the grewththe

iron acquisition ofChattonella marinavhile other species generate extracellular ROSéor
unknown reason (Diaz and Plummer, 2018 and citations therein). This production occurs at
several major sites such as chloroplasts, mitochondria, peroxisoefiesurface and the cell

free environment (Apel and Hirt, 2004; Diaz and Plummer, 2(H8jeafer, only the ROS
production occurring in the chloroplasts will be discussaght-driven processes included
within the chloroplasarecomprisedf both energy transfer and electron transport and are then

accompanied bthef or mat i on of B8OS (Posp2gil, 201

The first pathway initiating the ROS cascade production is the leakage of electron to molecular
oxygen at the acceptor site of the photosystem | (@8photosystem Il (PSi)providing the

formation of thereductantsuperoxide radicals (&) (Fig. 1-8) (Jahns and Holzwarth, 2012).

The lattercould be transformed spontaneously or enzymatically to hydrogen peroxidg) (H

and subsequentl y r e dWeaiss/BentdnageactoHd Ane presemce bthe Hab
transition metal Mal | i ck and Mohn, 2000; Posp2gil, 20
dueto the oxygerevolving complex (OEC{Fig. 1-8) or the cytochrome &E® (cytb559, even

if this productionseest 0 be mi nor compared to the PSI (L
second pathwaynvolvesthe energy transfer from excited chlorophyll to molecular oxygen
leading to the formation of singlet oxygetOf) (Fig. 1-8) (Jahns and Holzwarth, 2012;
Posp2gil, 2016) .HOAmightmiffupesreéadily acrpss mambranediwhile the

02", with a much shortdife span(~ps), does not (Lesser, 2006; Karuppanapandian et al., 2011;

Sharma et al., 2012). Thernmon feature among the different ROS is their capacity to cause
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oxidative damage to deoxyribonucleic acid (DNA), lipids and proteins (Apel and Hirt, 2004;
Lesser, 2006).

f Light Fluorescence Light \

OEC & Photochemist
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Figure1-8: Schematic representation of the initiation of ROS produdtitin the leakage of electron to molecular oxygen at

the acceptor site of the photosystem | (PSI) (or photosystem Il (PSII)) providing the formation of the superoxide raftlicals (O

). ROS produéodn in the PSII occurs due to the oxygewvolving complex (OEC) or the cytochrome b5%89t9559. The

second pathway involves the energy transfer from excited chlorophyll to molecular oxygen leading to the formation of singlet
oxygen {0>"). Figurebasedo Li u et al . (2004), Jahns and Hol zwarth (2012)

These cytotoxic properties lead to the evolution of enzymatic aneémmymatic scavenging

systems existing to decrease ROS formation or detoxicateously formedROS (Jahns and

Holzwarth, 2012) under various and adverse environmental conditiomise(it limitation
temperaturesalinity, CQ limitation, UV-radiation, droughtor high ligh} or biotic stress such

as pathogendyacteriaor fungi (Foyer et al., 1997 Ap e | and Hirt, 2004 ;
oxidative stress is scalled when the rate of ROS production exceeds thé edility to

scavenge and convert themto nonreactive species (Apel and Hirt, 200Any process that

restrics the metabolic efiiency and the flow of excitation energy or electrons within the
photosynthetic apparatus will increase ROS production and thereby the oxidative stress within

the cell (BucciarellandSunda, 2003)We t hus can def i angsulmstanceant i 0
that, when present at low concentrations compared with those of an oxidizable substrate,
significantly del ays or [pHalbmele®35s oxi dati on o

5.2 High light forcing

Light-driven photosynthetic electron transport eéal the continuous production of oxygen

and simultaneously its removal frame chloroplasthroughreduction and assimilation (Apel

and Hirt, 2004)Light energy is absorbed by the photosystems and three competing pathways
dominate(Fig. 1-8): (1) photoclemistry (including the photosynthetic electron transfer); (2)
fluorescence emission or (3) thermal dissipation (known asphotochemical quenching)
(Mdller et al., 2001; Baker, 2008; Cosgrove and BorowitzkaQR01
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\b Photochemistry
\b Fluorescence
\» Heat

Figure1-9: Schematic representation based on Miller et al. (2001) of the possible fate of excited Chl. When the Chl absorbs
light, it becomes excited from its ground state (Chl) to the singlet excited &atd.(This excited state can be used for the
photosynth#c reactions (photochemistry), can be relaxed by emitting light (fluorescence) or carexatdey dissipating

heat (nomphotochemical quenching).When the photosynthetic capacity is overwhelmed, the excited state can produce the
triplet excited state’Chl") which in turn is able to produce singlet oxygé®y).

When this light energy exceeds the photosynthetic capacity or the aS€dmilation,
overreduction of the electron transport chain inactivates the PSIl (Apel and Hirt, 2004) and
limitatonin t he energy transfer and electron trar
energy limitation occurs whelight energy is not fully absorbed by the chlorophyll at the
reaction centre of the PSII antennae. This provides the conditions needed fomidugofo of

the deleterious triplet chlorophyAGhI’) from the singlet chlorophyltChI’) (Fig. 1-9) (Mdiller

et al., 2001; Pospzgil, 2016). To prevent th
PSIl antennae, the carotensigre mainly composed by xanthophyll that might prevent the
formation of this triplet byhe quenching of singlet chlorophyll to heat as well as indirectly by

the rearrangement of the light harvestiramplex (LHC) proteins (KriegeiLiszkay, 2004;

Ruban et al.2012). When this scavenging system is not sufficient, energy from the conversion

in triplet chlorophyll is transferred to @orming the singlet oxygetO, (Fig. 1-9) (Krieger
Liszkay, 2004; Ruban et al ., 20 htislimiationc k s on
on the electron transport at the PSII, the cascade electron transfer needed for further oxidation

is blocked. Under this condition and at the PSI, the Mehler reaction leads to electron leakage

from ferredoxin (Fd) to @forming O* (Apeland Hi r t , 2004; Shar ma el
2016). Q*is spontaneously and enzymatically dismutated:@;Hy the superoxide dismutase
(SOD) (Fig. 1-10) ( Ap e | and Hirt, 2 0 OM4is elifimatedidsige the, 201

thylakoid membrane byhe intrinsicsuperoxide oxidoreductasetivity of thecytbsse. When
the Q diffused out of the membrariejs the ferredoxin SOD @OD) attached to the stroma
side of the thylakoid membrafteat dismutates itto#.( Posp2 gi |, 2014#8) . The

oxidation with the limitation of electron transpaifso results in the BHO> production. The
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hydrogen peroxide is normally eliminated properly int@Hby catalase or peroxidase enzymes

(Fig. 1-10) (Ascorbate peroxidas(APX)i Catalase (CAT) Glutathione peroxidase (GPX))

(Asada, 200). Otherwise, thebD2i s t he precur sor o-fVeisS/Fetonf o r me c
reactions catalysed by irqfe) manganesévin), or copper(Cu) (Fig.1-10) (Apel and Hirt,

2004 ; ,Ra6p2gi l

Light Fluorescence €M Chloroplast
OECumen é Photochemistry
» PSI
*Chla” ‘Chla” Fdstroma |
2H,0 : & 0
; Y2
0, 3 /—? . PQ
0, 0, / —~ 0.-
F\ > 2 \
+ Flavonoids . |
y + B-carotene Ascorbate Glutathione Cycle
+ Alkaloids
+ :smrbate u SO D
+ Glutathione
+ a-tocopheral f\ HZO « APX- _| l
De-epoxidation
ramhonls DTx | |H,0+30, < CAT — H0, —{> OH
) Ho « GPX *FelCafte
Heat Dissipation /\
SS s Glutathione Peroxidase Cycle
\ Enzymatic scavenging cycle /

ROS DAMAGES: DNA Carbohydrates
Proteins PSlI ))) Cell death
k Lipids PSI

Figure1l-10: Schematic representatitiased on Asada (260, Apel and Hirt (2004), &har ma et
the enzymatic and neanzymatic system involved in the scavenging of ROS previously produregigment norenzymatic

cycle is schematic and involved various pigments with their own recycling cycle. Thenmpmatic system also involves

small molecules such as the DMS(P,0) cycle explained further.

Besides the enzymatic antioxidants describedipusly, norenzymatic antioxidants include

maj or cellul ar redox buffers a s ctocopharole and
flavonoids, alkaloidsand carotenoidéFig. 1-10) (Dummermuth et al., 2003; Lesser, 2006).

The latter hastwo functions regarding the photosynthetic system within the cell : (1) with the
absorption of light energy and its transfer to chlorophyll molecules to be used in photochemical
reactions and (2) the photoprotection of reaction centres and pigmodein antennae (Ston

and Kosakowska, 2000; Telfer, 2002; Strychar and Sammarcba281d ci t at i-ons t h
carotene, a carotenoid pigment, operate at PSI and PSII, scavenging predomina@y the

while the xanthophylls, already cited previously, operaithiw the PSIlI (Govindjeeand

Govindjee 197). Shortterm acclimation mechanisms include photochemical quenching (PQ)

related to fraction of open (oxidised) reactions centres in PSIl (Genty et al., 1989) and non
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photochemical quenching (NPQ) of chloroghyluorescence related to photoprotective
carotenoids, the distribution of excitation energy between the two photosystems, andsdamage
and repairs of PSII (Falkowski and Chen, 2003). NPQ is the most important system for a sudden
increase in high light (HLand can be measured by the decrease in the @hbrescence
intensity (Mdaller et al., 2001). Photoprotective dissipation is also attributed to rapid
modifications within theLHC of PSII, leading to noiphotochemical Ché fluorescence
quenching (Lavauet al., 2004). Due to this excess light, the carotenoids play a central role in
the deactivation of excited moleculé&hl’ and 'O," at PSII, and the reduction of ROS
formation due to the thermal dissipation of excess light energy at the lé@hlof{Jahns and
Holzwarth, 2012). Harmful excess energy is dissipated as heat radiation, the deactivation of
0is prov-cdedt eye b( T e-tofopherpl (KAeQediBzkay, aD4)) att

NPQ is modulated by the dmpoxidation of the xanthophyl(§ig. 1-10) (Lavaud et al., 2004;

Huot and Babin, 2010; Jahns and Holzwarth, 2012). The main xanthophyll cycle in the diatoms
and most eukaryotic algae (Mduller et al., 2003oss and Jacob, 2010nclude the
diadinoxanthin (D), with low light energy transfeefficiency, that can be converted to
diatoxanthin (D) under conditions of HI(Fig. 1-10) (Brunet et al., 2011)The reaction is
reverse under low light intensities or in darkness (Goss and Jacob, 2010).

In long-term acclimation responses, the cell can adjust the amount and ratio of light harvesting
pigments (LHPs: Cht and Fucoxanthin (Fuco)) and alter the size of the photosynthetic unit
(PSU), changing the maximum photosynthetic capacity of the organism (Nymark et al., 2009).
At HL, acclimatedcells generally have low LHP content and high ameahphotoprotective
carotenoids (Nymark et al., 2009 and citations therein). Other smalcutedehave been
described as antioxidaaduch as uric acid or DMS (Lesser, 2006) with a hypothetical cascade
chain reaction beginning with DMSP and DMSO (Sunda et al., 2002).

5.3 Cascade chain reaction with DMS(P,O)
The first hypothetical link between DMSP and light intensity or day length was addressed by

Karsten et al. (1990). They investigated the DMSP cellular content of five benthic
Chlorophyceae for one year at three different light intensities under day mthions of

their natural habitat. They observed higher DMSP concentration under long day conditions and
higher light intensity. Matrai et al. (199%)so observed that the DMS(P):Ghlratio by

Phaeocystis sgghowed a hyperbolic response to irradiance
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Figure 1-11: Schematic representation based on Sunda et al. (2002) and Spiese et al. (2009) of the reactions involving
dimethylsulfide (DMS), dimethylsulfoniopropionate (DMS&nd dimethylsulfoxide (DMSO) and its breakdown proid

acrylate, methane sulfonate (MSA) and methane sulfinic acid (MSNA), thanks to the-pds8Ractivity (DLA) or reactive

oxygen species such as singletoxydén) , hy dr o x y | Thecalauioteach arfovdfélldws each potential pathway.

Morerecently, Sunda et al. (2002) have shown that DMSP might react with the hydroxyl radical

( OHA), scavenging one of the most reactive
and acrylate, more effective for scavenging ROS, as are the DMS oxigatiducts DMSO

and MSNA (Fig.1-11) (Scaduto, 1995; Sunda et al., 2002). Taken together, these molecules
mi ght be even more eff ect iknown ascbrbate orglutathmoge n g
(Sunda et al., 2002). Moreover, the DMSP might be lysed to DMS and acrylate thanks to DL
activity (Fig. 1-11) (Sunda et al., 2002) present in the Prymnesiophyceadiaofifagellates
high-DMSP producers (Keller et al., 1989). DMS can also react with singlet oxygen (Wilkinson

et al., 1995) to form DMS@Fig. 1-11). DMSP and acrylate cannot diffugaeross membranes

since they are charged at physiological pH while DMS does. This difference in diffusion
properties can improve the antioxidant system in both aqueous and lipid membranes phases
within the cell (Sunda et al., 2002). If DMS does not reattt ROS, the remaining DMS will

di ffuse across the membrane while the DMSO,
DMSP (Fig.1-11), is more hydrophilic and will accumulate at high cellular concentrations

(Simo et al., 1998, 2000). These observationseeveaperimented witEmiliania huxleyiand
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Thalassiosira pseudonanander CQ and Fe limitation, UWadiation, C&" and HO»
exposures (see Sunda et al., 2002 for more information). Bucciarelli and Sunda (2003)
experienced a similar upregulation in celluBMSP of T. pseudonanainder NQ, PQ,
Si(OH)} and CQ limitation. An increase in the DMSP to carbon ratio under Fe limitation was
also observed in the Antarctic PrymnesiophycBhaeocystis spStefels and van Leeuwe,
1998). Micre and macroalgae havexgerienced an increase in their DMSP content when
exposed to high light and UV irradiances (Karsten et al., 1992; Stefels and van Leeuwe, 1998;
Darroch et al., 2015). The exogenous addition of DMSP and acrylate on plant leaves also
protects them of oxidate damage (Husband et al., 2012). The DMS(P,O) antioxidant
hypothesis is in line with their production site located in the chloroplast (Trossat et al., 1998;
Raina et al., 2017; Curson et al., 20I)e figurel-12 considersall the previous statements

regarding the cell s response to have a gener

This antioxidant system theory is further supported by the increase in DM&r@alivs due to

the oxidative stress induced by solar radiation (Sunda et al., 2002). This idea is in line with the
CLAW hypothesis : DMS released by the activation of the DMS(P,O) antioxidant system would
act as a negative feedback mechanism on highdightJV oxidative stress by enhancing cloud
albedo and thereby decreasing incoming solar radiéfign 1-2a) (Sunda et al., 2002). This
hypothesis is also supported by correlaiobetween (seasonal) variations DMS
concentrationsindlocal solar irracance, UV radiation or the average radiation in the surface
mixed layer, which is theolar radiation dose (SREHat phytoplankton experien¢€oole and

Siegel, 2004; Vallina and Simd, 2007; Miles et al., 2009; Gali et al., 2011; 2013; Lizotte et al.,
2012 Lana et al., 2012).ana et al. (2012) showed that the climatological calculation used for
SRD, the use of data grouping and binning as well as the use of different DMS climatologies
will impact the proportionality between DMS and SRD. Nevertheless, @hSlight were
significantly correlated even using exclusively in situ data of irradiance and light attenuation to
calculate SRD (R? > 0.80, Vallina and Simé, 2007; Miles et al., 2009). In addition, Levine et
al. (2012) found that the potential DMS prodontthrough the algal fraction (> 1.2 um) was
associated to radiation dose at 340 nm in the upper mixed layer. Gali et al. (2011; 2013) also
confirmed that sunlight modulates DMS concentration since they observed an increase in gross

DMS production with egosure to solar radiation, UV included.
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Figure1-12: Schematic representation of the cellular site of the oxygen production (via the OEC: ®wieing Complex) and of the reactive oxygen species (ROS) production at the gheno$yPSl) and
photosystem Il (PSIl) with the three possibilities of photochemistry, fluorescence -photothemical quenching (NPQ); in blue: the enzymatic scavenging cycle (SOD: Superoxide Dismutase; APX: Ascorbat
Peroxidase; CAT: Catalase; GPX: @lthione Peroxidase); in orange the DMS(P,O)-aorymatic system including the dimethylsulfoniopropionate (DM8Rpethylsulfoxide (DMSOXimethylsulfide (DMS)
Acrylate with the presence of the DM$Rse (DL) activity and the oxidation products Methané#igic Acid (MSNA) and methane sulfonate (MSA); in yellow the pigments@ozymatic cycle representing the
b-carotene and the Xanthophylls cycle (DDx: Diadinoxanthin; DTx: Diatoxanthin) to scavenge the excess of energy as hieat; dindiplae ROS pduction effect of the Menadone Bisulfite (MSB), DCMU and
High Light (HL) added for the oxidative stress experiments; as well as the possible damages to DNA, Proteins and IspidstiiscROS production exceeds the ability of the organism to scatenge
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Nevertheless, it has been suggested that the solar radiation enhancement of DMS may be also
related to the inhibition of bacterial activity48% of suppression in bacterial growth was due

to UV-B radiation and ~40% causeby PAR+UVA; Herndl et al., 1993). In addition,
Deschaseaux et al. (2014) observed a correlation between DMS(P,0) concentrations and direct
sunlight. The DL activity has been shown to correlate with radiative stress conditions (Bell et
al., 2007; Haradat al., 2004) while it might also decrease under high PAR and UV (Darroch

et al., 2015). For any given exposure to irradiance, each phytoplankton population will
contribute to the DMS production through the overflow, antioxidant, or damage mechanisms,
depending on their sunlight sensitivity, their photoprotection strategies and their BPMSP
cleaving capacity (Gali et al., 2013). In addition, DMS(P,0) and DL activity are often
significantly correlated with algal photoprotective pigments in seawater (Belvadg 2001;

Steinke et al., 2002; Harada et al, 2004; RiseamaDiTullio, 2004; Bell et al., 2010). Without
excluding the potential reaction between DMSP and ROS, Archer et al. (2018) indicate that
DMSP production on a diel timescale is not linked to tpbeidative stress in natural
communities. The DMSP production was generally inhibited in PAR+UV treatment compared
to the photoprotective xanthophylls that were enhanced 06@. The debate is still open

since the physiological reactions between DMSjRnd the ROS production differ depending

on the methodology used, the studied microorganisms, or the natural community observed.

The ADMS summer paradoxo0, so called after hi
low Chlain some part of the globg&imé and Pedis-Ali 6, 1999), could also be explained
thanks to the understanding of the microbial food web and the antioxidant function. During the
summer, the increase in solar inputs due to longer days and higher solar intensity, coupled with
the thermal stratification ofhe seawater, will simultaneously lead to increased nutrient
limitation with lower supply coming from deeper waters, and solar exposure (Sunda et al.,
2007).Five mechanisms could explain the higher DMS concentration encourfkeged-13):

(1) The photoihibitory effect of UV on bacterial activity leads to the decrease (>90%) in the
biological DMS(P) consumption (Slezak et al., 2001; Toole et al., 2006; Slezak et al., 2007)
and simultaneously2) since the demand for bacterial sulfur is reduced, moreuoced

DMSP; is diverted to the bacterial cleavage pathway leading to DMS production (Slezak et al.,
2007); @) the high light and UV damage on phytoplankton cells could increase the cell lysis
increasing the potential DL activity (Simo et al., 2008)le the zooplankton grazing rate is
lower during summer and is then not responsible for the elevated rates of biological DMS

release (Toole and Siegel, 2004%) (wtrient limitation can lead to an oxidative stress
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promoting DMS(P) production (Bucciarelli andr®la, 2003; Harada et al., 2004; Sunda et al.,

2007); &) phytoplankton DMS(P) production is enhanced due to greater exposure to irradiance
(Sunda et al., 2002) and have to be higher than the DMS photolysis that is promoted under UV

radiation (Toole et al2006).However, the photooxidation of DMS depends upon the presence

of chromophoric dissolved organic matter (CDOM) which is at the lowest concentrations at the

summer (Siegel and Michaels, 1998l this previous argument are apparently sufficient to

overcome the negative effect of lower algal biomass during the summer, which would otherwise

restrict DMS production (Sunda et al., 2007).
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bacterial DMSk uptake whilg(2) the cleavage pathway are promoté);the PAR+UV enhancement promotes the cell lysis
and the mixing of the DMSP lyases with its substrate during the physical degra@tibre; nutrient limitaton and(5) the
higher PAR+UV due to the thermal stratification promote an oxidative stress within the phytoplankton cell, increasing the

DMS(P) production.

5.4 Physiological impact of ROS formation

Under severe stress such as high light, when &D8entration exceeds the éellapability to

scavenge them, PSII proteins and lipids might be oxidised and damaged by ROS (Aro et al.,

1993). Nevertheless, at low level, ROS could serve as signalling molecules leading to an

acclimation response or cell death (Apel and Hirt, 2004). Dukigh light doses or high

temperature, ROS might be transmitting a signal from the chloroplast to the nincteight

products of protein oxidation or lipid peroxidation (Fischer et al., 2012 and citations therein).

ROS might also change gene expresbiptargeting and modifying the activity of transcription
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factors (Apel and Hirt, 2004). The production of ROS might also be genetically programmed
inducing complex downstream effects on both primary and secondary metabolism (Foyer and
Noctor, 2005). Erickon et al. (2015) already demonstrated the rot®pfo signal the nucleus

to turn on defence mechanisms to minimize its deleterious effects. Thanks to its relative stability

and its diffusion over large distances within the cefiPHalso might be a ghal molecule

(Sharma et al., 2012). It regulates expression of genes by the activation of proteins signalling
pat hways associated as well to the accli mat
citations therein). More recently, it has been demotestiat the bO>formed in the thylakoid
membrane leads to the regulation of the PSII antennae size during the acclimation responses

(BorisovaMubarakshina et al., 2015).

Lipid peroxidation (IPO) is one of the cellular damages that might produce ROSIHitiated
by!O,and OHA agligid hpdropetoxides (LOOH) which decompose to secondary

lipid peroxidation productdipid hydroxides (LOH). Lipid hydroperoxide is stable but might

be oxidised or reduced to Iriagiidc ade r(dxOAl) rtadit
to high energy intermediateshich ishighly unstaléd andmight transfer, via its decomposition

to triplet excited carbonyls’l("), its energy to @to form O.. Yadav and Posp?2q
already have shown evidence thas is producedtrough lipid peroxidation under light stress.
Nevertheless, the amount @, produced is considerably lower than from triplet chlorophyll
(Posp2gil, 2016), but could aggravate the o0x
(Sharma eal., 2012).

6 Study casefor batch monoculture

6.1 Diatoms- Skeletonema costatum

Diatoms are a major componenttbé phytoplankton community (Sarthou et al., 200R)e
diatoms are unicellular but caometimedgorm colonial formsThey are classified as centric if
their symmetry is radial, or pennate if it is bilatefithey are present in a wide distribution in
all kinds of habitats in fresh or marine wat@fstsch, 1971), even in the brine channels of sea
ice(Trevena et al., ZW). They are responsible of 40% of the global oceanic primary production
and thereforeplay an important roles in natural cycleSdrthou et al., 2005 and citations
therein. Diatomscanalsorapidly sink from the upper ocean to deep waters, dominatag th
export productionof carbon and silica(Sarthou et al., 2005)The micro-architectural
complexity of theisilicified cellwalls make diatoms remarkable and fascinafiigs wall (or

frustule)is composed of two, usually equal halves, the older (e@dhiting closely over the
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younger (hypothecalhis thick siliceous envelope shuts off the cell from the environment but
admits gaseous diffusion and osmotic exchamgéhin areas, or even by direct aperturies. (
pores) communicating with the exter{@iritsch, 1971). Characterized by a low surface:volume
ratio, the diatoms generallgrow in natural highnutrient concentrationand dominate the
phytoplankton efflorescence in spring till silicate becomes limited (Sarthou et al. 20@5).
diatom life cycle is presented and described at the figetd. This life cycle is unique because

of the presence of the rigid silicate cell wall and the size reduction at each vegetative step.

Vegetative cell New cell wall formation

o <
MitosA

f

o]

Auxospore formation

»
]

b

Mitosis

Egg

Sexualization
size threshold

B|BB .]

; )/ Syngamy
Environmental cue | e '

Figure 1-14: Schematiaepresentation of the life cycle of a centric diatom: (a) the vegetative cell divides mitotically and
produces two cells that inherit one of the two halves (thecae) of the rigid cell wall (orange and green line) and build a new
smaller one (purple line (b) This vegetative cell reproduction leads to a progressive reduction of the cell size of the cell
population. Above a specispecific sexualisation size threshold, the cells are incapable of sexual reproduction. Below this
threshold and if a proper trigg is presentif. salinity shock), meiosis is induced and produces egg and sperms. (d) The
gametes conjugation (syngamy) leads to the formation of a zygote that (e) becomes an auxospore, a soft stage which can
expand. (f) The new cell walls are built iths the auxospore, which (g) eventually becomes the initial vegetative cell.
Representation based Kaczmarska et al. (20183ndFerrante et al. (2019)

Skeletonema costatuim a centric diatom characterized by cylindrical cellth a diameter
between 2o 21 um.The colonial forms made up oindividuals joined by the poles thanks to

several silicified processés long, straight, or slightly undulate chaifi$is specisis present
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in coastal waters and might bloom seasonally in spring andHalbpemath et al., 2009)
Regarding DMS(P,O) production, the diatoms are considered aBNM8P producers since
they are characterized by a DM3Phl-a ratio of 4 £ 6 mmolS:g Chl(Stefels et al., 2007)
Nevertheless, DMSFChl-a ratio of the diatonS. costatunis higher and can be vedyfferent
from 8.3to 35.3mmolS:g Chia (Table1-1) (Speeckaert et al., 201BlcParland and Levine,
2019. We only found ogr published data to recalculate the DM3Chl-a ratio of S. costatum
that was vey low with 0.03 mmolS:g Ch& (Table 11)

Table 1-1: Resume of the DMSFChl-a and DMSQ:Chl-a ratio found from the published data available for the spegies
costatumP. globosaandH. triquetra

DMSR:Chla DMSQ:Chla

Class Class Genus Species (mmol:g) (mmol:g) Data from

Diatom Diatom Skelebnema  S. costatum 353 1

Diatom Diatom Skeletonema S. costatum 8.3 2

Diatom Diatom Skeletmema  S. costatum 0.03 3
Dinophyceae Dinophyceae Heterocapsa H. triquetra 98.8 4
Dinophyceae Dinophyceae Heterocapsa H. triquetra 1537 8.6 5
Prymnesiophgeae Prymnesiophycea¢ Phaeocystis  P. globosa 784 2
Prymnesiophyceae Prymnesiophyceae Phaeocsgtis P. globosa 95.2 1
Prymnesiophyceae Prymnesiophyceae Phaeocystis P. globosa 1.2 6
Prymnesiophyceae Prymnesiophyceae Phaeocystis P. globosa 733 13 5
Prymnesiophyceae Prymnesiophyceae Phaeocystis P. globosa 0.5 3

1. Speeckaest al. (2018); 2McParland and Levine (2019); 3. Hatton and Wilson (2007); 4. Niki et al. (2000); 5. Speeckaert et al. (2019); 6. £
(1998)

6.2 PrymnesiophyceaePhaeocystis globosa

The phytoplankton group Prymnesiophyceae (or Haptophyte) conoayws8300 different
known species. They ammaportantto primary production, thetructure of théood chainand
also for sedimentary rock formatiohheir most important accessory pigment is fucoxanthin
(Hoppenrath et al., 2009)This class is also knowmo produce DMSP with the two
representativek. huxleyiandPhaeocystisp.that we already cited previously. They are also
studied due to their capagiio form monospecific and larggeale bloorsin theNorth Atlantic,
Arctic, and Antarctic ocean (Caruana and Malin, 20T4)is phytoplankton group includes
Harmful Algal Bloom (HAB- rapid proliferation and/or high biomass accumulation of toxic or
otherwise noxious microalgae; Anderson et al., 20%@ecies, either ichthyotoxic such as
Chrysochromulinasp., Prymnesiunsp. or high biomass forming species suclPhaeocystis
sp.The latter can form colonies with mucilaginous matrix in the Barentd\®eagegian fjords,
the Southern Ocean, and coastal waters of the NortliLSaaelot et al., 1998)The harmful
effect of the bloom is related to the deposition of thick layers of odorous foam on the beaches,

thus affecting tourism and recreational actesti but are also responsible of clogging fishing
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nets, repulsing fish, and probably having negative impacts on benth{Rofesseau et al.,

2000). In the Belgian Coastal Zone discussed in the next se®lmarocystiglobosaoccus

as a single spring ent lasting betweeni413 weeks and representing some 70% of the spring
net primary production (Rousseau et al., 2000; Breton et al., 2006). This high biomass is related
to its ability to form gelatinous colonies containing thousands of cells and mdieng t
unpalatableto the mesozooplankio If turbulent conditions c@ccur with the bloom, the
colony matrix (polysaccharides) is whipped into a soapy foam that regularly accumulates on

beaches along the cogBRiousseau et al., 2000)
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Figure1-15: P. globosahaploiddiploid life cycle. The syngamy of two haploid micro or mesoflagellates cells produces the
diploid macroflagellate that (a) can aggregate on a subsimatdigtoms) and (b) grow to form a young colony. Under high
turbulence, the young colony can return to single cells. (c) The colony size increases to finally detach from the (sl)bstrate.
The spherical colony can change to a prolate spheroid. Under himhetuce, the colony can be split and (e) form fragments
which will produce (f) a new colony or (g) furnish the pool of macroflagellates. Cells from the colony can leak fronrihe colo
and (h) are grazed by the microzooplankton. (i) At the end of the bielbem the daily irradiance increase and the nutrient are
depleted, the colony begins to deteriorate with (j) the cell lysis inside the colony and (k) cells are grazed by intruding
microzooplankton. (m) At low irradiance and during sedimentation, the cqlerfgrms meiosis to form (n) new mesw
microflagellates. (0) The haploid cells might escape and perform the syngamy to produce the diploid macroflagellate.
Representation based on Rousseau et al. (2007) and Peperzak anGGabéar (2012).
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It has acomplex life cycle consisting of three different flagellates and onewmatiie cell stage
embedded in carbohydrate matforming colonies of different size and fornfBig. 1-15).

Briefly, the cycle can begin with (a) a diploid macroflagellate attachastdid substrate and

from there (b) into a colony with diploid nonflagellate cellhe transition between the young
colony and the macroflagellate is reversible under high turbulence; (c) The colony detaches of
the substrate and grows (mitosis), wit) éventually changes from a spherical to a prolate
spheroid- Environmental factors influence the colony developmemet (laily irradiance,
nutrient such as vitamin B1, or zooplankton exudates); (e) With high turbulence, the colony
fragments and (f) forsanew colonies or (g) the colony cells transform intro macroflagellates;
(h) Cells leaking from the colony are grazed by microzooplankton; (i) When the daily irradiance
is high and the nutrients low, the colony begin to deteriorate with (j) cell lysieitis colony,

and (k) cells are grazed by intruding microz:
both the irradiance and nutrients are low, due to (m) sedimentation to the seafloor, (n) haploid
micro- and mesoflagellates are formed (meiosis), might escape the colony, and perform
syngamyproducing the diploid macroflagellate (Rousseau eR8D7; Peperzak and Gabler
Schwarz, 2012).

Stefels et al. (2007) calculated for the Prymnesiophyceae a PEISR ratio of 52 + 37
mmolS:g Chla. P. globosais characterized by a DM$Eh-a ratio varying from 73.3 to 95.2
(82.3 £ 11.5mmolS:g Chla (Table1-1). The DMSQ:Chl-a ratio waslower with an average
of 1.0+ 0.4mmolS:g Chla (Table1-1).

6.3 Dinoflagellates - Heterocapsa triquetra

The dinoflagellatescomprisemore than 2000 species aade found in the most aquatic
environmergworldwide, including both photosynthetic, heterotrophic and mixotrophic species
(Caruana, 2010They playanimportant role as plankton organisms both in sefieash waters

(Fritsch, 1971)They are mostly unicellular but rare species are filamentous or able to form
chains (.e. Alexandrium) (Caruana, 2010)Cellular sizes vary between 20 to 200 pm with

minima and extrema of 3 um and 2 mm. Thestknown specis might be the genus
Symbodiniunthatlives in symbiosis with scleractinian cordlSoodson et al., 2001Jhey are
characterized by fAnakedo or Aarmouredo form,
concernsieritic plankton(Fritsch, 1971)The armoured form involves a thecae composed of
cellulose plate beneath the cellular membrane, providing a rigid straectdréhe diversity of

this clasqFritsch, 1971 Caruana, 2010 hedinoflagellatesnclude motile unicells butlso a
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sedentary phasand has a complex life cycle (Fi316). Motile individualsfeaturetwo flagella
arising close together but different in structure and orient@iotsch, 1971; Caruana, 2010)
This mobility confers the advantage to perform dertical migration in calm waters: migrating
to the surface during the daycapturdight and to deeper waters where nutrgantly be more
available during the night (Raven and Richardson, 1984).
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ii Mitosis gg;
® f S,

Planomeiozygote (2n)

A
Mitosis Syngamy 1 b

\
és Excystment Encystment
g

e
C Planozygote (2n)
Excystment v
Encystment

v Water column
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Figurel-16: Schematic diagram @f dinoflagellate life cycle includintpe cystformation More than 10% of the 2000 known
species produce cysts as part of their life cycle. The cyst remains in the sediment during unfavourable conditionsifer vegeta
growth. The vegetativdiploid cell triggers (a) the meiosis to produce haploid gametes. (b) The fusion of two haploid gametes
forms the diploid planozygote that (c) eventually form cysts, also called hypnozygote. The excystment is subject to endogenou
(maturation minimum peror dormancy and exogenous (favourable environmental parameters) coffth@pellicle cyst

is characterized by thiwall and has no dormanc{d) The mitosis of the planozygote produces diploid vegetative ¢e)ls.

The excystment of the diploid cystgaluce the planomeiozygote leading to the vegetative celTh@)haploid gametes can

also have a vegetative life cy@ad (g) endures the eand excystmen®Representation based bmataki et al. (2008) and

Bravo andrigueroa(2014).

Dinoflagellatesvere highlighted in the earliest research on DMS(P) as-Bigls(P) producers.

They were used asmodel class to various studies including thedgtivity or the biosynthesis
pathway of DMSP production (Caruana and Malin, 2014 and citations therein)ssuisied
thatdinoflagellatesare one of the most significant graip term of DMSP production (Keller

et al., 1989Stefels et al., 2007; McParland and Levine, 208i@vertheless, this idea hides the
high variability within this phytoplanktogroup wheresomedinoflagellateshave very high
intracellular DMSP whereas little to none DMSP was detected in others (Keller et al., 1989;
Stefels et al., 200 aruana and Malin, 20iMcParland and Levine, 20L9The reasonfor

this high variability are still unkswn (Caruana and Malin, 2014). In addition, high intraspecific
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variability (147 220%) is observetletween different strains or between multiple analyses in
the same strain. This variability might come from the different genotypes or phenotypes when
the stains are different or might also result from different environmental conditions at the time
of sampling (Caruana and Malin, 2017 heir DL activity is covering 2 order of magnitude
from 0.15 to 13.26 mmol ke h' regarding the interand intraspecifc variability.
Nevertheless, only few dinoflagellates were investigated for DL activity (n = 12) (Caruana and
Malin, 2014).

Tablel-2: Resume of the DMSEChl-a and DMSQ:Chl-aratio found from the published data available for the phytoplankton
group of dinoflagellates for species characterizing\tbeh Sea

ClassGenus Species DMSPp:Chla (mmol:g) DMSOp:Chk (mmol:g) Data from
DinoflagellateGymnodinium G. simplex 195.1 0.1 1,2
DinoflagellateGyrodinium G. aureolum 0.4 1
DinoflagellateHeterocapsa H. rotundata 18.8 3
DinoflagellateHeterocapsa H. rotundata 17.7 4
DinoflagellateHeterocapsa H. rotundata 19.5 4
DinoflagellateHeterocapsa H. triquetra 98.8 5
DinoflagellateHeterocapsa Heterocapsa sp. 116.2 1
DinoflagellateHeterocapsa H. triquetra 153.7 8.6 6
DinoflagellateKarenia K. mikimotoi 0.1 7
DinoflagellateKarlodinium K. veneficum 3.9 8
DinoflagellateKatodinium Katodinium sp. 41.2 9
DinoflagellateTripos T. fusus 0.1 10

1. McParland and Levine (2019); 2. Hatton and Wilson (2007); 3. Cooney et al. (2019); 4. Cooney (2016); 5. Niki et al. (2000); 6. Speeckaert et al. (2019); 7. Archer et al. (:

The mean DMSE.Chl-a ratio calculatedn Stefels et al. (2007% 111 + 168 mmolS:g Chka.

In this ratio, it is includig for instancgenera fronHeterocapsa, Gymnodiniuar Triposthat
are characterized by DMgEhl-a significantly different (Table1-2). The DMSGQ
concentration is less studied since we only fowwd studies allowing us to obtain the
DMSOy:Chl-a ratio of 4.4+ 6.0 mmolS:g Chia (Hatton and Wilson, 200 Speeckaert et al.,
2019.

Heterocapsa triquetrais considered from the armoured dinoflagellates of the order of
Peridiniales, characterized by a ssrof unequal polygonal cellulose plate. Its size is comprised
between 16 30 um with a width of § 18 pum.H. triquetrais distributed throughout a neritic

or estuarine habitat generally during summer when extensive bloom can occur in low salinity

in tenperate coastal waters. It is a mixotroph with both sexual and asepuadluction.
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7 Study cases for field sampling
7.1 The North Sea

We realisedduring this thesiswo field sampling including one year of sampling 2018 in

the Belgian Coastal Zone (BCZ) the Southern North Sea, and one month of sampling in
August 2018 in the Northern North S@NS). The North Sea is then described as a whole,
englobing the NNS, while the BCZ characteristics are explained further.

The North Se#s a semienclosed marginaea of the North Atlantic Ocean aiscsituated on

the European continental shelfidtconnected to the Atlantic Ocean in the South through the
English Channel and in the Nonthth the Norwegian Se& here is also a connection with the
Baltic Sea irthe East (Quastet al., 2016). Thaverage bathymetig about90 meters even if

the water depths can exceed 700 meters in the Norwegian trench. The current circulation will
depend on the major inflow coming from the Northwest and a minor warm and rlioee sa
input from the English Channel (Paramor et al., 2@D3ant et al., 201§ This leads to an
anti-clockwise rotation along the edg@sg. 1-17). Nutrient inputscome principally fronthe

inflow of the North Atlantic,while the highest concentratiom®me from the riverine inputs

and atmospheric deposition$ nitrogen Druon et al., 2004Paramor et al., 200Quank et

al., 2019. The major rivers discharging freshwater are the Forth, Humber, Thames, Seine,
Meuse, Scheldt, Rhine, Ems, Weser, Elly@ Glomma. The melt water from Norway and
Sweden contribetabouta third of the annual input of freshwater (Quaet al., 2016)The

North Sea is one of the most productive and biologically rich regifthe world (Emeis et al.,
2015). The North Séagcosystem variability will depend on human and natural causes of
change. For instance, the nutrient loads from terrestrial and anthropogenic sources are one of
the major contributors of high levels of primary production in coastal waters (@efaal,

2016).

As a temperate sea, the North Sea is charactdnyadclear seasonal production cycle with:

(1) in winter, the primary productiois limited by light availability; (2) in spring and due to
higher light levels and rising temperatures, distinct phytoplankton bloom occurs at the sea
surfaceln summer and/or autumn, dinoflagellates blooms might also occur (Cushing, 1959 in
Quante et al.,@16), as well as diatoms to a lesser extent (Reid, 1978 in Quante et al., 2016).
The spring phytoplankton bloom is initiated in the Southern North (S&6) in late
winter/early spring while it develgdater in the northern part (Colebrqok979). Primary
productivity in theSNSrelies on terrestrial nutrient inputs to a far greater degree than in the
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NNS, and nutrients can be a limiting factor during the productive period of spring. The nutrient
cycle can be seen as folls (Quante et al., 2016 and citats therein): (1) nutrients accumulate

in autumn and winter due to intense mineralisatiaih the peakgenerallyoccuring in late

winter; (2) silicate and phosphate become the fiastients to be&lepletedn coastal waters in
spring, slowing thegrowth of diators,; (3) excess nitrate will be taken by flagellaté$)
nutrients become depleted in most of the North Sea due to the summer stratification; (5) surface
nutrient concentrations increase in autumn after mineralishisoccurred in deeper water
layers and are brought to the euphotic zone by stormy autumn weather. Nisrogesidered

to be the limiting nutrient in the Central North Sea wiiléhe Coastal Zones is generally

phosphate.

Figure1-17: Map of theNorth Sea including the circulation system according to OSPAR (2000) in Quante et al. (2016).

7.2 The particular case of tHgelgian Coastal Zone

The South Bight of the North Sea that includes Bt&Z is surrounding by industrialized
countries (Belgium, France, England, and Hollafky. 1-18). The seawater in this area is
well-mixed and under the influence of riverine inputs from the &live Meuse, the Seine, the
Scheldt, and the Thameé5s in thecase oimany other marine coastal areas, the BCZ is largely

eutrophied due to riverine, atmospheric, and transboundary inputs ebdard nutrients
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(Rousseau et al., 2002). Indeed, the North Sea is subjected to anthropogenic loads of nitrogen
and phospbrus that lead to important biomass in most coastal zone between March and October
(Desmit et al., 2019 and citations therein). This eutrophication results in excessive development
of undesirable phytoplankton species, affecting the structure of the felbcasvwell as the
services and goods provided by the coastal environment (Rousseau et al., 2002). The nutrient
contributions havéedto an excess of nitrate compared to phosphate and silica, resulieg
proliferation of norsiliceous phytoplankton sh asPhaeocystis globos#s it was mentioned
previously, this specgecan be at the origin of high biomassspring when the silica becomes

the limiting nutrient for diatoms (Lancelot et al., 200B)e coastal zones in the area are also
under the thregaof increasdSea Surface Temperature (SST) si .l
of these external drivers are the changes in the physiology, abundance, and phenology of marine
phytoplankton (Desmit et al., 2019).

40
30
20
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0 2 4

Figure1-18. Mapsof the Southern Bight of the North Sea with the Belgian Coastal Zone (in dark lines), the water depth (in
meters) and the main rivers discharges (arrows) (Ruddick and Lacroix, 2006).

The BCZ is characterized layvery high phytoplankton biomass aotd/togankton succession
as following: (1) the first bloom occurs in late Februatarch with diatoms, (2) directly
followed by a huge biomass peakRifaeocystis globosa April-May, and (3) another diatom
bloom at the end of summbeginning of autumn (Rousseau et al., 2002k first bloom is
mainly dominated by colonial diatoms such Asterionellopsissp., Thalassiosirasp,
Thalassionemap, or Skeletonemap. buttheyarerapidly limited by silica inputsThe specis
Chaetocerosp. will also be present and will coexist temporally with Bteaeocystis globosa
efflorescence. Finally, the last bloom of sumraatumn are characterized by the same colonial

diatoms thawere present in early spring. Each of these blooms occur because of changes in
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SST, light intensity, and nutrient availabilityhe light intensity isfor exampleone of the most
important factos in the onset of the early diatom spring bladrhe Phaecystisefflorescence

will depend on the remaining nitrate concentrations after the diatom bloom (Rousseau et al.,
2002). More details will be provided in Chapter Il with the analysis of the phytoplankton
succession during the year 2016 and 2018.

Since tle DMS emissions result from bacterioplankton processes and the produdin@ir of
two precursors (DM@,0)), their concentration throughout the year will depend @n
succession of lowand highDMSP producers. It was mentioned previously that the diatoms
are consideretb below-DMSP producers while the Prymnesiophycdtegeocystis globosa
produce high amousbf DMSP. These prerequisites lead to important [PiR)Soncentrations
during thePhaeocysti®loom in Aprili May, as consequence that the South Bight of the North
Sea is considered as hi@ftMS producing regions at global scale (Lana et al., 20LfA¢.
seasonal DMS(P) variations were studied by field measurements and modeiizéti®two
lastdecades (Turner et.all988; Kwint and Kramer, 1996; van den Berg et al., 1996; van Duyl
et al., 1998; Archer et al., 2002; Gypens et al., 28péeckaert et al., 2018 he seasonal and
spatial variations of DMS(P,O) will be discussed in Chaptearit V.
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8 Research objeistes

As it was mentioned previously, DMS(P,0O) ylaeveral hypothetical roles within
phytoplankton cells. Theselesdepend on environmental drivers such as salinity, temperature,
nutrient concentration, or light intensity. In addition, phytoplanktonprdduce DMS(P,O) in

several ordexof magnitude depending on the phytoplankton sgecie

Thus, the main idea driving this thesis is to study the influenpbayabplankton diversity or
taxonomy as well asexternal drivers that promote DMSP,0) productioninside the cell.
Indeed, after many years of research, the understanding of biological DMS(P,0) production
within the main phytoplankton classes and regarding adverse environmental conditions is still
in some parts unknownrlhis thesisis then built around experiments in laboratory and

measurements on field samples.

In this contextthe laboratory experimenisvolve three phytoplankton specipsesent in the
SNS andincluding a lowDMSP produceii the diatomS. costatum and two highDMSP
producesi the Prymnesiophyced® globosaand thedinoflagellateH. triquetra Theycover
three phytoplanktogroupswith different initial DMS(P,O) concentrationgKeller et al., 1989
McParland and Levine, 2019They weregrown in monoculture with controletemperature
and salinity conditions to study the influence of increasing light intensitypamdxidant
molecules on the DMS(P,e)roduction.The following assumptions arise from the antioxidant

cascade reactions suggested by Sunda et al. (2882e discussed in Chapter:lll

U Hypothesis n°1

The oxidative stress producedihgreasindight intensity or preoxidant moleculemduces
variations in DMS(P,Q)content

U Hypothesis n°2
These DMS(P,Q)variationsaredifferent between the three phytoplankton speoezsause
of their initial DMS(P,O) concentration

In the second part of this thesibetfield samplingcovers the BCZ during the year 2018
(Chapter IV)that will be compared to the year 2016 (Speeckaeat.£2018) to analyse the
interannual variation. A second field sampling was also performi MNS in August 2018
(Chapter V) The field measurements force us to consider all the abiotic conditsaimity,

temperature, nutrient concentraorand incident lighti to explain the variationsn
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phytoplanktonbiomassand diversity to understand and explain thesulting DMS(P,O)

concentrations.

U Hypothesis n°3

The seasonalr spatialvariation of abiotic parameteasfects the biomassandcomposition

of marine phytoplankto(Chapter IV and V)

U Hypothesis n°4

These changes in phytoplanktdmomassdo not necessarilyhave an impact on the
DMS(P,0) concentrationshich depend on the relative abundance of-lowhighDMSP
producergChapter V).

U Hypothesis n°5

Considering the antioxidant function, the DMS(R,©dncentrationsare linked to the
incident light as well as ancillary parameters such as the photoprotective pi¢Gteayter
V).

U Hypothesis n°6
The DMS(P,0) evolution during the year (Chapter V) or along the latitude (Chapter V)

can be estimated basedtbe taxonomic composition.

Since DMS(P,0O) play a central role in the global sulfur cycle, addressing the previous
hypothesis is critical to better constr®MS(P,0) concentrations in the water column, but also
understanding their physiological roles, especially with respect to their potential function as
antioxidant. Furthermore, adding cellular DMS(P,0O) concentrations and regulation of their
production inthree main phytoplanktogroupswill lead ultimately to better constrain and
improve the modelization of the oceatmosphere DMS flux and its climate impact.
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AThe best way to show that a stick is cr

denouncing it, but to lay a straight stick alongsidé o .

D.L. Moody
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1 Phytoplankton culture

1.1 Culture equipment

This thesis was based on a cell approachtlrekphytoplankton species were chosen within
three phytoplanktogroups The species were a diatdft) Skeletonema costatusolated from
the Southern North Sea; thirymnesiophycea®haeocystis globosRCC17D originating
from Roscoff Culture Collectio(English ChannelfFrance), known for its bloom in the North
Sea;andthe dinoflagellateHeterocapsa triquetr&® CC4800originatingfrom Roscoff Culture
Collection(English ChannelFrance).The Prymnesiophyceamnd dinoflagellates exhibit DL
activity (Stefels and Dijkhuizen, 1996; Caruana and Malin, 200#Bspeciesvere maintained
axenicallyin exponential growth at salinity of 34 (S34) and a temperature of 15°C with a 12:12h
light: dark cycle under an irradiae of 100 umolquantam?s?. The seawater used for the
culture was collectenh theBCZ at 3 meters deptlkept inthedark for several months, filtered
and autoclaved to avoid bacterial contamination. The seawater was erwithetitrients
according ¢ f/2 culture medium fronGuillard and Ryther (1962)Silica (NaSiOgs; final

concentration 107 pmolt) was added in the culture medium frcostatum

1.1 Experimental setup

Oxidative stress and its effects on DMS(P,0O) production were analyséurdsy different
methodausing(Fig. 2-1):

1) High light (HL) intensities (600 and 12Q@mol quanta ris?) to produce a natural
oxidative stressThe irradiance of 100 umguantam?s? will be referred as the control
light or 10 while 600 and 1200 umajuanta m?s? as 11 and |2 respectively.We
performed long (8-12 days) and shoeterm (6h) treatmestto createthis high light
oxidative stress.

2) Menadione Sodium BisulfiiSB) was usedo chemically produce Dinside the cell
It is widely used irthe study of oxidant stress in plants (Sun et al., 1998 treatment
was inflicted during 6h.

3) 3-(3,4dichlorophenyBl,1-dimethylureg DCMU) was usedo inhibit the photosystem
Il and promote the ROS productiddCMU is generally used a herbicideto block
the electron fluxn the PSII from the electron acceptor quinong @ the secondary
guinone acceptor g{Haynes et al., 200®aker, 2008 This results in a rapid reduction
of Qa and an increase in fluorescence as photochemical quenching istpcéBaker,
2008) DCMU maintains all the reaction centres closed under incident irradiance (Huot
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and Babin, 2010)The phytoplankton cultures was expose®@VU under 12during

6h.
1.2 Sampling

For the longterm HL treatment, phytoplankton cultures weaampled at migxponential
growth stage to determine the cell density, the&laind the DMS(P,O) concentrations.

For the 6h treatment of MSB, DCMU and HL, cultures were sahgil®h andt6h to analyse
the Chla concentration, the ROS production, theQ, the PSII activity and the DMS(P,0)

concentrations.

T=15°C =100 Control culture 12h:12h

N/ N\ N/
v/ Vv’ Vg
/( N/ \\\
T=15°C S=34 [ T=15°C ][ S=34 ] [ T=15°C ][ S=34 ]
12h:12h =600 [ MSB ][ 1=0 ] [ DCMU ][ 1=1200 ]
\\ VAN J/
/f ™ 7 \\ : :
T=15°C S=34 : :
; {7 ~ I I
12h:12h || 1=1200 l :
\\ VAN 1/ 1 !
S Y ¥
v’ v/ v’

Natural :
[ oxidative stress } [ 0, } [ ROS }

________________ :
| t=8-12 days | «—— Llong-term  Short-term J
I |

Figure 21: Experimental setup for the oxidative stress experiments with T = temperature (°C); | = light intensity (umol quanta
m?s?; S = salinity and t #ime (h or day$.
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1.3 Analyss

1.3.1 Celldensity

The cellular densityor the longterm HL treatmentvas performed at different growth stage

by microscopy according to Utermohl method (Hasle, 197@)byusing a Z2 Coulter Particle
Count and Sizé&nalyserfor the DCMU shortterm oxidative stress experimenighe cellular
biovolumewas calculated by measuring the dimensions of cells according to Hillebrand et al.
(1999) and converted in carbon biomass with the equatiproposed by MendeDeuer et
Lessard (2000).

1.3.2 ChlorophyHa

The Chta concentration waanalyzedy filtration of a known volume of phytoplankton culture
and its furtherextraction with aceton®80% andits measureoy fluorimetry (Strickland and
Parsons, 1972)For the shortterm oxidaive stress experiment®leOH was used for the

extraction and the measurement was obtained by spectrophotometry (Ritchie, 2006).

1.3.3 DMS(P,0)

DMS(P,0O)analyss were performed usiragas chromatography after the conversion of DMSP

in DMS by sodiunmhydroxide (Dacey and Blough, 1987; Stefels, 2009), and the conversion of
DMSO in DMS by TiC4 (KieneandGerard, 1994; Deschaseaux et al, 2014) in the same sample
(Champenois and Borges, 2019). Samples were collected for total and dissolved DMS(P,0),
allowing by their subtraction to obtain thharacellularDMS(P,0). The gas chromatography

was associated with a purge and trap systeprdconcentrate the DMS from the previous
conversion before its injection in the GC. More details are provided for the ankilysis in

the Chaptetil.

1.3.4 Chbrophyllfluorescence

For the three oxidative stress applied, fluorescemagvo was measured using a SpeedZen
JBeamBio camera allowing us to analyse the efficiencl $if ( fsi). Dummermuth et al.
(2003) have shown # the measurement of tirevivo fluorescence ok psiiis a suitable tool

to determine the effect of oxidative stress in algad itis widespread in physiological and
ecophysiological studies (Baker, 2008%.described previously, three competing pathways are
dominantwhen light energy arrives to the photosystem: (1) photochemistry, (2) heat dissipation
and (3) fluorescence. The surfitloe quantum yields of each process is unity and then, changes

in fluorescence yield reflect changes in the complementary pathways as well (Cosgrove and
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Borowitzka, 200). The measurement of this fluorescenm@vides a rapid method to
characterize the RiSperating efficiency under different light conditions or other stress (Baker,
2008). The method used was the saturation pulse meffagl. 2-2) to estimate the
photochemical quantum yieltinimum fluorescence yield ¢ occurs after dark adaptation
when all the reaction centres (RG3a) of the PSII are open (or oxidised). It means if energy
reaches the R it has the maximal chance of being utilised photochemically and negligible
chance of being dissipated as heafluorescencegBaker, 2008; Cosgr@vand Borowitzka,
2010). Wethenapplied a pulse of high ligimtensitysaturating all the R€of the PSII (closure

or reduction of the RGsQa), the photochemistry is reduced to zero d@hd maximal
fluorescence level is observ@gh). The nonsphotochental quenching is negligible since the
samples were dark adapted. After this point and with actinic light, the samplelaagey
adapted to thdark, and the nofphotochemical quenching will act to quench the fluorescence
yield. The achieved maximum fluescence vyield is now lower and notegsH he difference
between R and mscan be used as a measure of the-plostochemical quenchin@aker,
2008;Cosgrove and Borowitzka, 201
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Figure 22: Schematic representation of the saturating puksthod use for the oxidative stress experiment.

In the oxidative stress experiments, this saturation pulse method can be used to estimate the
efficiency of t heps)RGity et g.,M880)oEnvrementsl factgrs sgch

as the light intesity, nutrient concentrationand temperature (Wozniak et al., 2002), that will

I mp a c tesi, Wilh ddrectly or indirectly also impact the maximum theoretical yield of PSII

(RV/Fm) (Greene et al., 1992TheseF./Fm values generally decrease when okigastress is
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applied (Baker, 2008)The downregulation of the PSII photochemistry may act as
photoprotective mechanisms to reduce the formation of the triplet state Chlord@hyl) n

the PSII and the formation of RO&s well as high levels of éoxidised xanthophyll cycle
pigmentgKrause and Jahns, 2004).

1.3.5 ReactiveOxygenSeciesconcentration

The intracellular ROSoncentrationis visualized by spectrophotometry using théabd6)-
carboxy2 0 -dichorodihydrofluorescein diacetate (carbeXyDCFDA; Molecular Probes,
Invitrogen) for the MSB treatments. For Hind DCMUstresgs a colourless probe Amplex
Red (10acetyt3,7-dihydroxyphenoxazine; Invitrogen A12222) was used to determine the
extracellularH>O> concentration by spectrophotometry. More details are provided in Chapter
.

1.3.6 Lipid Peroxidation

Assessment of oxidative damage in phytoplankton cells exposed to each oxttagggHL,
MSB, and DCMU) was achieveby the Peroxidetect Kit(Sigma Aldrich)and measured by
spectrophotometryThe level of lipid peroxidation in parallel of ROS production has been
widely used as an indicator of ROS mediated damage to cell memhrades stressful
conditions (Sharma et al., 201R)ore details are provided in Chaptér

2 Field sampling

2.1 Belgian Coastal Zone

2.1.1 Sampling

Sampling was carried out on tR¥ Simon Stevim 2016 and 2018 at 5 fixed stations chosen

to cover both neanffshore gradient and a longitudinal gradient. The data from 2016 were
published in Speeckaert et al. (2018). The samples were collected each month through the year
and bimonthly between Maradmd May during the spring phytoplanktonic bloom. Seawater
samples were collected at 3 meters depth for further analysis o&, ADMS(P,0)
concentrations and DNA extraction. These areslygere performed using the same protocols

asexplained previously.

The abiotic measurements of seaface temperature (SST), smaface salinity (SSS),
suspended particulate matter (SPM), nutrients concentrations were carried out by the Vlaams
Instituut voor de Zee (VLIZ)Http://rshiny.lifewatch.be/Station%20dgtdFlanders Marine
Institute, 2019) with the methodology found in Mortelmans et al. (2019). The daily global solar
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radiation data was collected at the Oostende station of the Royal Meteorologicatelmdtitu

Belgium.

2.1.2 DNA sequencing

DNA was sampled by filtering seawater on Qi filters (Tynes, 2013) The DNA was

extracted usindNeasy Plant Qiageh ol | owi ng manuf Squénaingevasd s pr
performed using lllumina MiSeq sequencanalysed usindR software package phyloseq
(McMurdie andHolmes, 2013) and the taxonomic annotation database use8ilwasl.32

Several assumptions were decided for the analysis and more details can be found in the Chapter
V.

2.2 Northern North Sea

2.2.1 Sampling

Sampling of tle physical, chemicaland biological parametemsas carried out on thRV
Heinckeduring the expedition HE517 that started the 19 August and ended the 04 September
2018. Three transects were chosen to be analysed to covéngdyeafrom Bremerhaven
(Germany) to the top of Scotland; (2) the continental rift between Scotland, the Shetlands
Islands and the Faeroe Islands; and (3) the Norway Coastal Keswvater samples were
collected at different depstio cover the vertical profileAll the samples were kept for further
analysis of Chh, nutrients and DMS(P,O) concentrations. The abiotic measurements of
temperature and salinity were carried out by Rottgers and Wizotzki (20h8).DNA
sequencing protocol applied for the NNS wasshmmeas the onexplained previously for the

BCZ.

2.2.2 Nutrients
The filtered seawater was analy$gdcolorimetryand he nutrients were measured for silicates,
phosphates, and ammonium according to Koroleff (1983a, b, ¢) and according to Grasshoff

(1983) fornitrates.More details are provided on Chapté
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ChaptiRRreslploinse of DMSP
guotas to oxidative st

species

"Mostly | sit at home in the evenings watching the box and hoping that one day I'll evolve into

plankton."

- Tom Holt
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1 Abstract

A wide variety of phytoplankton species produce the metabolites dimethylsulfoniopropionate
(DMSP) and dimethylsulfoxide (DMSO). These compounds are involved in the cycling of the
climate active gas dimethylsulfide (DMS), but their intracellular roles rieete better
understood. Sunda et al. (2002) have hypothesized an antioxidant cascade reaction from DMSP
along with its oxidation products, DMS and DMSO. This DMSP antioxidant pathway would
be partly regulated by the activity of DM3yase (DL) and the cévage products, DMS and
acrylate, are even more efficient in Reactive Oxygen Species (ROS) scavenging. In order to
improve the understanding of the DMSP antioxidant function, we exposed three phytoplankton
species (the diatoi®keletonema costatuytine PrynmesiophyceaPhaeocystis globosand the
dinoflagellateHeterocapsa triquetrato different experimental treatments known to cause
oxidative stress (high light intensities (HL); HL in combinatior33,4-dichlorophenyh1,1-
dimethylurea(DCMU); menadionesodium bisulfite (MSB)). DMS(P,O) concentrations were
found to decrease significantly after 6h in all treatments which indicates that these molecules
reacted with ROS, whose production was increased during treatments.-DM8&Pratios in

control conditons were found to be lower 81 costatunandP. globosathanH. triquetra, with

the later species being more sensitive and unable to grow under HL. Duriftgiorntgeatment

(10 days), DMS(P,0) concentrations were not increased inligighgrown cellsof P. globosa

andS. costatumOverall these results indicate that (1) these molecules have the ability to lower
cellular ROS concentration during an oxidative stress, and (2) the cellular DMS(P,0)

concentration is not indicative of the capability of te#/species to tolerate an oxidative stress
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2 Introduction

Light, temperature, and nutrient availability can be highly dynamic in ageetisystems,
varying at shortffom seconds to hours; e.g. light) and long timescales (from day to season; e.g.
temperature, nutrients, or light) (Litchman and Klausmeier, 2001; Mdller et al., 2001; Jahns and
Holzwarth, 2012; Erickson et al., 2013)jencein phytoplanktonic celldight harvesting
capacityhas to beontinuouslyadjustedo meet the cellular energeticrdands, which in turn
depend on the nutritional status of the cell (Goss and Jacob, 20iQ)the evolution of
processes such as photosynthesis or respiration, it has been established that all oxygen
metabolizing organisms produce reactive oxygen sp€R©S) (Apel and Hirt, 2004; Lesser,

2006; Dia and Plummer, 2018ROS are a group of free radicals, reactive molecules, and ions
derived from molecular dioxygen ¢OSharma et al., 2012n phototrophic organisms, ROS

are mainly produced within the chiplasts by(1) energy transfer from excited chlorophyll

(Chl) to @, leading to the formation of singlet oxyge®4) at the photosystem Il (PSI)ghns

and Hol zwarth, 2012; Ru;aadf2) dréct redliction axggenap ; Pos
the acceptor side gbhotosystem | (PSI) (Mehler reaction), leading to the formation of
superoxide radicals ¢0). This latter can bsubsequentlydismutated to hydrogen peroxide
(H202) and further hydroxyl radicalOH-) in presence of transition metal via the Haber
Weiss/Fenton reactioMallick and Mohn, 2000Apel and Kirt, 2004;Jahns and Holzwarth,
2012; Po 3 phes ROS are caveripgtenzymatic antioxlants, such as dismutases,
catalases and perabases (Apel and Hirt, 2004; Asada, 20@8)d norenzymatic antioxidant
compoundsc ompr i si ng a s c o r-tbcapheral, flagohaids, aatkdloids, raed, U
carotenoids (Dummermuth et al., 2003; Lesser, 2a86yvever, under adverse environmental
conditions (i.e. high light intensity), the tight equilibrium between ROS production and the
antioxidant network cahe destabilizedand ROS in excess cause damages to proteins, lipids,
carbohydrates, deoxyribonucleic acid (DNA), and ultimately trigger cell déatl and Kirt,

2004; Lesser, 2006; Van Alstyne, 2008; Gardner et al. 2016).

The dimethylsulfoniopropionate (DMSP), dimethylsulfoxide (DMSOQO) (here after DMS(P,0))
are biogenic sulphur molecules that play a key role in the cyclidgrathylsulfide (DMS) a
climate active gas (Liss et al., 1997; Stefels et al., 20MB(P,0)are ubiquitous in seawater
and produced by a largariety of micro- and macroalgae as well as some angiosperms and
corals Keller et al., 1989Stefels, 2000; Simo and Vildosta,2006; Hatton and Wilson, 2007;
Raina et al., 2013; Borges and Champern2id7; McParland and Levine, 2019MS(P,0)

may act as cryoprotectants, osmolytes (Kirst et 2)96; Bucciarelliand Sunda, 2003),
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zooplankton deterrents (Wolfe et,al997; Stromet al, 2003) or as signalling compounds
(Stefels, 2000; Seymour et al., 2010). In addition, both DMS and its precursors DMS(P,0O) are
suspected to act as antioxidant molecules because: (1) the potential for DMSP accumulation in
chloroplasts is in line wht the ROS production in this cellular compartment (Trossat et al.,
1998; Raina et al., 2017; Curson et al., 2018); (2) they have been associated with oxidative
stress caused by high light intensity, Wddiation, nutrient limitation, or hyposalinity (Kaest

et al., 1992; Stefels and van Leeuwe, 1998; Sunda et al., 2002; Bucciarelli and Sunda, 2003;
Husband et al., 2012; Deschaseaux et al., 2014; Gardner et al., 2016); (3) the exogenous addition
of DMSP and acrylate on plant leaves have been shown to rexide¢ive damages (Husband

et al., 2012); and (4) they can readily scayv
De Mora, 1999; Sunda et al., 2002). The antioxidant capacity of the DMSP pathway would be
partly regulated by the activity of DMSRase (DL) as the enzyme cleavage products, DMS
and acryl at e, are ~60 and ~20 times more ef/f
al., 2002). In addition, DMS could also react wi@» (Wilkinson et al., 1995). Finally, DMS
released by the activatioof the DMS(P,0O) pathway would act as a negative feedback
mechanism on daily dose of solar and UV radiation by enhancing cloud albedo and thereby
decreasing the incoming solar radiation, supporting a potential clooatimg feedback loop

(CLAW hypothesis Charlson et al., 1987; Sunda et al., 2002xhin marine phytofankton

the Prymnesiophyceae and tieoflagellatesare considered as higpMSP producers while
thediatomsare lowDMSP producers even if a high variability within each group is observed
(Keller et al., 1989; Stefels et al., 2007; McParland and Levine, 2814#), the DL activity

has been found only in some Prymnesiophyceae and dinoflagellates (Stefels et al., 2007;
Mohapatra et al., 2014; Caruana and Malin, 2014; Alcolombri et al., 2@\@rall, this
suggests that the contribution of DMS(P,0O) to the antioxidant network might differ among

phytoplankton species.

Studies aiming at improving the knowledge on DMS(P,0O) cell quotas and their regulation
according to abiotic parameters are rssegy to better estimate the DMS(P,O) concentrations
based on Ch& and the phytoplankton composition. The clarification of the biological role of
DMS(P,0) within the phytoplankton cell can also improve our understanding of how any
climate feedback loop mht operate (Ayers and Cainey, 2007) and ultimately, will help to
better assess the DMS fluxes in ocaamosphere modelling systens.order to improve our
understanding othe antioxidant roleplayed by DMS(P,0) in marine phytoplanktone

investigatedthe impact of oxidativestress onDMS(P,O) cellular concentrations in three
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phytoplankton species, characterized by differ@MS(P,0):Chia contents.To this end,
monospecific cultures of Skeletonema costatum(diatom), Phaeocystis globosa
(Prymnesiophycea@ndHeterocapsa triquetrédinoflagellate)were exposed to threkfferent
experimental treatments known to cause oxidative stress and consisting in: (1) a light stress; (2)
an exposition to menadione sodium biselfiMSB), a prooxidant molecyland (3)a light

stress in presence of DCMU, a chemical agent blocking the photosynthetic electron transport

3 Material and Methods

3.1 Algal species and culture conditions

The phytoplankton species studied were the digdi@l¢onema costaturisolated from the
Southern North Sea; the Prymnesiophycehaeocystis globosRCC1719 originating from

the Roscoff Culture Collection (English Channel, France); and the dinoflagd#tteocapsa
triquetraRCC4800 originating from the Rasf€ Culture Collection (English Channel, France).
Prymnesiophyceae and dinoflagellates exhibit a DL activity (Stefels and Dijkhuizen, 1996;
Caruana and Malin, 2014). For all experiments, cells were cultured axenically in F/2 medium
(Guillard and Ryther, 182) made with 0.2 um filtered and autoclaved natural seawater
(collected at the Belgian Coastal Zone). Silica,®@s; final concentration 107 pmolt) was
added in the culture medium f8r costatumBatch cultures of all the species were grown to
the exponential growth phase in 2 L Nalgene bottles containing 1 L of F/2 medium. Cultures
were maintained at 15°C under cool white fluorescent bulbs providing a total light intensity of
100 pmol photons rs? (12h:12h light:dark cycle) in an Aralab Fitocling600 incubator.
Light intensities were determined between 400 andnm@@ising a L1250 light meter (LiCor,

USA) with a USSQS/A light sensor (Walz, Germany).

3.2 Experimental treatments

Three experimental treatments were designed to assess the impacSagbr&diction on
DMS(P,0O) cellular concentrations in the phytoplankton species investigated: (1) a high light
(HL) stress; (2) a chemical stress with MSB; and (3) a stress combining the use of DCMU and

high light intensity. For each treatment, the tempeeatas kept at 15°C.

During the longterm HL stress, cells cultured at 100 pmol photorissi(control; 10) were
exposed to light intensities of 600 (11) and 1200 (12) umol photoAsh{12h:12h light:dark
cycle) for up to 15 day<€ellular densityChl-aand DMS(P,0O) contents were analysed at-mid

exponential growth stage (daysl8) of this longterm stress.
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A shortterm HL treatment of 6h at 1200 pmol photons st was applied to cells cultured at
100 umol photons rAs? to determine the chlorophyll concentrations and fluorescence, ROS

production and lipid peroxidation (see 3.3 Analyses).

During the second experimental treatment, cells were exposed in the dark and for 6h to 25 pumol
L of MSB diluted in F/2 medium. This atersoluble compound is commonly used as a
chemical agent causing oxidative stress in plants and microalgae (e.g. Sun et al., 1999; Borges
et al. 2009; Roberty et al. 2016). Once incorporated in the cell, MSB reacts with a variety of
reductive enzymes and presence of &) the unstable semiquinones formed enter into a redox
cycle, causing the reformation of quinones with the concomitant generatioﬁ ah®HO:
(HassarandFridovich, 1979). The MSB concentration applied was determined experimentally
ont he basis of photosynthetic activity measu
3.3.3 Chlorophyll fluorescence measurements). A treatment of 6h at 25 plmwdd chosen
because it moderately impacted the photophysiology of the species investigateg 25

50%).

And finally, for the third experimental treatment, cells were exposed for 6h to 1200 pmol
photon n¥ st in presence of 10 nmolADCMU. This inhibitor competes for the binding site

of plastoquinone ®and blocks the electron flux froRSII, promoting the formation of ROS

within the chloroplasts (Haynes et al., 2000; Baker et al., 2008). Based on the photosynthetic
activity measur ement (APSIT) after 30 min i
fluorescence measurements), thaaamtration chosen in this study inhibited PSII activity by

60, 70 and 40% is. costatum, P. globosadH. triquetra, respectively

3.3 Analyses
The assessment of the oxidative stress applied was studied by the analyses of the cellular Chl

a quota, the Chh fluorescence, the ROS production, and the cellular damages with the LPO.

Those observations were conducted in parallel with the DMS(P,O) cellular quota.

3.3.1 Carbon concentration

The cellular concentration (cellY for the longterm HL treament was determined at mid
exponential growth stage with an inverted microscope (Leitz fluovert) by using the Utermaohl
sedimentation procedure on samples fixed with kgioleraldehyde (10 uL mb) (Hasle,
1978). A minimum of 400 cells around the slidergveounted to have a 10% maximum error

within a confidence interval of 95% (Lund et al., 1958).
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For the shorterm DCMU treatment, the cellular density was obtained using a Z2 Coulter
Particle Count and Size Analyser Version 1.01 with known volume afreuthixed with 10

mL of isoton. The isoton is composed of filtrated solution of demineralized water with'9 g L
of NaCl and 0.5% v:v of formaldehyde.

The cellular biovolume (um3) was calculated by measuring the dimensions of cells according
to Hillebrandet al. (1999) and converted into biomass per cell (pg&)caith the equations
proposed by MendeBeuer and Lessard (2000).

3.3.2 Chlorophyll concentrations

For the longterm HL treatment, a determined volume of the phytoplankton cultures was filtered
on Whatnan glass microfiber filters GF/F 25 mm and immediately frozen and stor2d°ax

until analysis (within 1 month after sampling). @hlvas then extracted at 4°C in acetone 90%
(v:v) and measured fluorometrically using a Kontron Instruments SFM 25 (&tritland
Parsons, 1972). Cla concentrations (ug mt) were determined using a Ghlstandard

solution (1000 pg ; Chl-a analytical standard, Merck).

For the MSB and DCMU shoterm treatments, Chbt (Chl-a + Chkc,) from concentrated
aliquots of culures (3 600 x g for 3 min) were extracted inoodd 100% MeOH in presence

of 0.5 mL of glass beads (7180 um; SigmaAldrich, USA). Samples were then vortexed
during 5 min at 30 Hz and at 4°C using a Tissue Lyser Il (Qiagen, Germany). After debris
removal (centrifugation 1@00 x g 10 min with a MicroStar 17 (VWR, Belgium)), @bt (ug

mL?Y) were determined by using a SP2000 spectrophotometer (Safas, Monaco) and the
eqguations of Ritchie (2006). The Giot concentrationsvere determined at tHeeginning and

the end of the treatment.

3.3.3 Chlorophyll fluorescence measurements

In vivo Chl-a fluorescence measurements were performed at room temperature using a
fluorescence imaging system (SpeedZen, BeamBio, France) described in Vega de Luna et al.
(2019) Briefly, aliquots of the cultures were harvested and concentrated by gentle
centrifugation to reach 10 ug Gtdt mL™ in fresh F/2 medium. The maximum quantum yield

of PSII was calculated as/fFv, where k = Ful Fo, Fois the initial fluorescence levei dark

adapted sample (~10 min) and 5 the maximum fluorescence level after a saturating pulse of
light (150 ms at 4000 pmol photons?nst). The effective photochemical quantum yield
(APSI 1) was q&)Reawmhae Feid theaflsoregcénsignal and ke is the
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maximum fluorescence level obtained with a saturating pulse under the light (after 3 min at 230
umol photons it st) (Genty et al., 1989). The Ghl fluorescence measurements were

performed at O and 6h

3.3.4 ROS production

ROS productionwas monitored by using carboxsDCFDA (Molecular Probes, Life
technologies) during the MSB treatment and the Amplex Red reagent (Molecular probes, Life
technologies, USA) during the shaerm HL and DCMU treatments. For both measurements,
aliquots of culures were harvested and concentrated by gentle centrifugation to contain 10 pg
Chltot mL? in fresh F/2 medium. ROS production was normalized with initial-t@hl
concentration at tOh. For the AmplexRed treatment, 150 umalfIDTPA was added to the
culture medium at least 24h prior to the analysis to form complexes with trace metals in order

to prevent their reaction with® (Saragosti et al., 2010).

CarboxyH>DCFDA is a general oxidative stress indicator. When thispwar compound
enters the dbs, it is deacetylated by esterases to DCFH and converted by various reactive
species into carbox®CF, a fluorescent compound. Conditions of this assay were similar to
those described in Roberty et al. (2016). Briefly, 1 mL of each culture was incubitiezb

umol Lt carboxyH2DCFDA for 30 min in the dark. Cells were then washed and resuspended
into 1 mL of fresh F/2 medium and placed in a Binder KB115 incubator (Binder, Germany) set
to the treatment conditions. The fluorescence of the samples waséasared in black 96

well microplates (Greiner Bi®ne) at 528 nm with a 485 nm excitation wavelength provided

by a Synergy Mx spectrofluorometer (Biotek, USA). The measurement was performed at 0 and
6h.

The relative production of ROS during the skHerin HL and DCMU treatments was evaluated

by using the Amplex Red reagent (Molecular probes, Life technologies, USA). This colourless
probe reacts with #D- in the presence of peroxidase and forms a fluorescent compound,
resorufin. As described in Roberty &t (2015), aliquots of cultures were combined with
Amplex Red (100 pmol ) and horseradish peroxidase (0.2 UHland placed in a Binder
KB115 incubator (Binder, Germany) set to the treatment conditions. Then, samples were
centrifuged, and the fluoresnce emitted by the supernatant in blackv@l microplates was
measured at 590 nm with a 540 nm excitation wavelength provided by a Synergy Mx
spectrofluorometer (Biotek, USA). Concentrations oOFHwere calculated by comparing

fluorescence emitted by the samples te@$tandard curve (010 pmol L1). As the Amplex
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Red (AR) reagent is sensitive to phatidation, a Rose Pink filter (Lee Filters, Andover, UK)

was used during experimental treamseto exclude wavelengths of light strongly absorbed by
the reagent, and the experimental treatment was also limited to 3h. Various controls were
performed: without AR, and with AR (and DCMU) in the dark to evaluate basal cellular ROS

production

3.3.5 Lipid peoxidation assay

The level of lipid peroxidation (LPO; mmeBuOOH:g Chitot) was assessed in phytoplankton

cells exposed to experimental treatments by using the PeroxiDetect Kit (Sigma Aldrich, USA).
Aliquots of the cultures were harvested and conctatri® obtain a final CHiot concentration

of 20 pg mLtin fresh F/2 medium. LPO was normalized with initial @btlconcentration at

tOh. LPO was measured using a methanolic reagent containing xylenol orange and butylated
hydroxytoluene (BHT). The deteri nat i on of LPO was perfor med
instructions at the beginning and the end of the glom treatments. Then, the absorbance of

the samples was measured at 560 nm using a SP2000 spectrophotometer (Safay, Monaco

3.3.6 DMS(P,0) analysis

The DMS(P,0) analyses were performed at-exgonential growth stage for the letegym HL
acclimation, and at the beginning and the end of the MSB and DCMU treatments. Three
biological replicates of particulate DMS(P,0) (DMS(R)Q)ere obtained by the défence
between 10 mL of unfiltered seawater samples (total DMS(PIDS(P,0)) and dissolved
DMS(P,0) (DMS(P,Qj). DMS(P,0O) was obtained by gentle filtration of 15 mL and only the

first 10 mL of filtrate were collected to avoid cell destruction at tine & the filtration that

could release DMSP (Kierend Slezak, 2006). Samples were then microwaved individually

till boiling to inhibit the DL activity that converts DMSP into DMS (Kinsey and Kieber, 2016)
and acidified with 5 uL mt* of 50 % HSQu (del Valle et al. 2011), to arrest any biological
activity (Curran et al, 1998 5amples were crimped after cooling with gas tight PFTE coated
silicone septa and kept 24h at room temperature in the dark to allow the DMS to degas or oxidise
(KieneandSlezak, 208). Then, samples were stored at 4°C until GC analysis. The DMS(P,0)
concentrations were determined using an Agilent 7890B purge and trap gas chromatography
(GC) (Agilent column 30 m long, 0.32 mm internal diameter, 0.25 pm film thickegsg)ped

with sufur selective Flame Photometric Detector (FPD) and the carrier gas was He (2'ml min
1.5 mL of 12 M NaOH were added to the 10 mL samples to obtain a pH > 12 and quantitatively
cleave DMSP into DMS for 24h (Dacey and Blough, 1987; Stefels, 2009). FQMI$O
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analysis, 5 mL HCI 37% (HCI 37% Normapur, VWR) and 1 mL 3i{BD%, Merck) (Kiene
andGerard, 1994; Deschaseaux et al, 2014) were added into the precedent vial yet analyzed
(Champenois and Borges, 20Q18fter 48h at room temperature, 3 mL of 12 M NaOH were
added to avoid injecting acid fumes into the GC (KienéGerard, 1994). The same procedure

was applied for the calibration. The DMSP used was obtained from Research Plus and the
DMSO from 99,9% purstock solution (Merck). Working solutions were prepared with the
successive dilution in MilliQ water but DMSP and DMSO were diluted in the same vial.
Calibration curves were made weekly to ensure the GC stability for the detector by fitting a
guadratic ceve for the FPD. The average precision was 5 and 8% for DMSP and DMSO
calibration, respectively. Any leaks during the analysis were detected by using a Thermo
Scientific GLD Pro Gas Leak Detector every day

3.4 Statistics

To investigate the corr el at ncoefficientandievalne t he v
was used. In case of deviation of normality by the Shapiik test (p < 0.05), the nen

par amet r i c} cdefficeerat was appli@ds The parametric pdisamples Studenitéest

was used to compare two related groups (i.e. at tOh and t(x)h) on the same continuous and
dependent variable. The assumption of normality was checked using the Skidbitest. In

case of deviation of the normality (p < 0.0%) Wilcoxon ttest was applied. These statistics
analyses were performed using JASP softwdfsSP Team (2019), Versidnhll.1) and the
assumptions were based on G8sgnpson (2018). Principal component analysis (PCA) was
performed on DMS(P,@xontents (mol L), Chktot (ug L), Rv/FM,A PS1 1, ROS pr odu
(mole:g Chitot; fluorescence:ug Chbt) and LPO (mmol:g CHlot), usingJMP Pro 14

4 Results

4.1 High light stress
The exposure of low light acclimated cells (i.e. 100 umol photofisito 1200umol photons

m?2s? for 6h strongly impacted the photosynthetic activities of the three species investigated.

The maximal photochemical quantum yield/ffv) was inhibited by 81, 46, and 66%, and the

APSI I val ues wer e decr ea SeabstatimyP. globo%a andé.8 %, an
triquetra, respectively (p < 0.01; Fig-1A, B). The extracellular ROS production increased
significantly by 3.0 forS. costatum2.2 forP. globosaand 2.7 foH. triquetra(p < 0.05; Fig.

3-1C), but the pool of peroxidisdigids remained unchanged at the end of the experimental

71|Page



treatment (Fig3-1D). The shorterm light stress did not have any significant impact on the

chlorophyll content of the species investigated neither (data not $hown
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Figure 3-1: Evolution of (A Maximum quantum yield of PSIl (Fv/Fm), (B) Effective photochemical quantum yield of PSII
(APSI1), (C) React i v e 0oxGChigoy a thebegnaoingearsd affeBRQ) ©) Lip{d peosokidatibn (LPO)
(mmol tBuOOH:g Chitot) with increasindight intensity from 100 to 1200 pumol photor?st during 6h for the three species

S. costatumP. globosaand H. triquetra Error bars represent SD calculated from triplicates biological samples. Asterisks
denote significant differences between the tpot 0 and 6h (* p < 0.05; ** p < 0.01; ** p < 0.001).

In the long term, HL treatments (11 and 12) did not impact the cell density obsengd of
costatumandP. globosaon the contrary tél. triquetrathat was unable to grow at 1200 pmol
photons nt st (Fig. 3-2A). In contrast, the cellular Glal concentrations (Cka:C [g:g])
decreased significantly with increasing light intensities (p < 0.053FR2@). As a consequence,
the DMS(P,0) concentratios relative to Chh or cellular quota showed opposite trends with
high variability between the species investigated. The DIMEH (fmolS:cell) were similar
between the treatments 6rcostatunwhile ratios were significantly lower at 11 fBr globosa
(but not at 12) andH. triquetra compared to 10 (p < 0.05; Fig-2C). The DMSQ:Cell
(fmolS:cell) did not change with light intensity whatever the species3fd,). When reported
by chlorophyll amount, DMSRADMSP;:Chl-a) contents were positively c@lated with light
intensities (R?2 = 0.74 and p < 0.01 f#rcostatumR?2 = 0.55 and p < 0.05 fét. globosaand
R2=0.90 and p < 0.01 fét. triquetra). The DMSR:Chl-aratio doubled from I1 foP. globosa
andH. triquetrabut at 12 forS. costatunfp <0.05; Fig.3-2E). The DMSQ@:Chl-a ratio of S.
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costatumwas significantly impacted by the light treatments and an@ a 4fold increase of
ratio was observed at 11 and 12, respectively (p < 0.01,3F2f). A similar but not significant

trend was obseed inP. globosaandH. triquetra respectively (Fig3-2F).
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Figure 3-2: Evolution of (A) Cellular density fecells L); (B) Cellular ChlorophyHa content (Chla:C) (g:g), (C) the
DMSP;:Cell ratio (fmolS:cell); (D) the DMS@Cell ratio (fmolS:cell); (E) the DMSRChl-a ratio (mmolS:g Chh), (F) the
DMSOy:Chlaratio (mmolS:g Chh) at three light intensities of 100 (left column), 600 (centre column) and 1200 (right column)
umol photon r¥st during the longterm HL treatment for the the specieS. costatuyP. globosaandH. triquetra. Error bars
represent SD calculated from triplicates biological samples. Asterisks denote significant differences between the control and
the high light intensity considered (* p < 0.05; ** p < 0.01; 1< 0.001).
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4.2 DCMU treatment

Cultures of the three phytoplankton species were exposed to a PPFD of 1200 pumol photons m
251 (12) in presence of 10 nmolLof DCMU. As expected, the treatment strongly impacted

the photosynthetic efficiency in the thiggecies investigated. After 6h,/Fu values decreased

on average by 81, 93 and 77%SncostatumP. globosaandH. triquetra(p < 0.001; Fig3-

3B) and the APSI | wasP.glabbsadnd at aboub 6% mithe evd ( 1 O |
remaining species (p < 0.001; F833D). The contributions of the HL treatment alone (controls
without DCMU but exposed to 12) to the decrease of the later parameter accounted for 65, 44
and 75% inS. costatumP. globosaand H. triquetra (data not shown). The treatment with
DCMU also resulted in a significantly higher production efoel comparatively to the HL
treatment alone (33, 51 and 48% $rcostatum, P. globosadH. triquetra, respectively; Fig.

3-3A). However, it $ important to note that the cellular production eDHin the dark in
presence of DCMU was already high (Fig. SupflA), thus indicating that a nespecific

effect of DCMU stimulated the extracellulas® production.

The peroxidised lipids contentmained constant during the treatment, for the three species
investigated (Fig3-3C). On the contrary, Cibt concentrations decrease significantly by 32,
97, and 85% irs. costatum, P. globosadH. triquetra, respectively (p < 0.05; Fi§-3F). The
DMS(P,O):Chl-tot ratios were not significantly impacted by the treatment (Fig. S8Hii,

C). The cell fractions collected at the start and the end of the experimental treatment came from
the same cultures and cell concentrations did not vary signifidagtthyeen the two timpoints

or between dark and treated samples Sorcostatumand P. globosa(Table Supp.3-1).
Significant variation was found fat. triquetra between tOh and t6h but not between dark and
treated samples (Table Su3pl). We thus diretly compared raw DMS(P,@yata (i.e. non
normalized to Chtot) that revealed that the DM§Eontent decreased by 37, 91 and 81%.in
costatum, P. globosandH. triquetra, respectively (Fig3-3E) and the DMSgxontent declined

by 75 and 48% ir5. costatumand P. globosabut not inH. triquetra (Fig. 3-3G). These
observations indicate that the cellular content in DMS(Pw@} impacted by ROS generated

during the experimental treatment

4.3 MSB treatment

The exposue of phytoplankton cell cultures to 25 pmot MSB for 6h resulted in the increase

of the intracellular ROS concentration by 3.2, 2.5 and 3.0 compared to control concentrations
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(i.e. without MSB), InS. costatunP. globosaandH. triquetra, respectivelyFig. 3-4A). The
increased ROS concentration very likely impacted the photosynthetic apparatus in two of the
three species.#v was inhibited by more than 50% $ costatunandP. globosap < 0.05;
Figu3-4B) and APSI | decr &aostetudanoB. globdsarespedtively (00 % i n
< 0.05; Fig.3-4D). The photosynthetic activity &f. triquetrawas unaffected by the treatment.

The pool of peroxidised lipids remained stable for the diatom and the Prymnesiophyceae while
a slight decrease of 28%awobserved for the dinoflagellate (p < 0.01; BigC). The treatment

with MSB did not significantly affect the Clbt content, except iH. triquetra where it
decreased significantly (p < 0.01; F&j4F). The DMSR.Chl-tot ratio varied significantlyn

H. triquetraonly (p < 0.05; Fig. Sup@-2A) and the DMSQChl-tot ratio remained stable in

the three species investigated (Fig. SpB). Since the DCMU treatment did not impact the
cellular density, we can conclude the same hypothesis for the M&Bnhent and analyse raw
DMS(P,O) data. The DMSpconcentration decreased by 65, 88 and 28%. inostatum, P.
globosaandH. triquetra respectively (Fig3-4E) and the DMS@content decreased by 79 and
40% inS. costatunandP. globosabut increased by 33% i. triquetra(Fig. 3-4G).

4.4 PCA

We further explored the similarities between all the variables combining theetpeemental
treatmentapplied. For HL treatment, the parameters correspond to thetshrartreatment at
tOh and t6h while the Chl and DMS(P,0) concentrations were from thddomgtreatment at
|0 (LL) and 12 (HL) to ensure a correct comparison. The fig@sBeshows the disibution of
the data within an orthogonal 2&pace along the first two PCs explainib§.1% of the
variance The firstPC has a large positive association with three variables (QM3#, and
APSI). Thi s first component p r isymthetid dhgnotypee @he ur e s
secondPChas a positive association with ROS, DMSIPO and Fv/Fm (although Fv/Fm and
LPO have also positive and negative association W@, respectively), reflecting the
phenotype in terms of oxidative stress. This analysithér shows that some variables are
uncorrelated to each othere( Chl andFv/Fm; ROS and DMS?LPO and DMS@, LPO and
Fv/ Fm,; L P O whila @hl andR-BQ are antiorrelated.

This analysis also showed different visual separation in the distmbatithe data related to
each species regarding the controls and each treatment. When considering the control samples
of each treatment (i.e. LL, MSB and DCMU 0 h), the data relateld tiaquetraandP. globosa

are closer to each other th&ncostatungharacterized with more scattered data points for MSB
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Figure3-3: Evolution of (A) Reactive oxygen species (ROS) production (i@érescence:ug Chbt, (B) Maximum quantum
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the DMSQ::Chl-tot ratio (mmolS:g Chtot) with 10 nmol ! DCMU + HL (1200 pumol photon rfs?) or in dark during 6h for
the three specieS. costatumP. globosaand H. triquetra. Error bars represent SD calculated from triplicates biological
samples. Asterisks denote significant differences between the twpaoimie(* p < 0.05; ** p < 0.01*** p < 0.001).
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and DCMU controls (Fig3-5). Datarelated to the HL treatment (6h) were relatively well
clustered, indicating that the cellular response to the treatment was similar between species.
The same conclusion can be drawnHoitriquetraandP. globosaat the end of the treatment

with DCMU, while S. costatunshowed a more distinct response. And finally, the distribution

of the data related to the MSB treatment was more scattered, indicating more-speciis
responses to this treatment.
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Figure3-5: Principal component analysis (PCA) combining the three treatments at tOh and t6h for tershtgatments

and at 10 (LL) and 12 (HL) for the lonterm HL treatment for the three spectscostatunfSC), P. globosa(PG) andH.
triquetra (HT). The vaiables used are DM$Rind DMSQ concentrations, Reactive oxygen species concentration (ROS),
Lipid peroxidation (LPO), Chlorophylconcentration (Chl), the maximum quantum yield of photosystem Il (Fv/Fm) and the
effective photochemical quantumyieldbfé phot osy 9.t em | | (APSI I

5 Discussion

This study evaluated the impact of oxidative stress on DMS{P¢Ontent in three
phytoplankton species. ROS relative production is discussed further with no distinction
between the methodologies used. Although all the experimental treatments did not impact
DMS(P,0) content in a similar way, shetérms oxidative séss (treatments with DCMU and

MSB) were found to decrease DMSP, suggesting that this sulfur compound interacts with ROS
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5.1 DMS(P,0) contents vary among phytoplankton species investigated.

As previously reported in the literature (i.e. Keller et al., 1988)SP,:Chl-a ratios measured

in control conditions (i.e. 10; 100 pmol photong st and 15°C) were found to differ between
species investigated, with the diatom possessing much less DM&R@in the dinoflagellate

and the Prymnesiophyceae. DMSP:@hiatios measured in our cultures also agreed with
previous studies conducted bh triquetra (122.7 £ 27.7 mmolS:g Cid in average) an.
globosa(82.3 + 11.5 mmolS:g CHd), maintained in similar environmental conditions (Keller

et al., 1989; Niki et al2000; Speeckaert et al., 2018; 2019; Stefels et al. 20073. Eostatum
values were similar to those of Speeckaert et al. (2018), who applied the same methodology on
the same strain, but differed from other studies reporting lower DMSR:Gilb (45 to 11.8
mmolS:g Chia, in average; Sunda et al., 2007; Stefels et al., 2007; Spielmeyer et al., 2011,
Speeckaert et al., 2019). The DMs©O-chlorophylta (DMSO,:Chl-a) ratios measured in this
study were a bit higher than values reported in the litexatuith 0.2 £ 0.2 for the diatoms, 1.5

+ 0.4 for the Prymnesiophyceae and 3.9 + 4.3 mmolS:ea@d the dinoflagellates (Simo et

al., 1998; Hatton and Wilson, 2007; Bucciarelli et al., 2013; Speeckaert et al., 2019).

Reporting DMS(P,Qyto-Chlorophyltaratio is not convenient for oxidative stress experiments
since the physiological conditions of the algal cells (i.e. growth stage) and the environmental
constraints (i.e. salinity, temperature, nutrient limitation, and light intensity) werel fto

affect DMSP (Stefels, 2000; Sunda et al., 2002; BucciametliiSunda, 2003) and chlorophyll
cellular contents (Brunet et al., 2011). Since lugjateraldehyde fixation caused significant
changes in biomass predictions (Menduer et al., 2001)f is also preferable to report

DMSP-to-cell ratio for studies focusing on the physiological roles of DMS(P,O).

Similar to DMSR:Chl-a, we observed much less DMsSEell for the diatom than for the
Prymnesiophyceae or the dinoflagellate. Values of thetiesrare in the same order of
magnitude than those found in the literature, with an average ratio of 3.6 + 0.1, 17.0 + 1.0 and
605.6 £ 244.7 fmolS:cell fob. costatum, P. globosadH. triquetra, respectively (Keller et
al., 1989; Niki et al., 2000; Spekaert et al., 2018; 2019). As the DMStmes from the
oxidation of DMSR, it is not surprising that the trends observed between species for
DMSP;:Cell are similar for DMSQCell. Values obtained in this study was higher than data
reported previously @. 0.02 £ 0.01, 0.2 £ 0.1 and 23.9 + 33.6 fmolS:cell for diatoms,
Prymnesiophyceae and dinoflagellates; Simo et al., 1998; Hatton and Wilson, 2007; Bucciarelli
et al., 2013; Speeckaert et al., 2D19
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5.2 DMS(P,0O) act as antioxidanbmpounds.

The experimental treatments involving changes in light intensity showed contrasting results.
Three to six hours after the beginning of the HL treatment, cells from all species investigated
displayed a sharp decrease of the photosynthetic efficiency\ifes 8 n d A P S3-1A,; Fig.
B) indicating a photoinhibition phenomenon very likely caused by photodamages to PSII
reactions centres (Murata et al., 2007). This physiological state is conducive to an increased
production of ROS (Fig3-1C) potentially causing daative stress and important cellular
damages. In this context, we would have expected increased levels of lipid peroxidation during
the treatments, but those remained stable &idp). Since the peroxidation of polyunsaturated
fatty acids is mainly caesl by'O, and OH (FarmerandMueller, 2013), we cannot rule out

the possibility that @-and HO, were the main ROS produced during the treatment. It would
have been interesting to also monitor other biomarkers of oxidative stress such as protein

carbonyation or ubiquitination (Sharma et al., 2012; Roberty et al. 2016).

In contrast to the previous observation, the results of the DCMU+HL treatment indicate that
cells suffered from oxidative stress. Indeed, ROS production was enhanced for the three species
due to the strong inhibition of photosynthesis (B¢A, B, D), and Chtot concentrations

were drastically reduced (Fig-3F). The concomitant decrease of DM$&Bncentrations (Fig.

3-3E) suggests that these molecules are interacting with ROS apdrad the antioxidant
network. In support of this assumption is the location of the DMSP production site within the
chloroplasts (Raina et al., 2017; Curson et al., 2018) which is also the main cellular site
impacted during the HL shetérm treatmentsThe antioxidant properties of DMS(P,0) were

also supported by the results obtained during the experimental treatment involving MSB. This
molecule promotes the production aQ@hat will spontaneously or enzymatically be converted

into H:02 (HassarandFridovich, 1979), and OHin presence of transition metals (Apel and

Kirt, 2004). The production of ROS by MSB occurs mainly in the cytosol bOt Elan easily

diffuse to the chloroplasts and cause damages to the photosynthetic apparatus. Indeed, as this
experimental treatment was conducted in the dark, ROS produced by MSB were very likely the
cause of the decline of the photosynthetic efficiency (k-Fa n d A PSS d¢ostatunand

P. globosa Fig. 3-4B, D). Although the Chtot content remained stablerfthe two species,

DMSP, concentrations decreased significantly, further supporting the antioxidant role of these
molecules. At the oppositel. triquetraseemed not to suffer from MSB at this concentration.

The reason of this result is very likely relte the cellulose thecae characterizing the armoured
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H. triquetra(Caruana, 2010) that may act as a physical barrier decreasing the passive diffusion
of the molecule within the cell, which is consistent with the higher concentration used on
another dinoflagellate species by Roberty et al. (2016).

ROS produced in the delcan also act as signalling molecules. Thus, thanks to its relative
stability and its halfife (1 ms; Mgller et al., 2007),#.c an di f fuse over a A
within the cell and regulate gene expression by the activation of proteins signathgys
associated with acclimation processes or pro
2016). For instance, @, formed in the thylakoid membranes can lead to the regulation of the

PSII antennae size during the acclimation response (Bofidobarakshina et al., 2015). ROS

can also indirectly transmit a signal from the chloroplasts to the nucleus through products of
protein oxidation or lipid peroxidation (Fischer et al., 2012). Data obtained during the long

term exposure to highest light émtsity indicate that ROS produced early (see deom HL

treatment) led to photoacclimation $ costaturmand P. globosa but to cell death irH.

triquetra. Indeed, whileH. triquetrawas unable to grow at the highest light intensity, the two

other speiles showed similarcellular densityto the controls but a lower cellular Cal
concentration (Fig3-2A, B). This last is part of a weknown strategy allowing photosynthetic

cells to decrease the excitation pressure over the light harvesting compléxgmtosystems

(Brunet et al., 2011). It can also involve the adjustment of the relative amount of accessory
pigments (Chk and fucoxanthin) or modifies the size and the number of photosynthetic units,

thus changing photosynthetic capacity of the cellnfidik et al., 2009).

The DMSR:Cell ratios ofS. costatunwere similar among the different light levels while it
decreased at I1 (but not at 12) férglobosademonstrating that cells of these two species have
reached a new redox equilibrium thanks to dldgustment of the photosynthetic apparatus.
Furthermore, whildd. triquetrawas characterized by a much higher DMERII ratio than the

two other species, the dinoflagellate was not able to grow at 12 indicating that the cellular DMSP
concentration do nigprovide any information about the antioxidant capacity of the cell to a
subsequent oxidative stress (also suggested by the PCA;Fig.

Further studies addressing the antioxidant role of DMSP should include other components of
the antioxidant networki.e. enzymatic antioxidants, carotenoids, and cellular buffers), the
DMS(P,0) byproducts (i.e. acrylate, methane sulfonate (MSA), methane sulfinic acid
(MSNA), and DMS) and the DL activity to better understand their interactions (Stefels et al.,

2007). For instance, recent findings demonstrated diatoms' ability to produce flavonoids which
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display relevant antioxidant capacity and act as signalling compounds ablerégulgte
cellular defences under high light intensity (i.e. at 600 pmol photofss muring 6h) (Pietta,

2000; Goiris et al., 2015; Smerilli et al., 2019). The DL activity has also been correlated with
photoprotective pigments (Steinke et al., 2002; Harada et al., 2004), higher light intensities
encountered in the upper sea layer (Haradd. £2004; Bell et al., 2007), and oxidative stress
caused by a nitrogen limitation (Sunda et al., 2007). A better understanding of the mechanisms
and the conditions controlling the activation of DL in phytoplankton should also be addressed
to provide bé#er insights on the involvement of this enzyme and DMSP in the regulation of the

antioxidant network (Stefels et al., 2007).

The common technique for DMS(P,0) determination we applied in this study does not measure
the fluxes between DMSP and its-psodicts (i.e. DMSO, DMS, acrylate, MSA and MSNA)
(Stefels et al., 2007). Recent studies are now working with incorporation of stable isat@pe (D

or NaH?3CQs) into DMSP to measurde novoDMSP synthesis rates (Stefels et al., 2009;
Archer et al., 2018). Usinthis approach within natural communities, Archer et al. (2018)
reported that DMSP production on a diel timescale was coupled to carbon fixation rather than
being stimulated at high light intensity. This does not exclude the chemical reaction between
DMSP and ROS but indicates that regulation of DMSP production is not linked to
photooxidative stress (Archer et al., 2D18

5.3 Species ecological characteristics explain the experimental results

In the concept of &R model (Reynolds, 2006; revised by Glib&®16), which builds on
Margal efds mandal a model ( Margal ef | 1978),
nutrient accessibility and light availability. The species investigated here stand out by their
succession in temperate seas (Johns and R¥éd),Adn adequation with the previous ecological
model. In the Southern North Sea, the diat®ncostatun{R-strategy; light stress tolerant)
occurs in spring and autumn (Rousseau et al.,, 2002; Speeckaert et al., 2018); the
PrymnesiophyceaP. globosa(C-strategy; fast growing when nutrients and light are highly
available) blooms in late spring after the diatom efflorescence (Rousseau et al., 2002); and the
dinoflagellateH. triquetra (S-strategy; nutrient stress tolerant) becomes abundant in coastal
watersduring summer (Smayda and Reynolds, 2001). The analysis of phytoplankton abundance
time-series in the North Atlantic also showed that diatoms were most likely found in colder

waters, rich in nutrients and at lower light intensities than the dinoflage{laien et al., 2012).
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The photophysiological responses of our species are not fully in line with the supposed
ecological traits. These observations can come from the high light treatment applied (i.e. 1200
umol photons i st) that was not ecologicalkealistic, but species investigated were exposed

to the same treatment ad costatunandP. globosawere able to grow at the highest light
treatment whileH. triquetra was not. In support of this observation, Cooney et al. (2019)
recently reported thaHeterocapsarotundatac el | s |l ysed during shor
involving similar light levels. This may seem counterintuitive since the first two species occur
mainly in spring, when the coastal waters are turbulent and the light intensity rarely exceeds
400 umol photons ras® (Flanders Marine Institute, 2019; Royer et 2021), andH. triquetra

blooms in summer, when the light could be higher than 750 umol photég$ahsubsurface
(Anderson and Stolzenbach, 1985). Therefore, the occurrence of this species in souhther

be related to various strategies, as the capacity to (1) perform diel vertical migration (Anderson
and Stolzenbach 1985; Olli and Seppaléd, 2001; Jephson et al., 2011) allowing to avoid excessive
light intensity during the day; (2) synthesise mycosjsiike amino acids (MAAS) (Korbee et

al., 2010), acting as UV filters (Neale et al., 1998) or antioxidants (Shick and Dunlap, 2002).

Consequently, foP. globosa which is a colonist taxa ¢€trategy) that grows fast in areas
where nutrients and light erichly available (Reynolds, 2006), its absence during summer
months is not related to its capacity to tolerate high light intensity but results from the low
nutrient concentration during this perificancelot et al., 1998)

Finally, S. costaturmanagedo survive and grow during each treatment, displaying the greatest
physiological plasticity from the three species investigated. This plasticity might be interpreted
as a functional trait that contributes to its ecological success (Dimier et al., 20@¥)urbulent

and weltmixed area of the Southern Bight of the North Sea (Rousseau et al., 2002). Considered
as a Rstrategist and able to efficiently harvest light, this species might also quickly adjust its
photosynthetic apparatus to support suddett iilgbnsity changes. The physiological plasticity
observed folS. costatunis determining and may explain the ecological success of this group
(Dimier et al., 2007; Smerilli et al., 2019), that are present in a wide range of habitats, from
fresh to marinavaters (Fritsch, 1971), or even in the brine channels of sea ice (Trevena et al.,
2000.
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6 Conclusios

This study highlights that cellular DMS(PgOxontents decrease when cells of key
phytoplankton species are subjected to Rf@Berating highight and chenically-induced
stresses; thus supporting the antioxidant function of these molecules. However, the initial
DMS(P,O) concentrations were found to vary between species investigated and were not
indicative of the capability of the cell/species to toleratsusequent oxidative stress.
Furthermore, DMS(P,0O) cellular content were not increased in HL grown cells (i.eelong
treatment). Overall these results suggest that these molecules have the ability to lower cellular
ROS concentration during an oxidaistress. Further studies monitoring more constituents of
the antioxidant network (i.e. enzymes, carotenoids, redox buffer) along with the metabolic
pathway of DMSP (DMS(P,O) bgroducts and DL activity) are however needed to better grasp
the cellular funtons of DMSP
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Table Supp. &.: Averaged cellular density for the three species during the D@®tiiment. Data are expressed ifi ddlls
mL. SD into brackets calculated from triplicates biological samples (Dk : Dark; HL: high light). Paired samples sastient t
associated with comparison between tOh and t6h or between controls samples (Dkiad e treatments at t6h. Asterisks

denote significant differences between the two fpomt (* p < 0.05; ** p < 0.01; ** p < 0.001)

TO T6h (Dk) T6h (HL) T6h (DCMWHLD
S. costatum 17.35 (1.45) 20.90(1.00) 20.90 (1.00) 23.64 (4.87)
P.globosa 7.06 (0.8) 6.56 (2.07) 6.88 (0.88) 7.73 (0.51)
H. triquetra 6.66 (1.D) 11.29(1.85) 9.33 (2.98) 11.09(2.22)
Paired sampleStudentt-test T6h Pvalue
S. costatum TOh Dk 0.061
HL 0.061
DCMU+HL 0.090
Dk HL
DCMU+HL 0.393
P.globosa TOh Dk 0.735
HL 0.784
DCMU+HL 0.054
Dk HL 0.871
DCMU+HL 0.496
H. triquetra TOh Dk 0.039
HL 0.070
DCMU+HL 0.006**
Dk HL 0.319
DCMU+HL 0.856
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« Avec la mer du Nord pour dernier terrain vague
Et des vagues de dunes pour arréter les vagues
Et de vagues rochers que les marées dépassent

Etquiontajamaisle T ur ° mar ®e bass

Jacques Brg|1962).
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1 Abstract

The influence of abiotic and biotic factors on the concentration of dimethylsulfoniopropionate
(DMSP) and dimethylsulfoxide (DMSO) was investigated and compared during two annual
cycles in 2016 and 2018 in the Belgian coastal zone (BCZ) in the southeémS+ar at five

fixed stations. These stations covered a+offahore gradient from stations close to the mouth

of the Scheldt estuary to most offshore stations. Significant differences of ChloragGyil

a) concentrations were observed between theyweos with higher values in early spring 2018
(due to better light and nutrient conditions coupled to colder temperatures) and in summer 2018
(due to warmer conditions) compared to 2016. Nevertheless, the seasonal and spatial DMSP
and DMSO (DMS(P,0)) pattes, as well as the yearly average were nearly identical in 2016
and 2018. This can be explained by the fact that the phytoplankton groups responsible for the
large differences in CHdin 2018 and 2016 were low DMS#toducers characterized by several
diatom and dinoflagellate species, occurring in early spring and summer. Further, the
PrymnesiophyceaPhaeocystigjlobosa occurring in late spring and responsible of most of
DMS(P,0) measured in the area, reached similar biomass both TlearBMSP:Chia ratio
obtained from the field measurements were similar to those previously published for the main
observed phytoplankton groups, but more differences were observed for the DMa@atil
DMS(P,0) estimations based on @Hinear regressions for the wieotlataset need to account

on two relationships discriminating the low and RIGMSP producing species.
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2 Introduction

Dimethylsulfoniopropionate (DMSP; (GhS"CH.CH,COQ) anddimethylsulfoxide (DMSO;
(CH3)2S0) are organic sulfur compounds produced by numerous species of marinalgaero

DMSP is the main precursor of the climate active gas dimethylsulfide (DMS) that once in the
at mosphere might af fdget(Chatisbnest aE 4987, Quine and Bates, at i v
2011). Prymnesiophyceae adihoflagellatesare highDMSP producers, and the |eRMMSP
producers include some members of Chrysophyceae and diatoms (Keller et al. 1989; McParland
and Levine, 2019). The intracdlu physiological functions of DMS(P,O) are still poorly
understood. DMSP might play roles such as antioxidant (Sunda et al., 2002), cryoprotector,
osmolyte (Kirst et al. 1991; Bucciarelind Sunda, 2003), methyl donor (Kirst, 1996),
zooplankton deterrerftVolfe et al., 1997; Strom et al., 2003), or signaling compound (Stefels,
2000; Seymour et al., 2010). DMSO could be involved in a complex cascade reaction in the
antioxidant system alongside with DMS and acrylate (Sunda et al., 2002). The DMS(P,0)
produdion by marine micrealgae varies considerably depending on the growth stage, salinity,
temperature, nutrient availability, and light intensity. Seawater phytoplankton diversity is the
factor that affects the moBMSP production (Townsend and Keller, 1996efels et al., 2007).
Phytoplankton composition and its seasonal succession might depend on the seasonal change
in day length (Litchman and Klausmeier, 2001), although water temperature has been found to
be the most significant factor affecting the miptankton community structure in some parts of

the globe (Suikkanen et al., 2007). Changes in temperature will affect the -gnagtance
relationship (Edwards et al.,, 2016) and the competitive dominance of algal communities
(Striebel etal., 2016) whicths a key factor for the speciesb
In deeper pelagic systems, the influence of increasing temperature on thermal stratification
induces an increase in light availability that is usually the phytoplankton bloom trigger
(Wiltshire et al., 2008; Sommer et al., 2012). In weiked coastal waters, stratification rarely

plays a role, and the amount of light will be the limiting factor rather than the nutrients
concentration (Wiltshire et al., 2008). The spring phytoplankeasonal succession will also
depend on the Sea Surface Temperature (SST) during winter influencing the overwintering

zooplankton and its grazing pressure (Sommer and Lewandowska, 2011).

SST has increased in the North Sea since the 1980s affecting th@qadyysabundance, and
phenology of marine phytoplankton (Richardson and Schoeman, 2004; daviera et al.,

2016; Barton et al., 2018). In addition, high anthropogenic loads of inorganic nutrients (nitrogen
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and phosphorus) led to important phytoplankbdmoms and biomass in most coastal zones
between March and October (Desmit et al., 2019). In the Southern North Sea, the Belgian
Coastal Zone (BCZ) is a eutrophic and walked area under the influence of the Scheldt and
the Rhine rivers. It is characieed by a very high phytoplankton biomass and three
phytoplankton blooms: (1) the first occurs in late FebriMaych with diatoms, (2) directly
followed by a huge biomass peakRifaeocystis globosa April-May, and (3) another diatom
bloom at the end dfummerbeginning of autumn (Rousseau et al., 2002). This phytoplankton
taxonomic succession was very constant from 1988 to 2000 despite the variability in salinity,
temperature, and light (Rousseau et al. 2002). The onset of the diatom spring blooBCOHA the

is dependent on a specific light threshold. Furthermore, the adaptation to low irradiance and
temperature prevailing in late wintearly spring coupled with high nutrient concentrations
explains the first diatom bloom, followed Bhaeocystis globosahen the ambient dissolved
silicate is depleted (Rousseau et al., 200Rhaeocystis globoshlooms are responsible for

95% of the phytoplankton late spring community biomass (Rousseau et al., 1990, 2000). Yet,
since 1990, deutrophication measures hakeel to the decrease of nutrient concentrations in
coastal waters of the Southern North Sea (van Beusekom et al., 2009; Prins et al., 2012). Both
the warming and the eeutrophication trends may have an impact on the-teng annual

mean of Chia (Desmitet al., 2019) and the phytoplankton community (Nohe et al. 2020). This
should also affect the DMS(P,0O) concentrations, since they strongly depend on phytoplankton
composition and biomass, as shown by a modelling study in the area (Gypens et al. 2014). A
better understanding of the intracellular DMS(P,QO) concentration in response to external drivers
or phytoplankton diversity could improve their prediction, and ultimately the related DMS
emissions with its potential climate effect (Charlson et al., 1987).

This study presents an interannual comparison of DMS(P,0) concentrations measured in the
BCZ in 2016 and 2018 on a regular grid of 5 fixed stations. Thetgeagar variation was
analyzed in light of nutrient concentrations, SST, and light availability; ke factors
influencing the phytoplankton production and community structure in general and in the study
area (Nohe et al., 2020). The phytoplankton composition was studied for both years to
investigate the possible variations on species dominance amhdsp and corresponding
impact on the DMS(P,O) content.
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3 Material and Methods

3.1 Field sampling

Sampling was carried out on tRd Simon Stevim 2016 and 2018 at 5 fixed stations chosen

to cover a neaoffshore gradient from station 700 (close to the Sithestuary) to the most
marinestation (ZG02) covering a major part of the BCZ (Fg.). The data from 2016 were
published in Speeckaert et al. (2018). The samples were collected each month through the year
and twice a month between March and May dutimegspring phytoplanktonic bloom. Seawater
samples were collected at 3 meters depth using 4L Niskin bottles on a rosette sampler attached
to a ConductivityTemperaturéDepth (CTD) probe (Seabird SBE25), for further analysis of
Chl-a, DMS(P,0O) concentratianand DNA extraction. The abiotic measurements at 3 meters
depth of SST, seaurface salinity (SSS), suspended particulate matter (SPM), photosynthetic
active radiation (PAR) and nutrients concentrations were carried out by the Vlaams Instituut
voor de Zee (VLIZ) in the frame of the LifeWatch sampling campaigns
(http://rshiny.lifewatch.be/Station%20dgta(Flanders Marine Institute, 2019) with the

methodology found in Mortelmans et al. (2019). Thaélydglobal solar radiation data was
collected at the Oostende station of the Royal Meteorological Institute of Belgium and allowed

us to calculate the surface incident PAR.
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Figure4-1: Map of the sampling area with the five key stations (black ciesiel) the bathymetry (m) in the Belgian Coastal
Zone (BCZ, North Sea).
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3.2 Chlorophylta

A determined volume of the seawater collected was filtendd/hatman glass microfiber filters

GF/F 25 mm. The filters were immediately frozen and store80&C untilanalysis (within 1
month after sampling). I@-a (ug L) was then extracted at 4°C in 90% acetone (v:v) and
measured fluorometrically using a Kontron Instruments SFM 25 (Strickland and Parsons,
1972).

3.3 Phytoplankton diversity
In 2016 and 2018, samples from station 330 were fixed with-gigééraldehyde (1% v:v) and
stored at 4°C for species identification and cell density measurements by using inverted

microscope. The station 330 is representative of the area (Roussea20&23l.In 2018, DNA

was sampled from March to December for the five stations. The DNA was collected by filtering
seawater on 0.2 um 47 mm polycarbonate Durapore filters (Tynes, 2013). The filter was
preserved at80°C. DNA was extracted usiigNeasy PlahQiagenf ol | owi ng manuf a.
protocol and libraries were prepared. 18S rDNA amplicon sequencing was performed using
lllumina MiSeq sequencer which produced 2x300 bp pagratl sequences. Decomplexed
sequences were analyzed using R software pagkageseq(McMurdie andHolmes, 2013)

and the taxonomic annotation database usedSitas 1.32 The phytoplankton diversity was
investigated based on several assumptions: (Fpatetrophic kingdoms were removed; (2) as

well as the unclassified genera $iva; (3) Operational Taxonomic Units (OTUs) with same
taxonomic annotations were merged; (4) singletons and genera not seen more than 3 times in at
least 10% of the samples were eliminated; (5) the 50 most abundant genera were chosen to

analyze the phytoptkton diversity over time.

The DMS(P,0):Chh ratio were recalculated from published data (Table 1, 2; Keller et al.,
1989b; Townsend and Keller, 1996; Sim¢ et al., 1998; Hatton and Wilson, 2007; Bucciarelli et
al., 2013; Cooney2016;Cooney et al.2019 Speeckaert et al., 2018; 2019; McParland and
Levine, 2019; Royer et ain review). The carbon per cell was calculated from cell volumes
found in the literature or with the median cell volumes from Olenina et al. (2006), and according
to the formula give by MenderDeuer and Lessard (2000). The biomass was converted-to Chl

a per cell assuming the C:Ghlratio of 60 g ¢ (Geider, 1987).

3.4 DMS(P, O) analysis
The 60 mL borosilicate glass vials were aaidshed (HCI 10%) and rinsed with high purity

water obtaned from a milltQ system. The vials were covered with aluminum foil and baked at
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350°C for at least 1h in a muffle furnace before the sampling (Kied&erard, 1994). The 25

mm Whatman glass microfiber filters GF/F were baked at 450°C for 4h (lsieth8lezak,

2006). Intracellular DMS(P,OPMS(P,0)) were obtained by the difference between 10 mL

of unfiltered seawater samples (total DMS(P,0) (DMS()Gnd dissolved DMS(P,0)
(DMS(P,0)). DMS(P,0O) was obtained by gentle filtration of 15 mL and only the first 10 mL
filtrate was collected to avoid cell destruction at the end of the filtration that could release
DMSP (KieneandSlezak, 2006). All the samples were microwaved individually at 900 W till
boiling (~15sec) (Kinsey and Kieber, 2016) and then acidified with 5 pt @fiL,50% HSQ

(del valle et al. 2011). The acid stopped the biological activity and preserved the DMSP (Curran
et al, 1998). The acidification may produce rapid conversion of DIERIS and presumably
acrylate, inducing substantial losses of DMSP (del Valle et al. 2011). But Kinsey and Kieber
(2016) have recently observed that microwaving samples to boiling point are an alternative
method for sample preservation prior to the additf acid. The samples were crimped after
cooling with gagight PFTE coated silicone septa and stored 24h at dark before the refrigerator
to allow the DMS to degas or oxidize (KieaedSlezak, 2006).

The samples were sparged to remove the potential BRI&r 20 min. 5 mL of 12 M NaOH

were added to the 10 mL samples to obtain a pH > 12 and quantitatively cleave DMSP into
DMS for 24h (Dacey and Blough, 1987; Stefels, 2009). An Agilent 7890B gas chromatography
with a purge and cryogenic trap system (Agi column 30 m long, 0.32 mm internal diameter,
0.25 pm film thickness) was applied to analyze the DMS released. The GC was equipped with
sulfur selective Flame Photometric Detector (FPD) and the carrier gas was He (24m[Tinén

FPD was kept at 350°®ith a H. flow of 72 ml mint, a synthetic air flow of 72 ml mihand

a makeup (B flow of 20 ml mint. The capillary column was kept at 60°C. DMS was
guantitatively purged from the vial by the He flow carried through a long stastiesisneedle
inseted through the septum into the liquid phase and during 20 min. The DMS flew through
two Dewar maintained cold aroun80°C with liquid nitrogen to trap residual water vapor
(Andreae and Barnard, 1984). The DMS is then trapped in a PFTE loop immersgddn li
nitrogen ¢196°C). At the end of the purge, the loop was transferred in boiling water and the
DMS is injected in the GC.

For the DMSO analysis, 5 mL HCI 37% (HCI 37% Normapur, VWR) and 1 mL;T8DP»,
Merck) (KieneandGerard, 1994; Deschaseauxagt2014) were added into the precedent vial

yet analyzed. Even if we consider the reaction efficiency < 100%, it will not interfere with the
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analysis since the system is calibrated against DMSO standards, assuming the same reduction
efficiency for both sindards and samples (Champenois and Borges, 2019). After 48h at room
temperature, 3 mL of 12 M NaOH were added to avoid injecting acid fumes into the GC (Kiene
andGerard, 1994). The DMS produced from the reduction of DMSO was analyzed as described
previowsly. The DMS(P,0) quantified in arrow in the same sample was validated by
Champenoisand Borges (2019). The same procedure was applied for the calibration. The
DMSP used was obtained from Research Plus and the DMSO fr8f @8ire stock solution
(Merck). Working solutions were prepared with the successive dilution in MilliQ water but
DMSP and DMSO were diluted in the same vial. Calibration curves were made weekly to
ensure the GC stability for the detector by fitting a quadratic curve for the FPD. Thgeavera
precision was 5 and 8% for DMSP and DMSO calibration, respectively. Any leaks during the

analysis were detected by using a Thermo Scientific GLD Pro Gas Leak Detector every day.

3.5 Statistical analysis

The statistical comparison of the variables betwdéentivo years was performed using the
parametric pairedamples Studenitést. The assumption of normality was checked using the
ShapireWilk test and the €Q plot. In case of deviation of the normality (p < 0.05), the
Wilcoxon ttest was applied. Toinves gat e t he correlation betwee
r coefficient and it value was used. In case of deviation of normality by the Shapiio

test (p < 0.05) and the-Q plot,thenofp ar a me t r i c} cdfficeeat was appli@d

The KaiserMeyerOlkin index (> 0.50) and Bartlett sphericity test (p < 0.05) were used to
ensure the application of Principal Component Analysis (PCA) for which we assumed the
application of an Oblimin rotation. The principal components (PCs) have to explairstat lea

50% of the total percentage of variance between all the variables. The loading component (LC)
explaining the correlation between the PC an
+0.60. These statistics were realized using the IBM SPSS Stasistievare (version 23.0.0.0)

and the assumptions were based on &asapson (2018)

4 Results and discussion

The years 2016 and 2018 were characterized by the typical phytoplankton succession for the
area (Rousseau et al., 2002) with an early spring diatom bloom followed by BHagggrystis
globosa(here afterPhaeocystis bloom. Yet, in early spring, Cld corcentrations for the
coastal stations were higher in 2018 than 2016. A summer diatom bloom was also observed
during both years, with higher Ghlconcentrations in 2018 compared to 2016.
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4.1 Spring phytoplankton bloom

As previously described in the BCZ (Rousset al., 2002), thehaeocystibloom occurred at

the end of April both in 2016 and 2018. The values were not significantly different between the
two years with an average Galconcentration of 13.6 + 6.0 pg*land 15.7 + 7.8 pug Lin

2016 and 2018 spectively (p = 0.653) (Figi-2).
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Figure 4-2: Seasonal evolution of average gtandard deviation) Chlorophsdl (Chl-a) concentration (ug t) for the five
stations sampled in the Belgian coastal zone in 2016 and 2018. Location of the samplirgatiown in Figuré-1.

However, both years differed significantly with respect to the early spring bloom of diatoms
occurring during the month of March in 2016, and from the first days of March until early April
in 2018 (5.6 + 2.6 and 12.8 + 8.0 ug kespectively; p < 0.05) (Figi-2). The higher Chh
values were due to the Ghlconcentrations from the coastal stations (700, 130, and 230) (Fig.
4-3a, b) with an average Chlat these three stations and for the diatom bloom pefié® +

1.9 and 6.7 + 7.5 ug [* for 2016 and 2018 respectively (p = 0.073).

We tested if differences in light intensity, SST and nutrient concentrations might be responsible

of the earlier and higher diatom spring bloom in 2018 compared to 2016. The light availability
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is the primary control on spring phytoplankton onset in the North Sea (Wiltshire et al., 2008)
and depends on the combination of incoming solar radiation and the SPM content that attenuates
light penetration. During the early diatom bloom, SPM for the ebatdtions was significantly

higher in 2018 (173.3 + 32.1 mg').than 2016 (48.7 + 53.2 mg. (p < 0.01) (Fig4-3i, j).
However, the incident light was more favorable in 2018 and allowed an earlier onset of the
diatom bloom (Rousseau, 2000)P e a r s 0 n 0 HetweenrChbaahdancident tight, p <

0.05). The incoming PAR was indeed 1.5 times higher in February 2018 than 2016 (204.2 +
85.9 and 137.6 + 81.6 pE 18! respectively; p < 0.001) (Fig-30).

SST for the coastal stations was l&sgorable for the diatom growth (Montagnes et al., 2001)

in February 2018 (5.3 = 0.5°C) than in 2016 (6.5 £ 0.2°C) (p < 0.05) and during the bloom in
2018 (4.2 £ 2.2°C) than 2016 (7.6 + 1.0°C) (p = 0.063) @&i®m, n). The SST in winter 2018

was the lovest during the last 13 years (Borges et al., 2019). Nevertheless, lower temperature
during winterspring bloom period might induce higher phytoplankton biomass resulting from

a lower grazing rate of the zooplankton (Sommer and Lewandowska, 2011).

In addtion, we observed a higher nutrient supply coming from the Scheldt estuary during the
early blooming period with SSS lower in 2018 than in 2016 (30.9 + 1.3 and 32.9 + 1.8
respectively; p = 0.086) (Fig-3c, d). The DIN concentration was higher in 201$time2016

with respectively 45.8 + 9.6 and 19.6 + 17.9 umdi (p = 0.084) (Fig4-3k, I) and PQ
concentration was significantly differentiated with 0.6 + 0.2 and 0.2 + 0.2 prh( k 0.05)

(Fig. 4-3g, h). The DSi concentration was not significaniffjedent even if we also observed
higher values with 16.3 + 4.7 in 2018 and 4.3 + 5.1 umbin.2016 (p = 0.250) (Figt-3e, f).

In conclusion, the timing of the early spring diatom bloom in 26d@pared to 2016 seems to
be the result of better light conditions in late winter. Furthermore, the higher biomass observed
during the blooming period might be the consequence of higher nutrient concentrations and

possibly lower zooplankton grazing resadjifrom lower SST.
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Figure4-3: Seasonal and spatial evolution of (a) ChlorophyIChl-a) concentration (ug t£) in 2016, (b) in 2018; (c) Sea Surface Salinity (SSS) in 2016, (d) in 2018; (e) Dissolved Silica (DSi)
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Inorganic Nitrogen (DIN) concentration (umottLin 2016 (1) in 2018; (m) Sea Surface Temperature (SST) (°C) in 2016, (n) in 2018; and (o) seasonal evolution of daily avecsyathBtiot
Active Radiation (PAR) (LE rs?) for the five stations sampled in the Belgian coastal zone in 2016 and 20148-{Fig.
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The relative cellular density (%) was analyzed in 2016 and 2018 for the station 330,
representative for the BCZ area (Rousseau et al., 2002). For March 2016, diatoms represented
~40% andP. globosa~60% (Fig.4-4). In April 2016, the relative abundanaé the
Prymnesiophyceae increased up to 96% while the diatoms decreased to 48jFiyt the
beginning of May 2016P. globosastill represented 99% while only 1% of diatoms
characterized the phytoplankton community (He4). In May 2018, the phytdgnkton
community was represented by 94% Rf globosaand 3% of diatoms (Fig4-4). The
dinoflagellates were for both years almost absent for this period (< 0.2%). With genomic data,
we can additionally explore the phytoplankton composition during thye saing bloom for

the station 330. The diatom community was mainly composed by the glalassiosira,
including T. rotula, T. tenerandT. lundiana as well asGuinardia delicatula, Rhizosolenia
shubsholeandMinutocellus polymorphus$some diatom gesra from 2016 were not observed

in 2018 such agsterionella, Coscinodiscus, Thalassionema, BiddulginidNitzschia The
dinoflagellates observed were the spetleterocapsa rotundatandKarlodinium veneficum

Other species such &syrodinium aureolum,G. spirale, Sinophysis sp., Tripos fusus,

Katodinium glaucumor Warnowiasp. among others were also detected.
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Figure4-4: Seasonal evolution of the relative cellular density (%) for the station 330 in the Belgian coastal zohéd)Fig.
analysed for the phytoplankton diversity from March to October in 2016 and from March to December in 2018 with distinction
between the Prynesiophyceae, diatoms and dinoflagellates.
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4.2 Summer phytoplankton bloom

The Chta concentrations in August (Fig-2) were also different between 2016 and 2018 (p =
0.090). The concentration was 4.1 times higher in 2018 (13.4 + 9.%)utpan in 2016 (3.4

2.0 ug LY. The PAR was 1.2 times higher in June 2018 than in 2016 (p < 0.05Y{B).

This explains the significant higher average SST for all the stations observed in July 2018
compared to 2016 (21.3 £ 0.7 °C and 19.8 + 1.0 °C respectively; @1 @ response to a
largescale heatwave in Europe (Magnusson et al., 2018; Borges et al., 2019). As a matter of
fact, the temperature was significantly higher at the coastal stations in 2018 than in 2016 from
late April to July (p < 0.05) (Figi-3m, n) Temperature is one of the most important drivers of

the phytoplanktonrcommunity composition (Schabhattl et al., 2013; Striebel et al., 2016;
HunterCevera et al., 2016), and the higher biomass results from higher cell division rates in

warmer conditiongRichardson and Schoeman 2004; Hwu@erera et al., 2016).

In July 2016, the community was dominated by diatoms (99%) with a small increase of
dinoflagellates (1%) (Fig4-4). In 2018, the diatoms represented 72% with 23% of
Prymnesiophyceae and 5% ohdflagellates (Fig4-4). During August 2016, diatoms still
dominated the community (92%) with a slight increase of dinoflagellate (8%) 4.
Diatoms represented up to 91% in August 2018 while Prymnesiophyceae and dinoflagellates
were represented yand 4%, respectively (Fig-4). October was the last month sampled in
2016 for the phytoplankton diversity characterized with 98% and 2% of diatoms and
dinoflagellates, respectively (Fig-4. From September to December 2018, the community
was composelly 87 + 8, 8 + 7 and 5 + 2% of diatoms, Prymnesiophyceae and dinoflagellates,
respectively. Diatom community in August 2018 was mainly composethblassiosira sp.

(T. rotula, T. tenerandT. lundiang, M. polymorphusG. delicatulaandChaetoceros soalis.

The dinoflagellate community was still characterizedHbyotundatawhile some unclassified
SyndinialesGyrodinium sp., G. aureolunG. spirale, T. fusus, Lepidodinium sp., Warnowia
sp, K. glaucumand Sinophysis spvere observed. From September Recember 2018,
Thalassiosira sp., M. polymorphus, G. delicatsiifl represented the diatom community while

the presence of the dinoflagellatdsrotundata, K. veneficum, Gyrodinium spSyndiniales

sp. was detected.
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4.3 Spatial and seasonal variationdIS(P,0O) concentrations

While the annual average Ghalwas significatively higher in 2018 (8.5 + 7.2 pgdh)Lthan in
2016 (5.1 + 5.5 ug ) (p < 0.001), the annual average DM$Bncentration between the two
years was similar (162 + 246 nmottlin 2018 and 207 + 374 nmofiin 2016; p = 0.438).
Even if there was slight difference in DMSR early may (448 + 183 in 2018 and 1142 + 487
nmol Lt in 2016), no significant differemcwas observed (p = 0.086) (Fig5a) and the Chl

a concentration was similar (p = 0.752) (Fi32). Despite a higher biomass in August 2018
than 2016, there was no difference in DN\d8&nhcentrations during both years, with a low value
of 49 + 20 and 54 14 nmol L* in 2016 and 2018, respectively (p = 0.732). Even if theaChl
concentrations were different between the two years during both the early spring and summer
blooms, the similarities in DMSRconcentrations could be explained by the phytoplankton
composition. The early spring bloom was mainly characterized byDIBABP producers such
as the diatonThalassiosira spand the dinoflagellateld. rotundataandK. veneficun{Table
4-1). The same conclusion was observed during summer with the diadtalassiosira spand

M. polymorphusor the dinoflagellateld. rotundata, Gyrodinium sgndSyndiniales s Table
4-1).

The seasonal pattern of DM&€ncentration was similar between both years (@igb) but

the yearly mean was significantlijfferent (88 + 107 and 48 + 68 nmot'lin 2016 and 2018
respectively; p < 0.01). The average value of DM&®ing thePhaeocystibloomwas 246 +

205 and 163 + 193 nmofifor 2016 and 2018, respectively (p = 0.597) (Bigb). Significant
difference was only observed at the beginning of May, as it was for the DM®Rh
concentration 1.9 times higher in 2016 than in 2018 (p < 0.05). In 2018, Pkp@sents

66% of the DMS®pool and showed a similar seasonal evolution (Ff§a). DMSQ was
generaly lower than DMS@ and presented a different seasonal pattern since the peak of
DMSOyq occurred just before the DM$@eak in late April (Fig4-6a, b).

The spatial variations (coastaffshore) observed for Cla (Fig. 4-3a) also occurred for
DMSP, in 2016 but the DMS@oncentrations did not clearly differ among the stations, except
for station 700 (Fig4-5c, d). The high concentration observed at station 700 was related to the
high SPM concentration and linked to the resuspension of sedimertckapet et al., 2018).

In 2018, the DMSPconcentration was associated with feeocystibloom with a nearshore
offshore gradient and concentrations from 536 to 1353 nmdFlg. 4-5e). This gradient did

not occur in late May nor during the summer. B® and DMSQ in 2018 showed a seasonal
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pattern with the same gradient during Bteaeocystidbloom with values varying from 62 to
500 nmol ! (Fig. 4-5f) and from 33 to 498 nmolL(Fig. 4-6c), respectively. The distinction
between coastal and offshatations for the DMSg@variations was no longer clearly identified
(Fig. 4-6d). Following the Chh peak during August 2018 for station 700 (Fg3b), the
DMSO: and the DMS@ concentration reached a value of 69 and 59 nmiotdspectively,
which were tle highest concentrations observed for this period &4, 4-6¢).
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Figure4-5: Seasonal evolution in 2016 and 2018 of averageandard deviation) (a) particulate dimethylsulfonioproprionate
(DMSPy) (nmol LY); (b) total dimethylsulfoxide (DMS(nmol L1); and seasonal and spatial evolution of (c) DiM@ol

LY and (d) DMS®(nmol L) in 2016; (e) DMSER(nmol L) and (f) DMSQ (nmol L) in 2018 for the five stations sampled
in the Belgian coastal zone (Fi§l).
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Tableawd-1: Ratio of particulate dimethylsulfonioproprionate (DM@ Chlorophylta (Chl-a) concentration (DMSPChI-a) (mmol:g), cell biovolume (um3), cellacbon (C) contentpgC cell
1) compiled from published literature for species found in the Belgpastalzone(Fig. 4-1).

Class Genus Species Biovolume (um3) C (pgC cel) Chla(pgChiaceltt) DMSR (fmol celt!) DMSR:Chla (mmol:g) Data from
Diatom Rhizosolenia R. setigra 69080.0 7561.5 126.0 1125 0.9 1
Diatom Guinardia G. delicatula 58139.0 2105.6 35.1 1.9 2
Diatom Thalassiosira T. rotula 15072.0 704.5 11.7 1.9 54+7.3 1,2
Diatom Thalassiosira Thalassiosira sp. 13713.0 652.5 10.9 40.8 3.2+0.8 1,2
Diatom Thalassiosira T. pseudonana 80.1 10.1 4.8 3
Diatom Rhizosolenia Rhizosolenia sp. 69080.0 2421.6 40.4 1125 2.8 1
Diatom PseudeNitzschia PseudeNitzschia sp. 120.0 14.0 0.2 0.2 0.9 1
Average £ s.d. : 3.2+31
Dinoflagellates Heterocapsa H. rotundata 234.0 66.3 1.1 20.8 18.7+0.9 4,5
Dinoflagellates Gyrodinium G. aureolum 5007.6 814.3 13.6 5.3 0.4 1
Dinoflagellates Katodinium Katodinium sp. 1439.0 293.3 4.9 201.2 41.2 6
Dinoflagellates Karlodinium K. veneficum 739.0 106.7 1.8 7.0 3.9 1
Dinoflagellates Gymnodinium G. simplex 265.0 73.4 1.2 238.5 195.1 1
Dinoflagellates Tripos T. fusus 19500.0 2479.4 41.3 2.8 0.1 7
Average £ s.d. : 37.1+65.3
Prymnesiophycea¢ Phaeocystis P. globosa 75.0 12.4 0.2 16.3 82.3+115 3,2.,8
Prymnesiophyceae Phaeocystis Phaeocystis sp. 46.6 8.0 59.0 1
Average + s.d. : 76.5+15.0

1. McParland and Levine (2019); 2. Speeckaert et al. (2018); 3. Royer aeaie(ily 4. Cooney et al. (2019); 5. Coof2§16); 6. Townsend and Keller (1996); 7. Keller et al. (1989)b; 8. Speeckaert et al. (20
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Tableaw-2: Ratio ofparticulate dimethylsulfoxide (DMSpto Chlorophyha (Chl-a) concentration (DMS@Chl-a) (mmol:g), cell biovolume (um3), cell carbon (C) contgdC celt) compiled
from published literature for species found in the Belgisastalzone (Fig. 4-1).

Class Genus Species Biovolume (um3) C (pgC cel) Chla (pgChiacelt) DMSQ (fmol celll) DMSQ:Chla (mmol:g) Data from
Diatom Thalassiosira T. oceanica 04 1
Diatom Thalassiosira T. pseudonana 119.5 13.9 0.2 0.02 10+1.4 2,3
Diatom Skeletonema S. costatum 264 26.5 0.4 0.01 0.8+1.0 2,3

Average £ s.d. : 0.8+£0.9
Dinoflagellates ~ Heterocapsa H. triquetra 11.0+ 3.4 2,4
Dinoflagellates North Sea dominated hinoflagellates 2.9 S
Dinoflagellates Gymnodinium G. simplex 265.0 73.4 1.2 0.1 0.1 3

Average + s.d. : 6.3+5.9
Prymnesiophyceae Phaeocystis P. globosa 5.0+5.2 2,4
Prymnesiophyceae North Sea dominated by P. globosa 12 5
Prymnesiophyceae Emiliania E. huxleyi 39.5 6.8 0.1 0.2 2.0 3

Average * s.d. : 3.3+3.6 3

1. Bucciarelli et al. (2013); 2. Royer efi@review); 3.Hatton and Wilson (2007); 4. Speeckaert et al. (2019); 5. Simo et al. (
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Figure 4-6: Seasonal evolution of average gtandard deviation) (a) particulate dimethylsulfoxide (DMS@mol L), (b)
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(nmol L1) in 2018 for the five stations sampled in the Belgian coastal zone4(E)g.

4.4 DMS(P,O) relations and DMSODMSP, ratio

We further explored the similarities between all the variables in 2016 and 2018 by PCA. The

figure 4-7a shows the grouping variables within an orthogonal 2§pace along the two most
relevant PCs explaining 57.8% of the total variance (n = 86). MBMSQG and Chia
explained more than 69.2% of variation along the PC2. With only the 2016 daté{Bign =

41), two PCs caracterized 61.7% of the variance where the variables were clustering together
as previously (>67.3%). With only the 2018 data (Big.c; n = 45), 61.6% of the variance
were explained by two PCs where DMSind DMSQ correlated (>84.7%). The combining
2016-2018 PC analysis brings statistical support for the link between tha @hd the

DMS(P,0) that are varying together. The previous observation was not noticed for the data in

2018 since the DMS(P,@)vere not clustered with Clal. The Spearman correlati analysis

followed the same information with significant nparametric correlation between DMSihd
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Figure4-7: Principal Component Analysis (PCA) with all the variables after Oblimin rotation for (a) the data from 2016 and
2018, (b) with data from 2016 and (c) with data fra@18 including Chlorophya (Chl-a), total dimethylsulfoxide (DMSE,
particulate dimethylsulfoxide (DMSD particulate dimethylsulfonioproprionate (DM$PSea Surface Salinity (SSS), Sea
Surface Temperature (SST), Photosynthetic Active Radiation (FBiB3plved Inorganic Nitrogen (DIN), Dissolved Silica
(DSi), phosphate (P4pin the Belgian coastal zorEig. 41).

The figure4-8a represents the linear regression between NMB® Chia for the two years.

The slope of the regression of DMS#hd Chia was higher in 2016 than that in 2018 (Fg.

8a). This is due to the fact that in 2018 many data points for high Giiles corresponded to

low DMSP-producing diatoms and dinoflagellates (Ta#i#), while in 2016 the data points

for low DMSP-producing pecies usually exhibited low Chl This led to the steepergression

of DMSR, and Chiain 2016 compared to 2018, as well as lower correlation coefficient in 2018
(R2 = 0.38) due to more scatter in data points. Yet, when comparing the DIVi8R-Chia
correlations separating tHehaeocystibloom dominated data point from the rest of the year
(Fig. 4-8b), the slopes of the regressions are similar during both years: 42.0 and 53.9 for
Phaeocystisn 2018 and 2016, respectively, and 6.8 and 9.1 for the rest of the year in 2018 and

2016, respectivelyThe first values were in the same range as the DNCBPRa ratio given by
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Stefels et al. (2007) (52 + 37 mmol:g) or recalculated from published literature with 76.5 + 15.0
mmol:g for the PrymnesiophyceReglobosg Table4-1). The ratio obtained for the rest of the
year corresponds to the ratio given by Steét al. (2007) (4 £ 6 mmol:g) or recalculated in
Table4-1 (3.2 £ 3.1 mmol:g) for the diatoms. The presence of dinoflagellates was not reflected
in the slope of the linear regressions since they were mainly composkld fmgundata
characterized by a loWMSP,:Chl-aratio of 18.7 £ 0.9 mmol:g (Tabkel).
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Figure4-8: (a) Particulate dimethylsulfonioproprionate (DMBfmol L) versus Chlorophydh (Chl-a) concentration (ug 1
1) in 2016 and 2018 and (b) DMsEmol L) versus Chi concentration (ug &) with discrimination betweeRhaeocystis
and others with data for 2016 and 2018 in the Belgian coastal(Rinet1).

The DMSQ concentration was significantly correlated with DM8Po nc e nt *0a79;pon  ( }
< 0.001), as also obsved in a global dataset by Simo6 and M@lasta (2006). The slope of the
regression of DMS@and DMSR (Fig. 4-9a) (R? = 0.74) was lower in the BCZ (0.1) than in

the global dataset reported by Simo6 and Mlasta (2006) (0.2). This difference cannot be
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aralyzed because Simo6 and V{Gosta (2006) did not report the phytoplankton composition.
The DMSQ:DMSH; ratio in the BCZ driven by the data points relatedbaeocystidbloom

(0.16 £ 0.13) was very close to the value of 0.15 £ 0.09 reported in theulieefat pure
Phaeocysticultures (Hatton and Wilson, 2007; Royer et al., in progress). DM&S also
highly correlated to Cka ( F 0.79; p < 0.001) and the slope of the regression was higher for
Phaeocysti$3.3 mmol:g) (R? = 0.51) than for the restloé year (1.8 mmol:g) (R2=0.71) (Fig.
4-9b). The first value was in the same range than those reported in literature for thg:BMSO

a ratio with 3.3 + 3.6 mmol:dor the Prymnesiophyceae (Table2). The second value was
higher than the ratio found for the diatoms (0.8 £ 0.9 mmol:g; T&e The higher value
could be explained by the presence of dinoflagellates for which we found REISQ ratio

of 6.3 £ 5.9 mmol:g (Tablé-2).
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Figure4-9: (a) Particulate dimethylsulfoxide (DMS(nmol L) versus particulate dimethylsulfonioproprionate (DMSP
concentration (nmol £) in 2018 and (b) DMS@(nmol LY versus Chlorophyla (Chl-a) concentration (ug t) with
discrimination betweerPhaeocyst and others with data from 2018 in the Belgian coastal £6ige 4-1). The linear

regressions exclude the outlier data points in brackets.
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4.5 Phytoplankton diversity and DMS(P,0O) estimation

DMSP, was estimated from the linear regression with-&{@DMSP, (nmol L) = 23.1 * Cht

a(ug LY, R2 = 0.46) computed for the whole dataset (2016 and 2018) and compared with the
measured DMSP For both years, the magnitude of the calcul&bdeocystiDMSP, peak

was underestimated compared to measurements4#i@a b). Calculated DMSPwas also
higher than spring and summer observed concentrations in particular in 2018 due to higher Chl
avalues (Fig4-10b). As shown by Speeckaert et al. (2018), using a unique DMS&ratib

is inappropriate to estimate DMSP concentration associated to eitherani¢ggw-DMSP
producers. We thus used two different DM$BrsusChl-a relationships to discriminate the

two main blooming phytoplankton groups: fhaeocysti§DMSP, (nmol L) = 48.0 * Chta

(ug L'Y) and for diatoms (DMSRnmol L) = 8.0 * Chla (ug LY)). The use of these specific
DMSPy:Chl-a relationships led to a better fit of modelled DMS&mpared to field

measurements for both years (Fgl0a, b).

The same procenle was applied for the DMS@stimation. We compared DM$@omputed

for the whole dataset in 2018 from the linear regression witta@BMSO, (nmol L) = 2.1 *
Chl-a (ug L), R2 = 0.54). The regression model tends to fit with the observed RE&@pt
during the Phaeocystisblooming period where it was underestimated but still within the
standard deviation (Figl-10c). When using the relationships deduced from the figtgie,
with one corresponding for tighaeocysti§DMSO, (nmol L) = 3.3 * Chta (ug LY)) and one

for the diatoms (DMS@(nmol L) = 1.8 * Chta (ug L)), we mainly observed the same
evolution (Fig.4-10c).

In conclusion, simple relationships between DMS(P#)d Chia are not sufficiently robust
to describe the seasonal variability of DMS(B,ONe thus recommend considering two
separate DMS(P,&¢hl-a relationships for low and higpMSP producing groups to estimate
DMS(P,0) based on Cha in global models.

5 Conclusios

Phytoplankton biomass in the BCZ was higtaring the diatom blooming period in spring
2018 than 2016, and to a lesser extent, in August 2018 than 2016. The difference among years
in spring was explained by lower SST during winter, higher nutrientdysapming from the

Scheldt estuary and better light conditions in 2018 compared to 2016.
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Figure 4-10. Seasonal evolution in the Belgian coastal zone of averagesténdard deviation) particulate
dimethylsulfonioproprionate (DMSPmeasured (nmol+$) (in black) and DMSpcalculated* based on Chlorophdl(Chl-

a) concentration using a relationship for all phytoplankton species [RNI8Rol L'1) = 25.1 * Chta (ug L] or DMSR
calculated** using a relationship for the diatoms [DM$fmol L) = 8.0 * Chta (ug L™3)] and another one for Phaeocystis
globosa [DMSR (nmol L) = 48.0 * Chia (ug L?)] for (a) 2016 and (b) 2018. (c) Seasonal evolution of particulate
dimethylsulfoxde (DMSQ) measured (nmolf) (in black) and DMS@calculated* based on Ghlusing a relationship for

all phytoplankton species [DMS@nmol L) = 2.1 * Chta (ug L™Y)] or DMSGO, calculated** using a relationship for the
diatoms [DMSQ (nmol L) = 1.8 *Chl-a (ug L1)] and another one for Phaeocystis globosa [DM&@ol L) = 3.3 * Cht

a(ug L'Y] for 2018.
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The difference among years in August seemed related to higher SST in 2018 compared to 2016.
Despite these major differences in phytoplankton bisptag seasonal and spatial DMS(RB,0O)
patterns were similar in 2016 and 20T8is was explained by the peak of biomass occurring
both years in spring due tBhaeocystis. Phaeocystis a highDMS(P,0) producer and
dominates the annual DM§Production inthe BCZ. On the contrary, Io®WMSP producing
diatom and dinoflagellate species dominated the spring and summer bloom for which we
observed strong differences in Ghlbetween both years. This illustrates why -@hl
concentratioralone could not be useddescribe the DMS(P,@Yariations. The phytoplankton
diversity had to be taken into consideration to analyze and better predict the DMS(P,O)
variations. The impact of current or future phytoplankton biomass changes on DMS(P,0)
marine concentrations withus mainly depend on the species composition rather than the total

phytoplankton biomass.

Coastal marine areas are expected to show changes in phytoplankton biomass in response to
several human pressures such as nutrient inputs and changes in tempheriatarealso affect
DMS(P,0) concentration (and possibly DMS emissions). We pointed out the significance of
considering two separate DMS(Pzhl-a relationships for low and higpMSP producing

species to properly estimate the DMS(R.€ncentrationsBetter constrain the DMS(P,£h

the water column linked to the phytoplankton diversity and abiotic parameters will ultimately
lead to improvements in the modelling of the ocaamosphere DMS flux and its potential

climate impact.
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The rolling ocean provides no shelter ist@arm.

- Shetlands Proverbs and Sayings
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1 Introduction

As suggested in the general introductianestific understanding of the processes playing key
roles inthe DMS cycleandits interactionbetween the upper ocean and the atmosphere has
improved, and with this, an appreciation of its compleX®@uinn and Bates, 2011). In
particular, the central role of DMSP, the dominant biological precursor of DMS, is now well
established. In addition, the biological production of DMSO resulting of DMS(P) oxidation add
another step into this cycle (Stefelsakt 2007).

A wide variety of marine microalgae produces DMS(P,0) (McParland and Levine, 2019). The
usual classification betwednigh-DMSP producers (dinoflagellates and Prymnesiophyceae)

and lowDMSP producers (diatoms) (Keller et al., 198&Parland and Levine, 2018ads to

good correlations between Chlorophgl{Chl-a) and DMSP for restricted areas where DMSP
producing phytoplankton dominate. For studies crossing a wide range of geographical zones,
accessory pigments could provide aduditil details on phytoplankton community composition

(Bell et al., 2010). With this approach, significant relationships were found between the
Prymnesi ophyceae characterized by t he a
Hexanoyl oxyf ucoxant hucoranthih) and DMS® (Bel\Bso ¢t al.n2004). o x y f
Correlations were also observed between peridinin, the dinoflagellates and the intracellular
DMSP (Sunda et al., 2009)n the Norwest Atlantic, significant correlation has been found
between the abundance ohdflagellates and Prymnesiophyceae and the concentrations of
DMSP (Scarratt et al., 2002). The same correlation has been established in the Southern North
Sea (SNS) and the Wadden Sea between abundance of the Prymnesiopimaeeaystis
globosaand DMS(P,0) concentration (van Duyl et al., 1998; Speeckaert et al. c2@dapter

IV). Seawater phytoplankton diversity fBus the factor affecting the communiyMSP

production the most (McParland et al., 2019), rather than the overall phytapidri&mass
(Townsend and Keller, 1996f. Chapter V)

As explainedn the Chapter IlIl, DMS(P,0) and its breakdown products have been suggested

to play as antioxidants within the phytoplankton cells (Sunda et al., ZDig)function was

observed on &ld measurements witlpositive correlations between DMS(P,0) and
photoprotective pigment s -cir@ene (RiSemaaidBi€ullio, et al
2004). Similar trendwith the xanthophylls pigments UV sunscreen compounds and DMSP

provide indrect support to the photoprotective role of DMSP (Archer et al., 28a@)ificant
relationship was found betweeM3P-Lyase (DL)activity (partially regulating the antioxidant
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responseand DDx and DTx (Steinke et al., 2002; Harada et al., 2004). Rewauhlling
studies have shown that DMS concentrations in surface waters can be linked to UV radiation
(Toole and Siegel, 2004), fedpectrum of sunlight (Gali et al., 2011; 2013), Photosynthetic
Active RadiationPAR) (Lizotte et al., 2012), or the Solaa8ation Dose (SRD) (Vallina and
Simo, 2007; Belviso and Caniaux, 2009; Miles et al., 2009; Lana et al., 2012).

As a temperate sea, the North Seaasnly characterized by a diatom bloom in spring followed

by other groups such as flagellates and laterduring summer) by dinoflagellates (Reid et al.,

1990; Johns and Reid, 2001). In the Northern North Sea (NNS), the most abundant
phytoplankton genus are the dinoflagell@eratiumand the diatonThalassiosiraln the SNS,

the dominant species includ&gratiumand the diatonChaetocerogJohns and Reid, 2001).

The dinoflagellateProtoperidiniumis also present in the two areas (Johns and Reid, 2001).
There has been a gradual decrease in the abu
et al., 1990 excepted for the gendhalassiosira(Johns and Reid, 2001). Reid et al. (1990)

affirmed that in the Central and NNS, the armoured dinoflagellates are the most abundant and

are governed by the hydrographic conditions of the summer months.

With respect o DMS( P, O), the North Sea area are un:
reported include only data from the 906s and
of field measurements should have to be carried on to better understand theapkydopl
evolutionregardingDMS(P,O) concentrations. For instance, Malin et al. (1993) observed in
JuneJuly 1987 in the northeast Atlantic (between England and Iceland) b&t8Bentrations

from 10.8 to 280.0 nmol L. Simé et al. (1998) reported DMS&ndDMSO, values from 5.2

to 340.0 and from 2.7 to 16.0 nmof kespectively, with Chh concentration of 1.3 and 13.3

ug L1t for the month of June, July, and August 1996 near the coast of England (Great
Yarmouth). Simo6 and Vill&Costa (2006) observed DMSEBoncentration from 28.2 to 173.4

nmol L for Chl-a concentration from 0.7 to 1.9 pgllin the northeast Atlantic (South of

Iceland) in June 1998. In June 1999, DN§Bncentrations from 54.0 to 121.0 nmot were

analysed in the NNS for Clal concentrtions between 0.4 and 1.0 pglLHigh DMSR
concentrations in Junduly 1996 were also reported in waters off the western coast of Ireland,

up to 50i 635 nmol Lt (Locarnini et al., 1998). To our knowledge, DMS(P,0) concentrations

along the transect fro the coast of Germany till Scotland, neither along the continental rift
between Scotland, the Shetlands Islands, and the Faeroe Islands, or along the Norwegian coast

(Fig. 5-1) were reported.
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Thus, thischapteraims at providing new field data measuretsdar DMS(P,0) concentrations

and phytoplankton diversity in the North Sea along the depth and three different transects for
the month of August 2018. Statistical links between DMS(P,0) and ancillary data
characterizing the phytoplankton community physjyl, taxonomic composition, and its
ability to cope with light were explore@the DMS(P,O) estimations realized in the Chapter IV
were also tested tensureits application within another gmonment Since DMS(P,O) are
playing a central role in the globsiilfur cycle, better understanding the link between abiotic
parameters, phytoplankton diversity and DMS(P,0) concentrations will lead to a better
appreciation of their variation in the water column, and ultimately a better estimation of the

resulting DMSflux.

2 Material and Methods

2.1 Field sampling and abiotic parameters

The monitoring of physical, chemical, and biological parameters was carried out BV the
Heinckeduring the expedition HE517 that started the 19 August and ended the 04 September
2018. Diffaent stations (Fig. ) were analysed and covered: (1) the transect from
Bremerhaven (Germany) to the top of Scotland, referred to the tré&%aatl the stations (St.)

1 to 10; (2) the transect along the continental rift between Scotland, the Shisflands, and

the Faeroe Islands, referred to the tranS&fand the St.11 to 16; and (3) the transect along
the NorwegianCoastal Zone, referred to the trandé€Zand the St.17 to 23.

Seawater samples were generally collected at different depth & ttwas vertical profile,
typically between @ 20m, 20- 40m and 40 100m. Only the surface water was sampled when

the vertical profile was not covered (St.2, 3, 6, 7 and 10). The sampling was realized using
Niskin bottles on a rosette sampler attactoeal ConductivityTemperatureDepth (CTD) probe
(SEA-BIRD SBE 911plus, SN 1015). All the samples were kept for further analysis @&, Chl
nutrients and DMS(P,0) concentrations. The abiotic measurements of seawater temperature
and salinity were carried ouyRottgers and Wizotzki (2018).

Thenutrientswere measured by filtering the sample by a Whatman polycarbonate filter 0.6 um
47 mm and stored separately for each nutrient: for nitrogen and phosphate, fr@gé@ ator
silicate, acidified with 2 uL mt! of fuming HCI and stored at 4°C. The nutrients were measured
by colorimetry using a Perkin Elmer Lambda 650S UV/Vis spectrophotometer according to
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Koroleff (1983a, b, ¢) and Grasshoff (1983). The reagents and chemical reactions were realized
with UltraPure water (Merck).

500 km

i GERMANY
BELGIUM

LUXEMBOURG™

0 nUt?e

SWITZERLAND:

Figure 51: Map of the sampling area with the main countries around, the stations numerated from station 1 to station 23, and
the bathymetry (m) in the North Sea.

Averaged all sky insolation incident on a horizontal surface (Ma) for a specific date and
single site was downloaded from POWER Data Access Viewer v1.1.1, converted freviim
multiplied by 2.02 to obtain the Photosynthetic Active Radiation (PAR) (uniélsr)
(ThimijanandHeins, 1983; Mavi and Tupper, 2004; Raisl Ribeiro, 2020).

2.2 Biotic parameters analysis

Chl-a was sampled andnalyzedfluorometrically as it was for the Chapter Il and IV. The
photosynthetic and photoprotective pigmentdiadinoxanthin (DDx), Diatoxanthin (DTx),
Neoxanthin (Neox), Alloxanthit Al | ox ), Zeaxamboheamref eaxene U( D
c a r )-Butarlo@aXxyfucoxanthin (But), Fucoxanthin (Fucox), Peridinin (Perid), Lutein (Lut),

1 9Hexanoyloxyfucoxanthin (Hex), 18ex 4 KeteFucoxanthin (4-Hex), Antheraxanthin

(Anthera), Prainoxanthin (Prasi), Chlorophyllide (Chlid-a), Chlid-b, Chkcs, Chlco, Chl-a,
Chl-c2MGDGxanthin (Chic2 MGDG), Pheophorbida (Phlba) and Pheophytia (Pheea) i
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were analysed by High Performance Liquid Chromatography (HPLC2Q3DC Plus 3D

RoHS Prominence (Shimadzu and LabSolutions Software) (Zapata et al., 2000). The pigment
analysis was only performed for the first depth andstet, 5, 8, 9, 11 23 (17 statins on 23).

The estimate relative abundance of algal types was realized using the CHEMTAX
methodology. The matrix inversion method CHEMTAX (Mackey et al., 1996) assumes that
pigments ratio are known for each phytoplankton group and that linear relaterestgb

among phytoplankton pigment ratios for a given dataset. The relative abundance is then based
on the contribution of each group to total @Hbased on pigment ratios (Wright and Jeffrey,
2006; Kramer and Siegel, 2019).

DNA extraction and analysiss well as the DMS(P,0) measurements were realized with the
same methodology found in the Chapter IV. The studedtt the nofparametric Spearman
correlation, or the Principal Component Analysis (PCA) were performed as it was described in
the ChapterV.

3 Results and discussion

The data was plotted for the first depth for the three transects {E)gomanalyse its evolution

along the latitude. The data was then sorted into fixed depth bins based upon the depths typically
sampled during the campaidh20m, 2040m and 461.00m. For these three depths, the median,
inter quartile range (delimited by the 25th
as values less than the 25th percentile or greater than the 75th percentile by 150%efrthe int

quartile range) were calculated (Fig3%and 54).

3.1 Theabiotic parameterandthe Chta concentrations

Despite covering different latitude, only few data points for&Were considered as outliers.
These latter pointed out the difference betweestebar open sea regions. The spatial-&hl
evolution followeda profile nearshor@ffshore with higher values near the coast of Germany
(St.1: 5.01 pg B2) and Scotland (St.9: 2.41 pg'), decreasing rapidly to reach 0.13 pg &t

St.7 in open sea (Fi§-2f). Little variations were observed for the SSF (0.86 + 0.40) and NCZ
transects (0.71 + 0.17 pg') with only a small peak at St.15 with 1.65 pg (Fig. 5-2f).
Considering the Chh evolution with depth (Fig. Ba, b), we observed that the maximum
median concentration was more likely at 29.5m of depth with 1.01 + 0.50'pgith no
significant difference with the surface (0.75 + 0.51 [#9.1This concentration dropped to 0.10
+0.32 ug Lt at 80m of depth (Fig.-8a, b).
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Higher Chia concentrations near the coast of Germany or Scotland could be explained by
higher concentrations of RODSi and DIN than in open sea (Fig28, d, e). The St.1 was
closed to the Elbe riverine input while the St.8, 9 and 10 were at the mouth of Mahafy. €if
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Figure 52: Latitudinal profiles along the BS, SSF and NCZ transects for (a) temperature (°C), (b) salinity, (c) phosphates
(PQy), (d) Dissolved Silicate (DSi), (®issolved Inorganic Nitrogen (DIN) concentrations (umd),L(f) Chlorophylta (Cht

a) concentrations (ug), (g) particulate dimethylsulfoniopropionate (DM$Rh) particulate dimethylsulfoxide (DMSPD
concentrations (nmolt) and (i) Photosynthetiactive Radiation (umol nis').The DMS(P,Qy profiles followed the Cha
concentrations

PAR was ranging from 118 to 415 pmot?at with an increase from St.1 to St.7, to slowly
decrease near the coast of Scotland (Figi).5The average incident PAR whggher during

the SSF (346 + 66) and lower during the NCZ transects (217 + 128) than it was during the BS
transect (250 + 114 umolfs?).

The salinity followed the coastakeanic variations as it was for the nutrients and remained

stable along the SS#t the NCZ (Fig. 8b). A steady increase of the salinity with depth was
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analysed with 34.8 £ 0.6, 35.0 £ 0.3 and 35.2 + 0.2 (F&g,%l) while the median temperature
followed a steady decrease of ~2°C (14.3£3.9,12.3+£ 0.9 and 9.9 £ 1.2°C respkunte@th

depth; Fig. 83a, b). The temperature was influenced by the warm water coming from the
English Channel (Paramor et al., 2009) and the {acgée heatwave that occurred in Europe
(Magnusson et al., 2018), with higher temperature (~18°C) at tiariieg of summer and

near the coast of Germany (Fig28). We observed lower temperatures (~13°C) along the SSF
or the NCZ, influenced by the nearby Atlantic Ocean and the North Sea currents (Paramor et
al., 2009). As a matter of fact, the summer moatbsharacterized by a permanent thermocline
(Richardson et al., 1998) that inds@esink of the colder and nutrienth waters away from

the photic zone (Johns and Reid, 2001; Kraberg et al., 2012), explaining the nutrient evolution
with depth observed for DIN, R@nd DSi concentrations (Fig-3e, f, g, h, i, j).

3.2 The DMS(P,Qy prdfiles followed the Chia concentrations.
Chl-a and DMS(P,Q)q profiles along the latitude for the three transects and along the depth

are presented at the figure8sand 54.

DMSP, along the BS transect followed the coasifishore gradient as it was ftine Chia
concentrations, except for St.5 characterized with 87.0 nmo{Fig. 52g). The DMSR
concentration was higher along the SSF transect with an average of 71.2 + 42 .5'nwitbl L
the highest concentration encountered at St.15 with 155.6 nik(@lid. 5-29), where the Chl

a was at the highest. The NCZ was more consistent with an average ,¥I6®1 + 12.9
nmol L! with no significant variations among the stations (Fig2gy. The DMSQ
concentrations followed the DM$Peaks (St.5, 9 and 15The lowest concentration was
analysed for the St.1 with an increase towards the open sea-{iyahd an average for the
BS transect of 9.1 + 5.1 nmol'LAn average DMS@concentrations of 7.8 + 4.8 and 10.3 +
3.8 nmol L} were observed for the SSRAANCZ transects with higher values at St.11, 13, 15
and 18 (Fig. 8h).
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Figure5-3: Depth profiles for temperature (°C){&), salinity (ci d), phosphates (RPP(ei f), Dissolved Silicates (DSi) (g

h) and Dissolved Inorganic Nitrogen (DIN)i(i) concentrations (umol£) for the three transects. On the left: the individual
profiles; and the right: depthinned data represented by median values (black line with circles), range excluding outliers and
delimited by 2% and 7% percentiles (dottetines) and outliers (stars) for each depth.
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Figure5-4: Depth profiles for Chlorophyda (Chl-a) (ug L) (a- b), particulate dimethylsulfoniopropionate (DM$RCT d),
particulate dimethylsulfoxide (DMS (e 7 f), dissolved dimethylsulfoniopropiotea (DMSR) (g i h) and dissolved
dimethylsulfoxide (DMSQ@) (i T j) concentrations (nmol L) for the three transects. On the left: the individual profiles; and the
right: depthbinned data represented by median values (black line with circles), rangaimxdutliers and delimited by 95
and 79 percentiles (dotted lines) and outliers (stars) for each depth.
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