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Abstract

In the last two decades, particular interest has been given to the cycle of dimethylsulfide (DMS), a
climate active gas, and its precursors the dimethylsulfoniopropionate (DMSP) and the
dimethylsulfoxide (DMSO). DMS is involved in the Earth’s radiation budget while the DMS(P,0)
are produced by a wide variety of micro- and macroalgae, corals, bacteria, or angiosperms in
response to diverse environmental stresses. Several functions have been suggested for these sulfur
compounds such as antioxidants, cryoprotectants, overflow mechanisms, osmolytes, zooplankton
deterrents or signalling compounds.

This research aims at improving the knowledge about the antioxidant role of DMS(P,O) within
three major phytoplankton groups: diatom (i.e. Skeletonema costatum), Prymnesiophyceae (i.e.
Phaeocystis globosa) and dinoflagellate (i.e. Heterocapsa triquetra). The experimental results
demonstrate that cellular DMS(P,O) have the ability to lower cellular reactive oxygen species
concentrations produced during high-light and chemically-induced oxidative stresses; thus
supporting the antioxidant function. However, the initial DMS(P,0) concentrations of each
species are not informative of their ability to tolerate a further oxidative stress, and their
concentrations do not increase in high-light grown cells. The DMS(P,0) may then act as
antioxidants without being part of the antioxidant response of the cell. We recommend analysing
more constituents of the antioxidant system (i.e. enzymes, carotenoids, redox buffer) along with
DMS(P,0O) by-products and DMSP-lyase activity to better understand the cellular function of
DMSP.

Field measurements in the North Sea, including the Belgian Coastal Zone (BCZ) and the Northern
North Sea (NNS), bring additional information on the DMS(P,O) variations. While abiotic
parameters (nutrients, temperature, and incident light) influence the Chlorophyll-a (Chl-a)
concentrations in the BCZ, this impact is not reflected in the DMS(P,O) concentrations. The latter
depend on the succession of low- and high-DMSP producing species (i.e. diatoms and Phaeocystis,
respectively). In the NNS in August, no distinct pattern can be drawn for the DMS(P,0O) evolution
regarding the phytoplankton diversity or abiotic parameters. Investigated by correlations between
DMS(P,0), photoprotective pigments and incident light, the antioxidant function is not observed
for this short-term period of sampling in a temperate sea. Based on Chl-a linear regressions,
DMS(P,0) concentrations are successfully estimated with two distinct relationships for diatoms and
Prymnesiophyceae in the BCZ. However, this estimation lacks accuracy in the NNS due to the
mixed phytoplankton community observed. Further work will provide a better understanding about
the antioxidant function — especially on the field — and its association with the phytoplankton

diversity in temperate regions such as the North Sea.
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Résume

Un intérét grandissant est né ces deux derniéres décennies pour le cycle du dimethylsulfide (DMS)
et ses précurseurs le dimethylsulfoniopropionate (DMSP) et le dimethylsulfoxide (DMSO). Le
DMS est impliqué dans le budget radiatif terrestre alors que les DMS(P,0O) sont produits par une
grande variété de macro et microalgues, coraux, bactéries et certains angiospermes pour répondre
aux pressions environnementales. Plusieurs fonctions physiologiques leur ont été attribuées
avec entre autres des roles d’antioxydants, de cryoprotecteurs, ou encore d’osmolytes.

Cette recherche a pour but d’améliorer les connaissances a propos du role antioxydant du DMS(P,0)
au sein de trois groupes phytoplanctoniques majeurs : les diatomées (e.g. Skeletonema costatum),
les Prymnesiophyceae (e.g. Phaeocystis globosa) et les dinoflagellés (e.g. Heterocapsa triquetra).
Les résultats expérimentaux ont mis en évidence que les DMS(P,O) ont la capacité de réduire les
concentrations en dérivés réactifs de 1’oxygene produits lors de stress lumineux ou chimiques,
supportant ainsi leur réle d’antioxydants. Cependant, les concentrations initiales en DMS(P,0) de
chaque espece n’informent pas sur leur capacité a résister a un stress ultérieur et n’augmentent pas
lors de stress lumineux a long terme. Les DMS(P,0) peuvent jouer le réle d’antioxydants sans pour
autant faire partie de la réponse antioxydante de la cellule. Nous suggérons dés lors d’analyser
I’ensemble du systéme antioxydant (e.g. enzymes, caroténoides, tampon redox) de méme que les
sous-produits d’oxydation du DMS(P,O) et I’activit¢ DMSP-lyase pour mieux comprendre la
fonction cellulaire jouée par le DMSP.

Des mesures de terrain en Mer du Nord, incluant la Zone Coticre Belge (ZCB) et le Nord de la Mer
du Nord (NMN), apportent un regard supplémentaire sur les variations du DMS(P,0). Alors que les
paramétres abiotiques (nutriments, température et lumiere incidente) influencent la concentration
en Chlorophylle-a (Chl-a) en ZCB, cet impact ne se refléte pas dans les concentrations en
DMS(P,0). Ces derniéres sont déterminées par la succession de faibles et forts producteurs de
DMSP (diatomées et Phaeocystis, respectivement). Au mois d’aolit en NMN, aucun pattern n’a pu
étre identifié quant a 1’évolution du DMS(P,O) par rapport a la diversité phytoplanctonique et les
parametres abiotiques. Etudiée grace aux corrélations entre le DMS(P,0), les pigments
photoprotecteurs et la lumiére incidente, la fonction antioxydante n’a pas €té¢ observée pour cette
courte période d’échantillonnage en mer tempérée. Basés sur les régressions linéaires avec la Chl-
a, les DMS(P,0) ont été estimés avec succes en ZCB avec deux relations distinctes pour les
diatomées et les Prymnesiophyceae. Cependant, cette estimation n’a pas ét¢ satisfaisante pour la
NMN en raison d’une communauté phytoplanctonique mixte. Des recherches supplémentaires
permettront de mieux comprendre la fonction antioxydante — en particulier sur le terrain — et son

lien avec la diversité phytoplanctonique des régions tempérées comme la Mer du Nord.
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Chapter I — Introduction

“Human beings are now carrying out a large-scale geophysical experiment of a kind that

1

could not have happened in the past nor be reproduced in the future.’

- Roger Revelle and Hans Suess (1957)
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1 CLAW hypothesis and its potential climate regulation

In 1974, one of the greatest theories of symbiosis was advanced by James Lovelock and Lynn
Margulis as the Gaia hypothesis. They claimed that mutual benefits occur between communities
of organisms and their respective environments (Lovelock and Margulis, 1974). The definition
of Gaia is: “a complex entity involving the Earth’s biosphere, atmosphere, oceans, and soil, the
totality constituting a feedback or cybernetic system which seeks an optimal physical and
chemical environment for life on this planet” (Lovelock and Margulis, 1974). They considered
that all living organisms constituting the biosphere can act as a single entity to regulate chemical
composition, surface pH and possibly also the climate. In other words, this suggests that our
remarkably stable climate and atmospheric composition on Earth is the result of active
intervention by lifeforms (Ayers and Cainey, 2007). This Gaia hypothesis has led to
extrapolation, interpolation and is under debate on how forms of biological homeostasis are
maintained, or not, on this planet (Johnston et al., 2008). Of course, this theory needs some hard

data to support it.

In 1972, Lovelock et al. discovered the dimethylsulfide (DMS) as the predominant form of
sulfur emitted from the ocean to the atmosphere and thence to the land via precipitation. This
provides the critical missing link in the global sulfur cycle. Before this revelation in 1972,
hydrogen sulfide (H>S) was considered to be the key component in this cycle. And yet, attempts
to detect H2S have always failed, and the ocean surface waters are much too oxidising to permit
its existence at the concentrations needed for the equilibrium of the sulfur cycle (Lovelock et
al., 1972; Yoch et al., 2002). A decade later, the discovery of DMS led to the CLAW hypothesis,
an acronym for the surnames of the four authors of the paper. It was proposed as follows: the
rate of DMS emissions have a homeostasis effect on global cloud cover, and hence on climate
(Charlson et al., 1987; Johnston et al., 2008) (Fig. 1-1). The CLAW hypothesis was thus the

perfect example of the Gaia hypothesis described previously.

The CLAW hypothesis originates from Shaw (1983): atmospheric oxidation of sulfur gases
produces aerosols that might affect the climate by influencing the radiation balance. From there,
three discoveries allowed the possibility to quantify this theory and bring the CLAW hypothesis
to light: (1) a wide range of phytoplankton produces DMS which escapes into the atmosphere
where it reacts with hydroxyl radicals to form sulfate and methane sulfonate (MSA) aerosols;
(2) these sulfate aerosols are present everywhere in the marine atmospheric boundary layer; (3)

the same sulfate aerosols act as cloud-condensation 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. CCN can affect the amount of solar radiation reaching the Earth’s surface by altering
cloud droplets, their number, concentration, and size, and, as a result, the cloud reflectivity or
albedo (Twomey, 1974; Gali et al., 2018). The albedo can be defined as the fraction of incident
light from the sun which is reflected back into space by the Earth. The light not reflected is
absorbed by the atmosphere, oceans and land maintaining the climate and making the Earth

habitable (Twomey, 1974).

As it is schematised on the Fig. 1-1, due to the increase of anthropogenic greenhouse gases such
as methane (CH4) and carbon dioxide (COz), the Earth’s temperature is increasing. Under
warming conditions, the phytoplankton growth rate is enhanced, producing higher levels of
biogenic DMS precursors: dimethylsulfoniopropionate (DMSP) and dimethylsulfoxide
(DMSO) (here after DMS(P,0)). The DMS flux from the oceans to the atmosphere would
therefore increase. Once in the atmosphere, the oxidation of DMS would act as CCN through
the sulfate formation and thus, cut off the level of solar radiation. This would, in turn, drop the
temperature, and could result in changes in the speciation and abundance of phytoplankton
producing DMS, completing a biosphere-mediated negative feedback loop (Fig. 1-2a)
(Charlson et al., 1987; Johnston et al., 2008; Quinn and Bates, 2011). Feedbacks are processes
that amplify or dampen the effect of a forcing (Carslaw et al., 2010). The original authors even
suggested that this feedback loop could be exploited to counteract the effect of increasing

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

Nevertheless, after almost three decades of research for evidence of a biological regulation 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 (Dawkins, 1982 in Sim6, 2001; Brimblecombe, 2014).
To overcome this evolutionary feasibility, Hamilton and Lenton (1998) suggest that the local
biogenic CCN releases heat energy of phase change, inducing an increase of local air
movements and promoting the aerial dispersion of the DMS-producer phytoplankton cells.
However, DMS emissions also occur with non-blooming events and mixed assemblages of
phytoplankton species, dispersing cells of competitors as well (Simo, 2001). The evolutionary
view of DMS production is outlying since phytoplankton do not produce DMS directly, seen

as by- or waste products of its main precursor DMSP (Sim¢, 2001).
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Figure 1-1 : Schematic illustration of the hypothetical influence on the climate system of the DMS(P,O) (inspired by Charlson
et al., 1987; Quinn and Bates, 2011; Wittek, 2019). The increase of ocean temperature due to anthropogenic emissions (CO2
and CH4) would enhance the biogenic DMS(P,0) production, leading to the increase of DMS emissions to the atmosphere. Its
further oxidation into SO2 and SO4* (non-seasalt-SO4>) 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, decreasing the light and energy inputs to the ecosystem. Questions remain
regarding the positive or negative feedback loop. The SO4* would also participate to the wet and dry sulfur deposition and
acidic rain.

The second argument to be reviewed deals with the three points evoked in the preceding CLAW
hypothesis: (1) that DMS is a significant source of CCN; (2) that variations in CCN
concentrations derived from DMS would alter the cloud albedo; and (3) that a change in cloud
albedo, surface temperature and/or solar radiation will lead to a change in DMS production

(Quinn and Bates, 2011). Actually, step 1 can be discussed from three key perspectives:

(1) There is strong evidence between seasonal DMS, sulfate aerosols and CCN but the
chemical composition and the sensitivity of CCN to changes in DMS emissions have to
be considered (Quinn and Bates, 2011 and citations therein). As a matter of fact, the link
between DMS and CCN in the atmosphere is yet to be clearly identified as only 0.07%
of total CCN is induced by an increase of 1% of DMS flux for the Southern Hemisphere.
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This sensitivity drops to 0.02% for the Northern Hemisphere (Woodhouse et al., 2010).
In fact, the CCN sensitivity can vary by a factor of 20 between marine regions
(Woodhouse et al., 2013).

(2) These low sensitivity results are due to the abundance of CCN derived from non-DMS
sources and anthropogenic emissions (Woodhouse et al., 2010; Quinn and Bates, 2011).
Actually, sea-salts and organic materials can also act as generators of CCN after their
expulsion in the atmosphere by wind or wave-movement (Carslaw et al. 2010), with
sea-salts making up a large portion of CCN creation (Carslaw et al., 2010; Quinn and
Bates, 2011). If these particles are already sufficiently large to serve as CCN, the
addition of DMS-derived sulfur to the particle will not increase the number of CCN
(Quinn and Bates, 2011).

(3) DMS emissions vary between marine regions due to wind speed and phytoplankton
distribution, and do not always cause a correlated increase in CCN (Woodhouse et al.,
2010; 2013). The oxidant concentration for the further DMS oxidation strongly affects
the potential of the DMS to make new aerosols (Woodhouse et al., 2010). The formation
of sulfate aerosols due to DMS oxidation can also be involved in acid rains or sulfur

deposition (Woodhouse et al., 2013).

Moreover, the cloud formation and resulting albedo in the second step are complex. Charlson
et al. (1987) estimated that a 30% increase of CCN in the atmosphere could increase the
planetary albedo, reducing the Earth’s surface temperature by 1.3°C (Fig. 1-2a). Regarding the
previous statement made by Woodhouse et al. (2010), this hypothesis assumes an increase of
about 300% in DMS emissions. In addition, aerosols can affect cloud microphysics (droplet
size or number concentration) but also macrophysics such as cloud abundance, fraction, size,
albedo, and lifetime (Small et al., 2009; Gali et al., 2018). For instance, the increase in CCN
concentration could have a contrary effect, accelerating the evaporation of droplets in clouds,

leading to their fractionation, and thereby decreasing the albedo (Small et al., 2009).

Regarding the final step, studies focusing on the climate change show that the impacts of solar
irradiance, temperature or atmospheric CO; seem to be reduced on the DMS emission by
oceanic areas (Gunson et al., 2006; Vallina 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 consequences on CCN concentrations (Woodhouse et al., 2010).

6|Page



Nevertheless, field studies have demonstrated that DMS emission is linked to solar radiation in
the upper sea layer (Toole and Siegel, 2004; Vallina and Simo, 2007), supporting the CLAW
hypothesis. As a matter of fact, an important effect of climate change and global warming is
ocean stratification modification (Bopp et al., 2003; Kloster et al., 2007). This leads to the
phytoplankton lying closely to the sea surface and where they receive higher doses of radiation

that induce higher DMS emissions (Sunda et al., 2002; Vallina and Simd, 2007).

In addition, the warming-induced ocean stratification occurs mainly in the upper 200 m of the
ocean with an increase by 1% per decade since 1960 (Li et al., 2020) reducing the nutrient
supply from deeper waters, the growth of phytoplankton (Behrenfeld et al., 2006), and hence
possibly the DMS emissions (Fig. 1-2b). Changing temperatures and the stratification process
could lead to variations in the composition and structure of phytoplankton (Bopp et al., 2003)
from low- to high-DMS producers, or inversely, having a small or large effect on DMS
emissions (Fig. 1-2b) (Bopp et al., 2003; Kloster et al., 2007). The effect of climate change with
the increase in anthropogenic CO; emissions also leads to ocean acidification that might result
in negative correlation with DMS emissions (Hussherr et al., 2017; Archer et al., 2013; 2018;
Jian et al., 2019). Furthermore, the 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, 2014). Changes in the composition of
phytoplankton due to changes in ocean abiotic parameters have the potential to strongly affect
oceanic DMS emissions, phytoplankton community, marine aerosol chemistry and CCN

concentrations (Wang et al., 2018a;b).

Finally, it has been suggested to withdraw the CLAW hypothesis in the modern-day climate
since the previous arguments demonstrated: (1) the significance of non-DMS sources of CCN
and the low sensitivity of CCN; (2) the lack of evidence for a DMS-controlled marine biota-
climate feedback; and (3) the 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 climate-relevant 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 of the complexity 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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Figure 1-2: 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 feedback loop discussed in this section.

Based on the recent scientific progress, the hypothesis need to be modified by considering that
(1) the DMS is not the major source of the CCN, (2) the DMSP has shown to have several
hypothetical roles and its response to environmental stress depends on the phytoplankton
species, (3) the DMS emissions depend mainly on 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 examples whereby marine DMS
controls aerosol particle formation (Gali et al., 2018 and citations therein). The Arctic has for
instance been identified as a potential area where the number of CCN could be impacted by the
biogenic DMS production (Leaitch et al., 2013; Chang et al., 2018). In summer, this region is
isolated from important aerosols sources (i.e. anthropogenic pollutants) by the Arctic front
(Law et al., 2014) allowing the formation of new CCN particles instead of the aggregation on
pre-existing particles. Hence, the CCN formation in the Arctic atmosphere can be enhanced by
algal spring blooms and could have a local and seasonal impact on climate (Vallina and Simo,
2007; Levasseur, 2013). Furthermore, it is likely that different responses may function together
or in different regions or seasons, complicating the verification of the CLAW hypothesis (Boyd,
2002). The uncertainty of the model simulations, their complexity and the DMS emissions data

used add another problem in quantifying and understanding the CLAW hypothesis and the
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indirect effect of global aerosols (Woodhouse et al., 2010, Carslaw et al., 2013; Wang et al.,
2018b).

In other words, the influence of marine DMS on cloud albedo cannot be rule out (Green and
Hatton, 2014) and thus remains in the spotlight (Brooks and Thornton, 2018) even if a “seasonal
CLAW?” hypothesis in remote marine atmospheres is more conceivable (Vallina and Simo,
2007; Levasseur, 2013). Given the potential significant impact of this climate active gas, the
understanding of the production and cycling of DMS is important in light of the continuing
issue of global climate change (Green and Hatton, 2014). Finally, in order to understand how
any climate feedback loop (positive or negative) between the phytoplankton community and
the atmosphere might operate, it is essential to clarify the biological role of the precursors

DMS(P,0) within the phytoplankton cells (Ayers and Cainey, 2007).

2 The sulfur cycle

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 DMS was found to be the missing
link between the hydrosphere, biosphere, atmosphere, and lithosphere (Lovelock, 1972). In fact,
sulfur represents one of the most important elements as it is present in the amino acids
(methionine (Met) and cysteine (Cys)) and enzymes (CoA) that are needed to sustain life
(Brimblecombe, 2014). Most sulfur at Earth’s surface is present as sulfate (SO4%) since it is
thermodynamically stable in the presence of oxygen (Charlson et al., 1987; Takahashi et al.,
2011).

2.1 Atmosphere

Volatile sulfur compounds are the precursors of SO4*" in the atmosphere. The SO4* (and SO2)
emissions can produce aerosols that can alter the amount of solar radiation reaching the Earth’s
surface both directly by scattering solar energy and indirectly by acting as CCN (Chin and
Jacob, 1996; Gondwe et al., 2003; Kloster et al., 2007; Carslaw et al., 2010; Wang et al., 2018a).

These sulfur precursors are produced through biogenic and anthropogenic processes (Fig. 1-3).

Anthropogenic sulfur emissions result from the combustion of fossil fuels and biomass, oil
refining, and smelting of ores; all emitting SO2 (Chin and Jacob, 1996). These emissions
account for almost ~70% of the total sulfur emissions to the atmosphere with 60 — 100 Tg S yr°
! (Fig. 1-3) (Chin and Jacob, 1996; Gondwe et al., 2003). Once in the atmosphere, they will
react quickly with hydroxyl radicals (OH-) to form SO4* (Chin and Jacob, 1996). Another
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significant non-biological but natural flux is the emission of SOz and H>S by volcanoes and
fumaroles. This process represents between 7 to 20% of the total natural flux of gaseous sulfur
to the atmosphere with 4 — 16 Tg S yr'! during non-eruptive events (Fig. 1-3) (Chin and Jacob,
1996; Halmer et al., 2002; Gondwe et al., 2003).

The biogenic sulfur emissions (~23%) (Chin and Jacob, 1996) including H>S, DMS, carbonyl
sulfide (OCS) or carbon disulfide (CS») represent 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 and soil are only of minor
importance (0.3 Tg S yr'') (Pham et al., 1995; Kettle and Andreae, 2000;). The marine microbial
food web is currently emitting some 28.1 Tg S yr'! (17.6 — 34.4 Tg S yr'") (Fig. 1-3) (Lana et
al., 2011; Wang et al., 2015; Gali et al., 2018).
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Figure 1-3: Global geochemical sulfur cycle including the anthropogenic, volcanic, and biogenic emissions. The biogenic cycle
involves the plants, animals, microorganisms (aerobic and anaerobic) and algae. R-SH represents the organic sulfur. The
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 is 17% higher than the previous estimation made by Kettle and Andreae (2000),
thanks to the 3-fold increase in the number of field measurements and their spatial and temporal
coverage (Lanaetal.,2011). DMS emissions will thus depend on this complex web of processes
including bacterial consumption and production, zooplankton grazing, viral activity, sea-to-air

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

Once in the atmosphere, the DMS oxidation can follow two pathways. At low temperature and
reacting with OH- or bromide acid, the first pathway produces DMSO, dimethylsulfone
(DMSO03), methane sulphinic acid (MSNA) and methane sulfonate (MSA). The second pathway
produces SOz, SO4* and MSA at higher temperature and when it reacts with nitrate, ozone,
chloride or OH- (von Glasow and Crutzen 2004). It is suggested that 18 to 43% of global
atmospheric sulfate aerosol is derived from DMS (Gondwe et al., 2003). In the troposphere, the
SO4?* and SO, can condensate to form aerosols or nucleate to form new sulfuric acid particles
(Pham et al., 1995). The oxidation of SO to SO4* is nevertheless highly complex and occurs

via different mechanisms (Cainey and Harvey, 2002).

Under atmospheric conditions, sulfate aerosols are the only final product of DMS oxidation that
increase the number of CCN while other sulfur products (DMSO, DMSO>, MSNA and MSA)
only impact the CCN size by condensing on existing particles (von Glasow and Crutzen 2004).
In addition, SO, will react preferentially on the surface of pre-existing aerosols (i.e. sea salts),
increasing the CCN size rather than its concentration in number (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 droplet’s size, leading to less precipitations, higher cloud
lifetime and, as a result, an increase of its reflectivity (Albrecht, 1989; Stevens and Feingold,
2009). The inhibition of precipitation might further change the heat and water distribution in
the atmosphere and thereby modify the Earth’s hydrological cycle (Charlson et al., 1992). When
the size of the droplets is too small, it can also lead to cloud fractionation due to evaporation
which in turn reduces the resulting albedo (Zuidema et al., 2008; Small et al., 2009). DMSO,
DMSO,, MSNA and MSA are involved in the CCN size and increase in the mass of the droplets
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 the above previously

explained complexity regarding the CCN, the sulfate aerosols, the DMS and CLAW hypothesis.

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

formation of reactive halogens (Br” or CI) contributing to the ozone destruction. In addition,
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the production of sulfate aerosols also have an influence 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, increased alteration of the rocks impacting the
biogeochemical cycle (Schindler, 1988; 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 previous damage to the ecosystem, associated with a
cooling effect in regions of high emissions (Liss et al., 1997; Ayers and Cainey, 2007). This
previous acidification, amplified by the continuous anthropogenic CO; emissions in the
troposphere and the resulting increase in dissolved CO> in the oceans (Stocker et al., 2013),
have been shown to have repercussions on DMS, DMSP and DMSO concentrations by various
effect on biogeochemical processes and ecosystems (Riebesell et al., 2009; Hoegh-Guldberg &
Bruno, 2010; Zindler-Schlundt et al., 2016).

Finally, the short residence time of anthropogenic sulfur in the atmosphere compared with DMS
that needs to be oxidized before it can be removed, and volcanic emissions that are injected at
high altitude, mean that the majority of the sulfur in the global atmosphere comes from biogenic

sources (Chin and Jacob, 1996; Liss et al. 1997).

2.2 Lithosphere — Hydrosphere — Biosphere

The inputs from the atmosphere to the lithosphere include wet (precipitations) and dry deposits
of SO,, SO4*" and OCS. The SO4* included in precipitation can also leach from land into ocean.
Conversely, the erosion of rocks containing sulfur (gypsum or pyrite) lead to a flux from the
lithosphere to the atmosphere (Brimblecombe, 2014). The biosphere is characterized by
organism waste (feces, dead organisms or leaves) inputs to the lithosphere while the
anthropogenic additions reside in fertilisers and manure (Havlin et al., 2013). Human activities
such as burning high sulfur coal contribute largely to SOz emissions from the lithosphere to the

atmosphere (Brimblecombe, 2014).

Within the organisms, two options can be used to reduce sulfate: the dissimilatory pathway
which is restricted to sulfate-reducing bacteria in anaerobic environments; and the assimilatory
pathway which produces a large variety of organosulfur compounds such as Cys or Met, and
are also present in membrane sulfolipids, cell walls, hormones, vitamins, and cofactors
(Charlson et al., 1987; Takahashi et al., 2011). The interactions between these three spheres can
be considered in the following ways (Takahashi et al., 2011; Brimblecombe, 2014 and citations

therein):
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Plants can not only take up SO4> or other sulfur organic compounds from the soil
through their roots (active transport) but also SO from the atmosphere through their
stomata. In addition, lichen and leafy vegetation remove OCS from the atmosphere.
Some plants and lichens can produce the volatile DMS, H»S or other organosulfides
through sulfate 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 in sulfide S*; or through the dissimilative oxido-reduction
between SO4> and S?". Bacterial processes can also lead to the production of HzS to the

atmosphere (Havlin et al., 2013).

The last compartment that was not detailed previously was the hydrosphere. The concentration

of SO4% in the oceans reaches 28 mmol L' while in freshwater it does not exceed 1 mmol L™

(Holmer and Storkholm 2001; Giordano et al. 2005). Its incorporation, reduction, and

transformation are well described in the following sections with an emphasis on the DMS(P,0)

cycle.

3 The biogeochemical cycle of DMS

As it was suggested previously, DMS is ubiquitous in the biosphere including vascular plants,

lichens, corals, algae and even bacteria. It is also the principal biogenic fraction of the sulfur

emissions from the ocean to the atmosphere. However, DMS is due to two biogenic precursors

that are DMSP and DMSO. These three sulfur molecules (Fig. 1-4) are part of an important

biological cycle.
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Figure 1-4: DMS, DMSP and DMSO skeletal and chemical formula

The latter transform the uptake of SO4* in DMSP that will react inside phytoplankton cells to
produce DMSO and DMS. Once in the water column, these DMS(P,0O) interact with the

bacterioplankton leading to a loop closure. DMSP represents a significant fraction of organic

sulfur in marine particles and it is a major sulfur carrier throughout the marine food web (Simo,
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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 CH4
Before explaining the DMS(P,0) biosynthesis and their hypothetical role within the

phytoplankton cell, we have to briefly introduce the possible link between methylated
molecules such as DMSP and the production of CH4. The latter is the second most important
anthropogenic greenhouse gas (GHG) after CO,. The production in the open ocean is weak (<
2 Tg yr'') compared to other natural (~220 Tg yr'!) or anthropogenic (~350 Tg yr'!) sources
(Saunois et al., 2016). CH4 emissions from coastal waters are more important (~10 Tg yr'') and
result from the methanogenesis occurring in the sediments sustained by high organic matter
deposition, natural gas seeps, mud volcanoes or CH4 hydrates (Borges et al., 2019 and citations
therein). Methanogenesis is widely thought to be a product of anaerobic process inhibited or
outcompeted by the presence of oxygen and sulfate (Liu and Whitman, 2008; Thauer et al.,
2008). Yet, high-sulfate and fully oxygenated surface waters have supersaturated CHs
concentrations with respect to atmospheric concentrations. The origin of this CHs4 remains
elusive and is referred as the “marine CH4 paradox™ (Kiene, 1991; Reeburgh, 2007). The CH4
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., 2013). It involves probably several

processes different from an ecosystem to another and might implicate (Dang and Li, 2018):

1. the DMSP or other compounds such as methylphosphonate (MPn) as substrates for the
aerobic methylotroph methanogenesis (Karl et al., 2008);

2. the production of CH4 by the phytoplankton itself (i.e. Emiliania Huxleyi) involving the
bicarbonate and methionine as carbon precursors in oxic conditions (Lenhart et al.,
2016)

3. the methanogenesis in the guts of some species of copepods, or indirect contribution to
CHj4 production through release of CH4 precursors into the surrounding water, followed

by microbial degradation (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 but a CHs production pathway
from methylated substrate such as MPn, DMSP, DMS, MeSH or MMPA (Sowers and Ferry,
1983; Welsh, 2000; Damm et al., 2010; Zindler et al., 2013) was suggested in aerobic conditions
(Karl et al., 2008). The methylotroph methanogenesis is realized by some methanogenic
coccoid (Oremland et al., 1989) and some Alphaproteobacteria (i.e. Rhodobacteraceae),
Gammaproteobacteria (i.e. Methylophaga sp.; Neufeld et al., 2008; Pseudomonas sp.; Repeta
et al., 2016). The nutrient limitation in oligotrophic waters (P limitation) coupled with the
presence of DMS(P) or MPn as substrate would regulate the CH4 production (Karl et al., 2008).
In the central Artic Ocean, the N depletion seems to be a requirement for the aerobic CHy
production, whereas the P excess is used by the bacteria as P source, and DMSP and its
degradation products as C source (Damm et al., 2010; Damm et al., 2015). Furthermore, Karl
et al. (2008) suggest that nitrogen fixation, promoting further phosphate limitation in the
ecosystem, may also enhance both MPn utilization and aerobic methane production. The
aerobic methanogenesis seems to occur in the semi-labile dissolved organic matter
phosphonates, releasing CH4 thanks to a multi-enzyme complex (C-P lyase pathway) (Repeta
et al., 2016). In addition, a second potent GHG, nitrous oxide (N20O), may be produced through
bacterial nitrification due to the excess of NH4 produced by the nitrogen fixation (Karl et al.,
2008). The GHG production (N20 and CH4) due to the previous processes may accelerate the
global warming, the thermal stratification of the ocean, expanded the phosphate-limited,
nitrogen-fixation-favourable marine habitats (Karl, 2007; Polovina et al., 2008), and
accelerating the aerobic methane production scenario, the greenhouse warming and the

ecological consequences (Karl et al., 2008).

3.2 The bacteria and algal biosynthesis of DMS(P.O)

DMS(P,0) are produced by a wide variety of marine phytoplankton, macroalgae, angiosperms
and corals (Keller et al., 1989; Stefels, 2000; Simo6 and Vila-Costa, 2006; Hatton and Wilson,
2007; Raina et al., 2013; Borges and Champenois, 2017; McParland and Levine, 2019). A

review of the low- and high-DMSP producing species within the eukaryote and prokaryote
phylogeny is presented in the figure 1-5 and was assessed using previously published studies

(McParland and Levine, 2019).
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Figure 1-5: Tree of representative prokaryotic (left) and eukaryotic (right) DMSP producers built with 16S and 18S phylogeny.
The prokaryotic producers are grouped by functional groups, while the eukaryotic producers are grouped by the major

eukaryotic supergroups. Blue text represents low-DMSP producers (intracellular DMSP < 50 mM) and red text represents high-
DMSP producers (intracellular DMSP > 50 mM) (McParland and Levine, 2019).

The first complete biosynthesis pathway for the DMSP was described for the green macroalgae
Ulva intestinalis (Gage et al., 1997; Summers et al., 1998). A review from the different pathway
production is presented at the figure 1-6. We focused on the phytoplankton pathway production
that can be defined as follows (Bullock et al., 2017):
1) Transamination from methionine to unstable acid: 4-methylthio-2oxobutyrate (MTOB)
2) MTOB is enzymatically reduced to 4-methylthio-2-hydroxybutyrate (MTHB)

3) MTHB is S-methylated in 4-dimethylsulfonio-2-hydroxy-butyrate (DMSHB)
4) DMSHB is oxidatively decarboxylated in DMSP.

The key intermediate of DMSHB was also identified in three other phytoplankton species: the
Prymnesiophyceae Emiliania huxleyi, the diatom Melosira nummuloides, and the prasinophyte
Tetraselmis sp. (Gage et al., 1997). The same pathway might then operate in other algal species.

Microalgae sequentially utilize (1) 2-oxoglutarate-dependent aminotransferase (AT), (2)
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NADPH-linked reductase (REDOX), (3) S-adenosylmethionine-dependent methyltransferase
(SAMmt) and (4) oxidative Decarboxylase (DECARB) (Gage et al., 1997; Summers et al.,
1998). For the dinoflagellates, an alternative pathway has been proposed starting with a Met
decarboxylase, and presumably followed by aminotransferase and methyltransferase steps
(Kitaguchi et al., 1999). Lyon et al. (2011) identified proteins and possible genes that would be
affected to the four enzyme classes needed for the first pathway. These genes need to be
confirmed since they are not always detected with similar experiments (Kettles et al., 2014).
Moreover, DMSP production seems to be localised in the chloroplast (Trossat et al., 1998;
Raina et al., 2017). Using radiotracer **S, Raina et al. (2017) follow the incorporation of SO4*
and show an accumulation of DMSP in the vacuoles and cytoplasm as well as the chloroplast.
These findings could also confirm the hypothetical role of an osmoregulator, and antioxidant

discussed further (Raina et al., 2017).

It was thought that only eukaryotes produce significant amounts of DMSP but Curson et al.
(2017) demonstrated that many marine heterotrophic bacteria also produce DMSP. They
identified the DMSP gene dsyB, which encodes the methyltransferase enzyme needed for the
third step of the previously described pathway (Curson et al., 2017). Curson et al. (2018) also
identified homologues to this bacterial gene dsyB, so-called DSYB, in the genome or proteome
of most Prymnesiophyceae, dinoflagellates, prymnesiophytes, some corals and about 20% of
diatoms and Ochrophyta. However, Kageyama et al. (2018) identified the gene coding for the
MTHB-methyltransferase, called TpMMT, of the third step in the DMSP biosynthesis in 7.
pseudonana. They did not find homologous genes in other organisms nor with DSYB,
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 saltmarsh ponds, estuaries, or deep ocean, resulting mainly from bacteria
production. Approximatively 1 x 10® bacteria g!' 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 OH- or 'O, (Scaduto, 1995; Lee and De Mora, 1999; Sunda et al., 2002; Spiese
et al., 2009). DMSO concentrations within phytoplankton can approach those of DMSP,
making DMSO a quantitatively important pool of methylated sulfur compounds (Simo et al.,

1998; Sim¢ et al., 2000; Hatton and Wilson, 2007; Zindler et al., 2013).
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Figure 1-6: DMSP biosynthetic pathways reviewed from Bullock 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, decarboxylase/transaminase; 7, dehydrogenase. MTOB, 4-
methylthio-2-oxobutyrate; MTHB, 4-methylthio-2-hydroxybutyrate; DMSHB, 4-dimethylsulfonio-2-hydroxybutyrate; SMM,
S-methyl-L-methionine.

More recently, a new molecule called dimethylsulfoxonium propionate (DMSOP) was found
in the dinoflagellates P. minimum, the Prymnesiophyceae P. parvum, I. galbana and E. huxleyi,
the diatom S. costatum as well as in some bacteria (Thume et al., 2018). They suggest that
DMSOP might be produced directly by the phytoplankton or bacteria, and/or result from the
oxidation of DMSP. They also concluded that DMSOP might be contributing to the DMSO
pool through bacterial degradation. More research needs to be conducted to refine the metabolic
pathway of DMS, DMSP, DMSO and DMSOP production as well as their interaction with the

bacterioplankton.

From the perspective of an ecosystem, the composition of seawater species is the factor that
affects community-DMSP production the most (Stefels et al., 2007). Keller et al. (1989)
conclude that the dinoflagellates and the Prymnesiophyceae are high-DMSP-producers while
the diatoms and some Chrysophyceae are low-DMSP producers.

3.3 The physiological roles of DMS(P.0O)

DMSP, and to a lesser extent DMSO, perform several important physiological and ecological
functions which benefit the phytoplankton producer (Simd, 2001). These benefits might have
led to the evolutionary selection of DMSP synthesis 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(P,0),), might act as osmolytes, cryoprotectants,
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signalling molecules, overflow mechanisms, zooplankton deterrents, or antioxidants. The
unifying aspect of these hypotheses is that the DMSP, synthesis 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,0) 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 changing water 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, cells must 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 membrane-dependent processes

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

The DMSP structure is similar to the osmoregulatory compound glycine betaine (GBT), which
has nitrogen as its central atom in contrast of the sulfur in DMSP. The algae could thus switch
between the synthesis and accumulation of GBT, under N repletion, and DMSP, under N
deficiency (Liss et al., 1997). Regarding the evolutionary adaptation, this function may have
represented an adaptative advantage in N-limited oceans (Falkowski et al., 1998). This would
also explain the taxonomic patterns observed: most diatoms evolved in more replete N
conditions (i.e. early spring), synthetizing less DMSP per cell volume; conversely the small
Prymnesiophyceae or dinoflagellates are typical of more N-deficient conditions and therefore
produce more DMSP. The exception to this hypothetical rule is the Prymnesiophyceae
Phaeocystis sp. which forms extensive algal bloom in high-nitrate but silicate-deficient
conditions (Simd, 2001). DMSP accumulation in response to elevated salinity has been
observed in diatoms, Prymnesiophyceae and dinoflagellates (Dickson and Kirst, 1986; Karsten
etal., 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 potential of buoyancy role in some large phytoplankton species while
DMSP is heavier than GBT (Boyd and Gradmann, 2002). Since GBT can be replaced by DMSP
under nutrient limitation, this has led to the possible DMSP-ballast role to regulate the sinking
or rising rates 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 nutrient-rich areas in the euphotic zone (Raven and Waite, 2004; Lavoie et al., 2015).

3.3.2 Cryoprotectant

The first suggestion of the cryoprotectant role was made by Karsten et al. (1990) since they
discovered DMSP in polar algae. Adjustment of internal DMSP concentration was observed in
Prymnesiophyceae (i.e. E. huxleyi (van Rijssel and Gieskes, 2002) and in green macroalgae
(Karsten et al., 1990; Sheets and Rhodes, 1996) at low temperatures. DMSP might be part of
the cryoprotection system synthetized by algae within other molecules such as heat and cold-
shock proteins, exopolysaccharides, polyunsaturated fatty acids, or crystallisation inhibitors
(Wittek et al., 2020 and citations therein). The DMSO cryoprotectant function has been
suggested through in 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 grazing from the zooplankton. This selection
pressure has led to the development of toxins produced by marine microalgae as a chemical
defence (Strom et al., 2003a). Shifting the grazing pressure to other prey species also reduces
the competition for nutrients (Wolfe et al., 1997). Among these defences, the degradation of
DMSP by the enzyme DMSP lyase (DL) produce acrylate that has antimicrobial activity, and
thus potential repulsive property. This might be significant in the shaping of the evolutionary
photosynthetic lineage (Takahashi et al., 2011 and citations therein). It has been shown that
zooplankton grazers will prefer species with low DL activity (Wolfe et al., 1997) to avoid a
decrease in their feeding rates (Strom et al., 2003a). This hypothesis has evolved as it has been
actually observed that the DMSP itself (naturally produced or by addition in laboratory cultures)
decreases microalgae grazing (Strom et al., 2003b; Fredrickson and Storm, 2008) and not the
DMS or acrylate (Strom et al., 2003b). DMSP might therefore be a repulsive signal for the
predator (Strom et al., 2003b). However, the addition of DMSP in a natural environment has
no effect on grazing rates (Fredrickson and Storm, 2008). As a matter of fact, recent studies

have led to the same conclusions by supporting a non-repulsive effect or even a potential
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chemoattraction between DMSP and grazers (Seymour et al., 2010; Archer et al., 2011; Simo6
et al., 2018). Seymour et al. (2010) suggested that the saturation of the system with DMSP
addition obscured the microscale chemical signature of phytoplankton cells, masking their

position, and thus reducing the zooplankton grazing rates.

3.3.4 Infochemical

Even if the DMSP antigrazing compound in marine microorganisms is unclear (cf. 3.3.3),
DMSP represents directly or indirectly (by DMS) a foraging cue for some motile strain of
phytoplankton, heterotrophic bacteria, bacterivore and herbivore zooplankton, sea urchins,
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 primary consumers 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 or sulfur as well as
regulate cellular nitrogen (Bullock et al., 2017). Algal cells might induce DMSP biosynthesis
as well as enzymatic lysis to DMS to discard unneeded fixed carbon and/or reduced sulfur when
their incorporation is higher than the assimilation of other nutrients such as nitrogen (Stefels
and van Leeuwe, 1998; Stefels, 2000). Under nutrient limitation, this energy and carbon
dissipation leads to the regeneration of intracellular nitrogen from Met, which can in turn be
used for synthesis of other amino acids (Stefels, 2000). A putative DMSP overflow mechanism
could provide a sink for unneeded photosynthetic products (NADPH and ATP) during periods
of low cell biosynthesis and growth, helping to prevent overreduction of the photosynthetic
apparatus and decreasing a potential oxidative stress (Darroch et al., 2015). In other words, the

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

3.3.6 Antioxidant
Since the antioxidant function is the main subject of this thesis, it will be largely described in

section 6.
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4 The fate of DMS(P,0)
We distinguish the particulate (DMS(P,0O),) and the dissolved (DMS(P,0)d) DMS(P,O). The

first one occurs within the phytoplankton cell while the other takes place in the water column.
As it was mentioned previously, the biosynthesis of DMSP,, begins always with Met (Gage et
al., 1997; Summers et al., 1998). The latter is synthetized from the uptake of dissolved SO4>",
and its further reduction, incorporation, and methylation (Takahashi et al., 2011) (Fig. 1-7). The
DMS(P,0) cell quota within the phytoplankton depend on the initial DMS(P,O) concentrations
characterizing the low- or high-DMSP producing species (Keller et al., 1989). The cellular
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,0), (cf. 3.2).

4.1 The fate of DMS(P.,0O) in a marine environment

The DMS, DMSP and DMSO could be release into the marine environment by several
processes (exsudation, senescence, viral attack, or grazing; Fig. 1-7) that can impact, or not, the
integrity of the cell. For instance, the algal senescence or the lysis resulting from grazing will
lead to the death of cells: programmed in the first case, or because of the zooplankton in the
second case. The programmed cell death could be induced by viral attack, by environmental
conditions, or by ROS production resulting of oxidative stress (cf. 4.4) (Hill et al., 1998; Bidle
and Falkowski 2004). Zooplankton grazing will increase the DMSP4 pool when the algae is not
entirely consumed in the first place (sloppy feeding), or subsequentially by faecal pellets (Fig.
1-7) (Tang and Simo, 2003). The latter could then sediment or be degraded in deep water (Kwint
et al., 1996; Brimblecombe, 2014). Export rates were estimated to be between 0.1% and 16.6%
d ! in coastal waters and between 0.03% and 0.74% d’! in the open ocean (Stefels et al., 2007).
Viral lysis release the entire DMSP, content of the algal, increasing the DMSP4 pool, and
making it available for bacterial breakdown and potentially contributing to its DMS conversion

(Hill et al., 1998).

Zooplankton could use some DMSP;, as a source of carbon or sulfur (Archer et al., 2001), since
24-70% of the ingested prey DMSP can be retained in the grazer (50-60%, Belviso et al., 1990;
24-70%, Wolfe and Sherr, 1994; 33%, Simo et al., 2002; 32-44%, Tang and Simd, 2003). By
retaining the ingested DMSP in its biomass, the grazer transfers DMSP further up in the food
chain (Tang and Simo6, 2003). However, it is assumed that ~70% of the ingested DMSP is
released as DMSP in faecal pellets, DMSP4, DMS and acrylate or alternative by-products of
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digestion (Fig. 1-7) (Archer et al., 2001; Stefels et al., 2007). The viral lysis or zooplankton
grazing could also act as pathways for DMSP cleavage to DMS and acrylate, by mixing the
DMSP lyases with its substrate during the physical degradation (Fig. 1-7) (Malin et al., 1993;
Wolfe and Steinke, 1996; Evan et al., 2007; Sim¢ et al., 2018). They hypothesized that DMSP
and DL are physically compartmentalized in the cell (Wolfe and Steinke, 1996). The microbial
activity in the intestinal tract of the zooplankton and in faecal pellets may also be responsible
for DMS production (Stefels et al., 2007). Active exudation is also present in algae but is
species-specific 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 the DMS and DMSO (DMS(O)) is their chemical properties that allow
passive diffusion across membranes (Fig. 1-7) (Jacob and Wood, 1967; Hatton and Wilson,
2007; Lavoie et al., 2016; Spiese et al., 2016). If we consider that the DMS(O) are produced
inside the chloroplast due to DMSP oxidation, DMS(O) diffusion has to be conducted across
several layers of membrane from the thylakoids to the outer cell membrane (Lavoie et al., 2016).
DMSO is also produced by the photochemical oxidation of DMS (Fig. 1-7) (Brimblecombe and
Shooter, 1986). Unlike DMS(P) which are essentially confined to the euphotic zone of oceans,
DMSO might stay at high levels in deep oceans (Hatton et al., 1998).

Once in the marine environment, DMSPqhas a chemical half-life of 8 years (Dacey and Blough,
1987) resulting in high abiotic stability under natural conditions. Most of its removal then
results from enzymatic processes (Stefels et al., 2007). DMSP4 could be taken up by algae that
are, or not, DMSP producers (Fig. 1-7) (Kiene et al., 2000; van Bergeijk et al., 2003; Spielmeyer
et al. 2011; Ruiz-Gonzalez et al. 2012; Lavoie et al., 2018; Petrou and Nielsen, 2018). Non-
DMSP producing species may form a considerable sink for DMSPq4, reducing DMSPq
availability for other organisms and influencing the turnover of DMSP in the ocean (Lavoie et
al., 2018; Petrou and Nielsen, 2018). Some motile phytoplankton can even actively seek out
localized DMSPy using its chemoattraction (Seymour et al., 2010). The DMSPy can also be
incorporated (~15%; Kiene and Linn, 2000) into bacteria as osmolyte, cryoprotectant, or
antioxidant (Karsten et al., 1996; Sim¢ et al., 2002; Lesser, 2006; Salgado et al., 2014). In
addition, the chemoattraction described previously seems to be present for some motile bacteria
strains (Seymour et al., 2010). Since Curson et al. (2017) discovered that bacteria can directly

produce DMSP, their death might induce an increase of the DMSPy pool as well. The
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DMS(P,0)q could also be reduced, oxidised, or enzymatically cleaved by both bacterial and
algal processes (Fig. 1-7), leading to the formation of DMSag).

Algal enzymatic cleavage includes DMSP-lyase that converts DMSP into DMS and acrylate
(Yoch, 2002; Stefels et al., 2007; Mohapatra 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 Prymnesiophyceae (i.e. Phaeocystis sp.) and
dinoflagellates (i.e. Heterocapsa triquetra) (Stefels and Dijkhuizen, 1996; Niki et al, 2000;
Yoch, 2002; Caruana and Malin, 2014). The responsible gene — A/mal — has been recently
discovered in Prymnesiophyceae E. huxleyi. Sequence searches suggest that this gene is the
first characterized member of an entire family of DL present in a 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 are non-DMS(P,O) producers
(Spiese et al., 2009). This idea proposes a possible uptake of DMSQq as it is for DMSPg.

The availability of DMSP in the water column will exert the greatest influence on overall
microbial consumption of DMSPy (Lizotte et al., 2012). As a matter of fact, DMSPqy
concentration could support 1 — 13% of the bacterial carbon and sulfur demand in surface waters
(Kiene, 1996; Kiene et al. 1999; Kiene and Linn, 2000) with the main pathway as follows
(Stefels et al., 2007): (1) demethylation producing 3-methiolpropionate (MMPA), (2)
demethiolation leading to methanethiol (MeSH), (3) demethylation to produce H»S (Fig. 1-7).
It is likely that about 90% of DMSP in seawater is converted into methanethiol (Kiene and
Linn, 2000). The genes DmdA, DmdB, DmdC and DmdD are responsible for the DMSP
demethylation pathway (Bullock et al., 2017). This pathway is found in many marine bacteria,
notably the clade Pelagibacter and Roseabacter (Curson et al., 2011). MMPA could also be
demethylated in 3-mercaptopropionate (MPA) and then degraded in H»>S and acrylate in
anaerobic conditions (Kiene and Taylor, 1988; Taylor and Visscher, 1996). In addition, bacteria
could cleave DMSPq4 into DMS and acrylate thanks to DL in aerobic conditions (Yoch, 2002).
The cleavage pathway is considered as an important source of DMS (Curson et al., 2011). There
are actually six different genes with a cupin motif coding for this cleavage pathway (DddP,
DddW, DddY, DddQ, DddL and DddK) (Curson et al., 2011; Bullock et al., 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/demethiolation over the lyase pathway when
DMSPy concentrations are low. This pathway leads to higher energy production and it is a
relative economic way to assimilate reduced sulfur (Kiene et al. 2000; Welsh 2000), accounting
for ~75% of DMSPy degradation (Kiene and Linn, 2000). When this concentration is higher,
the bacteria will cleave the DMSP4 not assimilated in DMS. The DMS can then be also taken
up by bacteria but acrylate might be used instead, leaving the DMS untouched (Yoch 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 development, the DMSP, produced, the microbial species
associated with the bloom as well as environmental factors such as the salinity (Yoch et al.,
2002; Stefels et al., 2007; Salgado et al., 2014). External DMSP concentration seems to dictate
the relative expression of the two pathways, but only at high concentrations (> 1umol L™ for
the demethylation; > 35 nmol L™ for the cleavage) characterizing the vicinity of phytoplankton
cells (Gao et al., 2020). Kiene et al. (2000) stipulated that it is the bacterial sulfur demand
relative to the DMSPq availability that will lead to one or another pathway (i.e. 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 considerable impact on the
productivity and competitiveness of DMSPg4- and DMS-consuming bacterioplankton (Archer et
al., 2002). Enhancement of solar radiation exposure has been suggested for example to cause
the inhibition of bacterial S demand thus potentially affecting bacterial clades that consume
DMS (Slezak et al., 2001; Toole et al., 2006). Thus, 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 pool of dissolved organic matter (Kiene et al., 2000). Recently, 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., 2020). Field measurements from various oceanic and coastal areas gave an average of 10-
12% for the DMSPy4 consumed and cleaved by bacteria into volatile DMS (Kiene and Linn,
2000; Vila-Costa et al., 2008; Lizotte et al., 2012).

DMSOq concentration in seawater can exceed those of DMS and, in some cases, those of
DMSPq (Hatton et al., 1998; Sim¢ et al., 1997). DMSQOg can be produce from the transformation
of DMS via both photolysis and biological consumption (del Valle et al., 2009). The DMSP
cleavage pathway, producing DMS and acrylate, and its further catabolism within the cell,
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produces DMSO and MeSH. Two enzymes have been identified for this catabolism (Tmm for
DMSO and DmoA for MeSH). 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., 2017; Chen and Schéfer, 2019).

DMSO production from DMS photolysis are known to vary substantially from 14% in the
Equatorial Pacific Ocean (Kieber et al., 1996), 22-99% in the northern North Sea (Hatton, 2002)
and 33-45% 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 — See 5.4). Finally, some bacteria such as Roseobacter are also involved in

the reduction of DMSOq4 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 of each process in the DMS fate is still under debate but the resulting
volatilisation mainly depends on bacterial processes and photooxidation. The DMS flux
between seawater and the atmosphere is controlled by its difference in concentration with the
oversaturation of the upper-mixed layer compared to the atmosphere (Liss et al., 1997; Gali et
al., 2018), and by the magnitude of the DMS transfer velocity across the air-sea interface (Bopp
et al., 2003). The last term is depending on the sea-surface temperature and wind velocity
(Wanninkhof, 1992). DMS emissions, depending on their precursors DMS(P,0) produced by
the bacterio-phytoplankton, 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, sea-surface temperature, or nutrient supply (Archer et al., 2002; Bopp et al., 2003;
Archer et al., 2004; Lizotte et al., 2012; Gali and Sim6, 2015). Toole and Siegel (2004) postulate
that there are two distinct DMS regimes: (1) a stress-forced regime controlled by environmental
stress that might enhance DMS production (see after “DMS summer paradox™); and (2) a
bloom-forced regime whereby phytoplankton bloom dictates the DMS stock, occurring in
regions characterized by monospecific blooms of DMSP-producing species such as Phaeocystis

in the North Sea.

It has been calculated that 90% of dissolved DMS is consumed by bacterial oxidation and UV-
driven photolysis (Fig. 1-7). The remaining 10% is emitted to the atmosphere (Gali and Simao,
2015) (Fig. 1-7). This percentage can vary considerably between 1% and 40% and is correlated
to the mixed layer depth (Sim6 and Pedros-Alid, 1999). Estimations from Moran et al. (2012)
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calculated this volatilisation at about 5%, the photooxidation to DMSO at about 10%, and the
bacterial uptake at some 85% (Fig. 1-7). This latter can reach 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 photooxidation occurred under UV/Visible wavelengths (Hatton, 2002) and the reaction
rate varied 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 possible return
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, 2002). Toole 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% of the 85% bacterial DMS uptake is
metabolized by bacteria in DMSO by DMS dehydrogenase. Only 3% are incorporated in
macromolecules while between 13 and 28% are converted into sulfate. The route to sulfate is
characterized by the conversion of DMS by monooxygenase and methyltransferase in MeSH
and formaldehyde (De Bont et al. 1981; Borodina et al. 2002) whereby the bacteria used this
DMS as a source of carbon and sulfur (Fuse et al. 2000; Endoh et al. 2003). However, the
significance of bacterial DMS consumption also depends on the strength of other competing
loss processes (Stefels et al., 2007). For instance, Simo6 and Pedros-Alio (1999) illustrated in
the subpolar North Atlantic that: (1) the photooxidation process to DMSO would be dominant
under clear skies and when the water column is stratified (Sim6 and Pedros-Alio, 1999) since
the photooxidation under full light conditions can be responsible of 37% of DMS loss (Hatton,
2002); (2) bacterial consumption is most important when the weather is cloudy and/or when the
water column is mixed to a greater depth; and (3) the bacterial consumption is equivalent to the

loss due to sea-to-air flux transfer.
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Figure 1-7: Biogeochemical DMS cycle in the marine environment adapted from Stefels (2000), Sunda et al. (2002), Yoch et al. (2002), Stefels et al. (2007), Spiese et al. (2009), Lyon et al. (2016),
Curson et al. (2017) and Giordano and Prioretti (2016). Algal and bacteria are schematically represented. The process transforming the Methionine (Met) in DMSP involves transamination,
reduction, methylation, and decarboxylation. DLA represents DMSP-lyase activity; Cys = Cysteine; MSA = methane sulfonate ; MSNA = methane sulfinic acid ; MMPA =
methylmercaptopropionate; MeSH = methanethiol; MPA = mercaptopropionate. The percentage represents the fate of the DMS in the marine environment, are approximative and based on Vila-

Costa et al. (2006), Kloster et al. (2007), Moran et al. (2012) and Gali and Simo¢ (2015).
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5 The antioxidant 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
demands, 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 orders of magnitude can occur on much shorter timescales, from seconds to hours
and days (Litchman and Klausmeier, 2001; Miiller et al., 2001; Jahns and Holzwarth, 2012;
Erickson et al., 2015). The fluctuation of cloud formations, surface wave focusing, or vertical
mixing can affect the way phytoplankton experience light intensity from complete darkness to
around 2000 pmol quanta m™s!, both temporally and spatially throughout the day (Goss and
Jacob, 2010; Huot 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: adaptation, acclimation,
and regulation (Huot and Babin, 2010 and citations therein). Photoadaptation includes genetic
responses to adapt the organism to particular photic environments (i.e. near the surface or at
depth). When the organism is experiencing a cloudy day, or light field variations, the species,
adapted for this given environment, may need to change its macromolecular composition (i.e.
add or remove pigments) to improve its growth or reduce the damage: it is called the
photoacclimation. The latter is a phenotypic modification which involves adjustments of light
and dark reactions to harvest the light (i.e. changes in the size of the PSII antennae, the size, or
the number of the reaction centres, decrease in the photosynthetic pigments such as chlorophyll
content (Fernandes, 2012 and citations therein)). Finally, 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 fields — this is termed photoregulation.
The difference with photoacclimation is that photoregulation does not require de novo synthesis
or breakdown of molecules (Huot and Babin, 2010). On the other hand, photoprotection is
normally used to describe all the mechanisms protecting the cells from photodamage including

thermal dissipation (i.e. 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 oxygen-metabolizing organisms produce reactive oxygen species (ROS). ROS are a
group of free radicals, reactive molecules, and ions derived from molecular oxygen (O2; Sharma
et al., 2012). In natural waters, ROS are present everywhere though at very low concentrations
(1078 —10° mol L") and with a short-life span (us-days) (Diaz and Plummer, 2018). This ROS
production, within the cell, might be harmful if it is not controlled but can also, in many normal
cellular functions, play a role as cellular transducer or messenger (Apel and Hirt, 2004; Lesser,
2006; Diaz and Plummer, 2018). Recently, biological ROS production might also promote
growth and survival with some examples in plants, fungi, seaweeds, white blood cells, corals,
or sea urchins (Apel and Hirt, 2004; Diaz and Plummer, 2018 and citations therein). Regarding
phytoplankton, extracellular ROS production is implicated in the toxicity, the growth, and the
iron acquisition of Chattonella marina while other species generate extracellular ROS for yet
unknown reason (Diaz and Plummer, 2018 and citations therein). This production occurs at
several major sites such as chloroplasts, mitochondria, peroxisomes, cell surfaces and the cell
free environment (Apel and Hirt, 2004; Diaz and Plummer, 2018). Hereafter, only the ROS
production occurring in the chloroplasts will be discussed. Light-driven processes included
within the chloroplast are comprised of both energy transfer and electron transport and are then

accompanied by the formation of ROS (Pospisil, 2016).

The first pathway initiating the ROS cascade production is the leakage of electron to molecular
oxygen at the acceptor site of the photosystem I (PSI) (or photosystem II (PSII)) providing the
formation of the reductant superoxide radicals (O2") (Fig. 1-8) (Jahns and Holzwarth, 2012).
The latter could be transformed spontaneously or enzymatically to hydrogen peroxide (H202)
and subsequently reduced to OH- via the Haber-Weiss/Fenton reaction in the presence of a
transition metal (Mallick and Mohn, 2000; Pospisil, 2016). ROS production in the PSII occurs
due to the oxygen-evolving complex (OEC) (Fig. 1-8) or the cytochrome b559 (cytb559), even
if this production seems to be minor compared to the PSI (Liu et al., 2004; Pospisil, 2014). The
second pathway involves the energy transfer from excited chlorophyll to molecular oxygen
leading to the formation of singlet oxygen ('O2") (Fig. 1-8) (Jahns and Holzwarth, 2012;
Pospisil, 2016). At physiological pH, H202 might diffuse readily across membranes while the
0", with a much shorter life span (~us), does not (Lesser, 2006; Karuppanapandian et al., 2011;

Sharma et al., 2012). The common 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).
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Figure 1-8: Schematic representation of the initiation of ROS production with the leakage of electron to molecular oxygen at
the acceptor site of the photosystem I (PSI) (or photosystem II (PSII)) providing the formation of the superoxide radicals (02~
). ROS production in the PSII occurs due to the oxygen-evolving complex (OEC) or the cytochrome b559 (cyth559). The
second pathway involves the energy transfer from excited chlorophyll to molecular oxygen leading to the formation of singlet
oxygen ('02"). Figure based on Liu et al. (2004), Jahns and Holzwarth (2012), Pospisil (2014) and Pospisil (2016).

These cytotoxic properties lead to the evolution of enzymatic and non-enzymatic scavenging
systems existing to decrease ROS formation or detoxicate previously formed ROS (Jahns and
Holzwarth, 2012) under various and adverse environmental conditions (nutrient limitation,
temperature, salinity, CO; limitation, UV-radiation, drought, or high light) or biotic stress such
as pathogens, bacteria, or fungi (Foyer et al., 1997; Apel and Hirt, 2004; PospiSil, 2016). The
oxidative stress is so-called when the rate of ROS production exceeds the cell’s ability to
scavenge and convert them into non-reactive species (Apel and Hirt, 2004). Any process that
restricts the metabolic efficiency and the flow of excitation energy or electrons within the
photosynthetic apparatus will increase ROS production and thereby the oxidative stress within
the cell (Bucciarelli and Sunda, 2003). We thus can define an antioxidant as “any substance
that, when present at low concentrations compared with those of an oxidizable substrate,

significantly delays or prevents oxidation of that substrate” (Halliwell, 1995).

5.2 High light forcing

Light-driven photosynthetic electron transport leads to the continuous production of oxygen
and simultaneously its removal from the chloroplast through reduction and assimilation (Apel
and Hirt, 2004). Light energy is absorbed by the photosystems and three competing pathways
dominate (Fig. 1-8): (1) photochemistry (including the photosynthetic electron transfer); (2)
fluorescence emission or (3) thermal dissipation (known as non-photochemical quenching)

(Miiller et al., 2001; Baker, 2008; Cosgrove and Borowitzka, 2010).
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Figure 1-9: Schematic representation based on Miiller 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 state (\Chl"). This excited state can be used for the
photosynthetic reactions (photochemistry), can be relaxed by emitting light (fluorescence) or can be de-excite by dissipating
heat (non-photochemical 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 oxygen ( '02").

When this light energy exceeds the photosynthetic capacity or the CO» assimilation,
overreduction of the electron transport chain inactivates the PSII (Apel and Hirt, 2004) and
limitation in the energy transfer and electron transport generate ROS (Pospisil, 2016). This
energy limitation occurs when light energy is not fully absorbed by the chlorophyll at the
reaction centre of the PSII antennae. This provides the conditions needed for the formation of
the deleterious triplet chlorophyll (*Chl”) from the singlet chlorophyll (!\Chl") (Fig. 1-9) (Miiller
et al., 2001; Pospisil, 2016). To prevent this, the chlorophyll is coupled with carotenoids. In the
PSII antennae, the carotenoids are mainly composed by xanthophyll that might prevent the
formation of this triplet by the quenching of singlet chlorophyll to heat as well as indirectly by
the rearrangement of the light harvesting complex (LHC) proteins (Krieger-Liszkay, 2004;
Ruban et al., 2012). When this scavenging system is not sufficient, energy from the conversion
in triplet chlorophyll is transferred to O> forming the singlet oxygen '0," (Fig. 1-9) (Krieger-
Liszkay, 2004; Ruban et al., 2012; Erickson et al., 2015; Pospisil, 2016). With this limitation
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 O forming O (Apel and Hirt, 2004; Sharma et al., 2012; Pospisil,
2016). O2" is spontaneously and enzymatically dismutated to H>O: by the superoxide dismutase
(SOD) (Fig. 1-10) (Apel and Hirt, 2004; Pospisil, 2016). The O,~ is eliminated inside the
thylakoid membrane by the intrinsic superoxide oxidoreductase activity of the cytbsso. When
the O~ diffused out of the membrane, it is the ferredoxin SOD (FdSOD) attached to the stroma
side of the thylakoid membrane that dismutates it to H2O» (Pospisil, 2016). The incomplete H,O

oxidation with the limitation of electron transport also results in the H>O> production. The
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hydrogen peroxide is normally eliminated properly into H>O by catalase or peroxidase enzymes
(Fig. 1-10) (Ascorbate peroxidase (APX) — Catalase (CAT) — Glutathione peroxidase (GPX))
(Asada, 2006). Otherwise, the H>O: is the precursor of OH- formed by the Haber-Weiss/Fenton
reactions catalysed by iron (Fe), manganese (Mn), or copper (Cu) (Fig. 1-10) (Apel and Hirt,
2004; Pospisil, 2016).
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Figure 1-10: Schematic representation based on Asada (2006), Apel and Hirt (2004), Sharma et al. (2012), Pospisil (2016) of
the enzymatic and non-enzymatic system involved in the scavenging of ROS previously produced. The pigment non-enzymatic
cycle is schematic and involved various pigments with their own recycling cycle. The non-enzymatic system also involves
small molecules such as the DMS(P,0) cycle explained further.

Besides the enzymatic antioxidants described previously, non-enzymatic antioxidants include
major cellular redox buffers ascorbate and glutathione (GSH), as well as a-tocopherol,
flavonoids, alkaloids, and carotenoids (Fig. 1-10) (Dummermuth et al., 2003; Lesser, 2006).
The latter has two 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 pigment-protein antennae (Ston
and Kosakowska, 2000; Telfer, 2002; Strychar and Sammarco, 2011 and citations therein). 3-
carotene, a carotenoid pigment, operate at PSI and PSII, scavenging predominantly the 'O,"
while the xanthophylls, already cited previously, operate within the PSII (Govindjee and
Govindjee, 1974). Short-term acclimation mechanisms include photochemical quenching (PQ)

related to fraction of open (oxidised) reactions centres in PSII (Genty et al., 1989) and non-
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photochemical quenching (NPQ) of chlorophyll fluorescence related to photoprotective
carotenoids, the distribution of excitation energy between the two photosystems, and damages
and repairs of PSII (Falkowski and Chen, 2003). NPQ is the most important system for a sudden
increase in high light (HL) and can be measured by the decrease in the Chl-a fluorescence
intensity (Miiller et al., 2001). Photoprotective dissipation is also attributed to rapid
modifications within the LHC of PSII, leading to non-photochemical Chl-a fluorescence
quenching (Lavaud et al., 2004). Due to this excess light, the carotenoids play a central role in
the deactivation of excited molecules *Chl” and 'O, at PSII, and the reduction of ROS
formation due to the thermal dissipation of excess light energy at the level of 'Chl” (Jahns and
Holzwarth, 2012). Harmful excess energy is dissipated as heat radiation, the deactivation of
10," is provided by B-carotene (Telfer, 2002) (or a-tocopherol (Krieger-Liszkay, 2004)) and
NPQ is modulated by the de-epoxidation of the xanthophylls (Fig. 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 (Miiller et al., 2001; Goss and Jacob, 2010) include the
diadinoxanthin (DDx), with low light energy transfer efficiency, that can be converted to
diatoxanthin (DTx) under conditions of HL (Fig. 1-10) (Brunet et al., 2011). The reaction is

reversed 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: Chl-c¢ 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, acclimated-cells generally have low LHP content and high amounts of photoprotective
carotenoids (Nymark et al., 2009 and citations therein). Other small molecules have been
described as antioxidants such 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 length conditions of
their natural habitat. They observed higher DMSP concentration under long day conditions and
higher light intensity. Matrai et al. (1995) also observed that the DMS(P):Chl-a ratio by

Phaeocystis sp. showed 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 (DMSP) and dimethylsulfoxide (DMSO) and its breakdown products
acrylate, methane sulfonate (MSA) and methane sulfinic acid (MSNA), thanks to the DMSP-lyase activity (DLA) or reactive
oxygen species such as singlet oxygen ('02), hydroxyl radical (OH-). The colour of each arrow follows each potential pathway.

More recently, Sunda et al. (2002) have shown that DMSP might react with the hydroxyl radical
(OH"), scavenging one of the most reactive ROS. This reaction leads to the production of DMS
and acrylate, more effective for scavenging ROS, as are the DMS oxidation products DMSO
and MSNA (Fig. 1-11) (Scaduto, 1995; Sunda et al., 2002). Taken together, these molecules
might be even more effective of scavenging OH- than the well-known ascorbate or glutathione
(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 Prymnesiophyceae and dinoflagellates,
high-DMSP producers (Keller et al., 1989). DMS can also react with singlet oxygen (Wilkinson
et al., 1995) to form DMSO (Fig. 1-11). DMSP and acrylate cannot diffuse across 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 react with ROS, the remaining DMS will
diffuse across the membrane while the DMSO, produced from the OH- oxidation of DMS or
DMSP (Fig. 1-11), is more hydrophilic and will accumulate at high cellular concentrations

(Simo et al., 1998, 2000). These observations were experimented with Emiliania huxleyi and
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Thalassiosira pseudonana under CO» and Fe limitation, UV-radiation, Cu?*" and H>O,
exposures (see Sunda et al.,, 2002 for more information). Bucciarelli and Sunda (2003)
experienced a similar upregulation in cellular DMSP of 7. pseudonana under NO3, POu,
Si(OH)s4 and CO> limitation. An increase in the DMSP to carbon ratio under Fe limitation was
also observed in the Antarctic Prymnesiophyceae Phaeocystis sp. (Stefels and van Leeuwe,
1998). Micro- and macroalgae have experienced 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 oxidative 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., 2018). The figure 1-12 considers all the previous statements

regarding the cell’s response to have a general overview of the antioxidant response.

This antioxidant system theory is further supported by the increase in DMS:Chl-a ratios 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 high light and UV oxidative stress by enhancing cloud
albedo and thereby decreasing incoming solar radiation (Fig. 1-2a) (Sunda et al., 2002). This
hypothesis is also supported by correlations between (seasonal) variations in DMS
concentrations and local solar irradiance, UV radiation or the average radiation in the surface
mixed layer, which is the solar radiation dose (SRD) that phytoplankton experience (Toole and
Siegel, 2004; Vallina and Simd, 2007; Miles et al., 2009; Gali et al., 2011; 2013; Lizotte et al.,
2012; Lana et al., 2012). Lana 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, DMS and light were
significantly correlated even using exclusively in situ data of irradiance and light attenuation to
calculate SRD (R? > 0.80, Vallina and Simd, 2007; Miles et al., 2009). In addition, Levine et
al. (2012) found that the potential DMS production through 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 exposure to solar radiation, UV included.
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Figure 1-12: Schematic representation of the cellular site of the oxygen production (via the OEC: Oxygen-Evolving Complex) and of the reactive oxygen species (ROS) production at the photosystem I (PSI) and
photosystem II (PSII) with the three possibilities of photochemistry, fluorescence or non-photochemical quenching (NPQ); in blue: the enzymatic scavenging cycle (SOD: Superoxide Dismutase; APX: Ascorbate
Peroxidase; CAT: Catalase; GPX: Glutathione Peroxidase); in orange the DMS(P,0) non-enzymatic system including the dimethylsulfoniopropionate (DMSP)-dimethylsulfoxide (DMSO)-dimethylsulfide (DMS)-
Acrylate with the presence of the DMSP-lyase (DL) activity and the oxidation products Methane Sulfinic Acid (MSNA) and methane sulfonate (MSA); in yellow the pigments non-enzymatic cycle representing the
B-carotene and the Xanthophylls cycle (DDx: Diadinoxanthin; DTx: Diatoxanthin) to scavenge the excess of energy as heat dissipation; and the ROS production 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 Lipids in case of this ROS production exceeds the ability of the organism to scavenge it.

37|Page



Nevertheless, it has been suggested that the solar radiation enhancement of DMS may be also
related to the inhibition of bacterial activity (~48% of suppression in bacterial growth was due
to UV-B radiation and ~40% caused by PAR+UV-A; 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; Harada et 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 DMSP-
cleaving capacity (Gali et al., 2013). In addition, DMS(P,0) and DL activity are often
significantly correlated with algal photoprotective pigments in seawater (Belviso et al., 2001;
Steinke et al., 2002; Harada et al, 2004; Riseman and DiTullio, 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 photooxidative stress in natural
communities. The DMSP production was generally inhibited in PAR+UV treatment compared
to the photoprotective xanthophylls that were enhanced by 60-200%. The debate is still open
since the physiological reactions between DMS(P,0) and the ROS production differ depending

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

The “DMS summer paradox”, so called after high DMS concentration in summer coupled with
low Chl-a in some part of the globe (Sim6 and Pedrds-Alio, 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 of the 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 encountered (Fig. 1-13):
(1) The photoinhibitory 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 simultaneously, (2) since the demand for bacterial sulfur is reduced, more consumed
DMSPy is diverted to the bacterial cleavage pathway leading to DMS production (Slezak et al.,
2007); (3) the high light and UV damage on phytoplankton cells could increase the cell lysis
increasing the potential DL activity (Sim6 et al., 2018) while 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); (4) nutrient limitation can lead to an oxidative stress
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promoting DMS(P) production (Bucciarelli and Sunda, 2003; Harada et al., 2004; Sunda et al.,
2007); (5) 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 al., 2006). 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, 1996). All 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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Figure 1-13: Schematic representation of the “DMS summer paradox” explained by (1) the photoinhibitory effect on the
bacterial DMSPq uptake while (2) the cleavage pathway are promoted; (3) the PAR+UV enhancement promotes the cell lysis
and the mixing of the DMSP lyases with its substrate during the physical degradation; (4) the nutrient limitation 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 ROS concentration exceeds the cell’s capability 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). Due to high light doses or high
temperature, ROS might be transmitting a signal from the chloroplast to the nucleus through
products of protein oxidation or lipid peroxidation (Fischer et al., 2012 and citations therein).

ROS might also change gene expression by targeting 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). Erickson et al. (2015) already demonstrated the role of 'O to 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 cell, H>O> also might be a signal molecule
(Sharma et al., 2012). It regulates expression of genes by the activation of proteins signalling
pathways associated as well to the acclimation or program cell death (Pospisil, 2016 and
citations therein). More recently, it has been demonstrated that the H,O» formed in the thylakoid
membrane leads to the regulation of the PSII antennae size during the acclimation responses

(Borisova-Mubarakshina et al., 2015).

Lipid peroxidation (LPO) is one of the cellular damages that might produce ROS. It is initiated
by 'Oz and OH: and produces lipid hydroperoxides (LOOH) which decompose to secondary
lipid peroxidation products, lipid hydroxides (LOH). Lipid hydroperoxide is stable but might
be oxidised or reduced to lipid peroxyl radical (LOO-) or alkoxyl radical (LO-) that could lead
to high energy intermediates, which is highly unstable and might transfer, via its decomposition
to triplet excited carbonyls (°L”), its energy to Oz to form 'O,. Yadav and Pospisil (2012)
already have shown evidence that 'O, is produced through lipid peroxidation under light stress.
Nevertheless, the amount of 'O, produced is considerably lower than from triplet chlorophyll
(Pospisil, 2016), but could aggravate the oxidative stress with new damage to proteins or DNA

(Sharma et al., 2012).

6 Study cases for batch monoculture

6.1 Diatoms - Skeletonema costatum

Diatoms are a major component of the phytoplankton community (Sarthou et al., 2005). The
diatoms are unicellular but can sometimes form colonial forms. They are classified as centric if
their symmetry is radial, or pennate if it is bilateral. They are present in a wide distribution in
all kinds of habitats in fresh or marine waters (Fritsch, 1971), even in the brine channels of sea
ice (Trevena et al., 2000). They are responsible of 40% of the global oceanic primary production
and therefore play an important roles in natural cycles (Sarthou et al., 2005 and citations
therein). Diatoms can also rapidly sink from the upper ocean to deep waters, dominating the
export production of carbon and silica (Sarthou et al., 2005). The micro-architectural
complexity of their silicified cell-walls make diatoms remarkable and fascinating. This wall (or

frustule) is composed of two, usually equal halves, the older (epitheca) fitting closely over the
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younger (hypotheca). This thick siliceous envelope shuts off the cell from the environment but
admits gaseous diffusion and osmotic exchange in thin areas, or even by direct apertures (i.e.
pores) communicating with the exterior (Fritsch, 1971). Characterized by a low surface:volume
ratio, the diatoms generally grow in natural high-nutrient concentrations and dominate the
phytoplankton efflorescence in spring till silicate becomes limited (Sarthou et al. 2005). The
diatom life cycle is presented and described at the figure 1-14. 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
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Figure 1-14: Schematic representation 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 species-specific sexualisation size threshold, the cells are incapable of sexual reproduction. Below this
threshold and if a proper trigger is present (i.e. salinity shock), meiosis is induced and produces egg and sperms. (d) The
gametes conjugation (syngamy) leads to the formation of a zygote that (¢) becomes an auxospore, a soft stage which can
expand. (f) The new cell walls are built inside the auxospore, which (g) eventually becomes the initial vegetative cell.
Representation based on Kaczmarska et al. (2013) and Ferrante et al. (2019).

Skeletonema costatum is a centric diatom characterized by cylindrical cells with a diameter
between 2 to 21 um. The colonial form is made up of individuals joined by the poles thanks to

several silicified processes in long, straight, or slightly undulate chains. This species is present
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in coastal waters and might bloom seasonally in spring and fall (Hoppenrath et al., 2009).
Regarding DMS(P,0) production, the diatoms are considered as low-DMSP producers since
they are characterized by a DMSP;,:Chl-a ratio of 4 = 6 mmolS:g Chla (Stefels et al., 2007).
Nevertheless, DMSP,:Chl-a ratio of the diatom S. costatum is higher and can be very different
from 8.3 to 35.3 mmolS:g Chl-a (Table 1-1) (Speeckaert et al., 2018; McParland and Levine,
2019). We only found one published data to recalculate the DMSO,:Chl-a ratio of S. costatum
that was very low with 0.03 mmolS:g Chl-a (Table 1-1)

Table 1-1: Resume of the DMSP;:Chl-a and DMSO,:Chl-a ratio found from the published data available for the species S.
costatum, P. globosa and H. triquetra.

DMSPy:Chla  DMSO;:Chl-a

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

Diatom Diatom Skeletonema S. costatum 35.3 1

Diatom Diatom Skeletonema S. costatum 8.3 2

Diatom Diatom Skeletonema S. costatum 0.03 3
Dinophyceae Dinophyceae Heterocapsa H. triquetra 98.8 4
Dinophyceae Dinophyceae Heterocapsa H. triquetra 153.7 8.6 5
Prymnesiophyceae Prymnesiophyceae Phaeocystis P. globosa 78.4 2
Prymnesiophyceae Prymnesiophyceae Phaeocystis P. globosa 95.2 1
Prymnesiophyceae Prymnesiophyceae Phaeocystis P. globosa 1.2 6
Prymnesiophyceae Prymnesiophyceae Phaeocystis P. globosa 733 1.3 5
Prymnesiophyceae Prymnesiophyceae Phaeocystis P. globosa 0.5 3

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

6.2 Prymnesiophyceae - Phaeocystis globosa

The phytoplankton group Prymnesiophyceae (or Haptophyte) concerns only 300 different
known species. They are important to primary production, the structure of the food chain and
also for sedimentary rock formation. Their most important accessory pigment is fucoxanthin
(Hoppenrath et al., 2009). This class is also known to produce DMSP with the two
representatives E. huxleyi and Phaeocystis sp. that we already cited previously. They are also
studied due to their capacity to form monospecific and large-scale blooms in the North Atlantic,
Arctic, and Antarctic ocean (Caruana and Malin, 2014). This phytoplankton group includes
Harmful Algal Bloom (HAB - rapid proliferation and/or high biomass accumulation of toxic or
otherwise noxious microalgae; Anderson et al., 2012) species, either ichthyotoxic such as
Chrysochromulina sp., Prymnesium sp. or high biomass forming species such as Phaeocystis
sp. The latter can form colonies with mucilaginous matrix in the Barents Sea, Norwegian fjords,
the Southern Ocean, and coastal waters of the North Sea (Lancelot 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 activities, but are also responsible of clogging fishing
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nets, repulsing fish, and probably having negative impacts on benthic life (Rousseau et al.,
2000). In the Belgian Coastal Zone discussed in the next section, Phaeocystis globosa occurs
as a single spring event lasting between 4 — 13 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 making them
unpalatable to the mesozooplankton. If turbulent conditions co-occur with the bloom, the
colony matrix (polysaccharides) is whipped into a soapy foam that regularly accumulates on

beaches along the coast (Rousseau et al., 2000).
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Figure 1-15: P. globosa haploid-diploid life cycle. The syngamy of two haploid micro or mesoflagellates cells produces the
diploid macroflagellate that (a) can aggregate on a substrate (i.e. diatoms) 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 substrate. (d)
The spherical colony can change to a prolate spheroid. Under high turbulence, 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 from the colony
and (h) are grazed by the microzooplankton. (i) At the end of the bloom, when 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 colony performs meiosis to form (n) new meso- or
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 and Géibler-Schwarz (2012).
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It has a complex life cycle consisting of three different flagellates and one non-motile cell stage
embedded in carbohydrate matrix-forming colonies of different size and forms (Fig. 1-15).
Briefly, the cycle can begin with (a) a diploid macroflagellate attaches to a solid substrate and
from there (b) into a colony with diploid nonflagellate cells - The transition between the young
colony and the macroflagellate is reversible under high turbulence; (c¢) The colony detaches of
the substrate and grows (mitosis), with (d) eventually changes from a spherical to a prolate
spheroid - Environmental factors influence the colony development (i.e. daily irradiance,
nutrient such as vitamin B1, or zooplankton exudates); (e) With high turbulence, the colony
fragments and (f) forms new 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 lysis inside the colony,
and (k) cells are grazed by intruding microzooplankton (1) until a “ghost” colony remains. When
both the irradiance and nutrients are low, due to (m) sedimentation to the seafloor, (n) haploid
micro- and mesoflagellates are formed (meiosis), (0) might escape the colony, and perform
syngamy producing the diploid macroflagellate (Rousseau et al., 2007; Peperzak and Gébler-
Schwarz, 2012).

Stefels et al. (2007) calculated for the Prymnesiophyceae a DMSP,:Chl-a ratio of 52 + 37
mmolS:g Chl-a. P. globosa is characterized by a DMSP;,:Ch-a ratio varying from 73.3 to 95.2
(82.3 £ 11.5) mmolS:g Chl-a (Table 1-1). The DMSO,:Chl-a ratio was lower with an average
of 1.0 £ 0.4 mmolS:g Chl-a (Table 1-1).

6.3 Dinoflagellates - Heterocapsa triquetra

The dinoflagellates comprise more than 2000 species and are found in the most aquatic
environments worldwide, including both photosynthetic, heterotrophic and mixotrophic species
(Caruana, 2010). They play an important role as plankton organisms both in sea and fresh waters
(Fritsch, 1971). They are mostly unicellular but rare species are filamentous or able to form
chains (i.e. Alexandrium) (Caruana, 2010). Cellular sizes vary between 20 to 200 pm with
minima and extrema of 3 um and 2 mm. The best-known species might be the genus
Symbodinium that lives in symbiosis with scleractinian corals (Goodson et al., 2001). They are
characterized by “naked” or “armoured” form, where the first is more oceanic while the second
concerns neritic plankton (Fritsch, 1971). The armoured form involves a thecae composed of a
cellulose plate beneath the cellular membrane, providing a rigid structure and the diversity of

this class (Fritsch, 1971; Caruana, 2010). The dinoflagellates include motile unicells but also a
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sedentary phase and has a complex life cycle (Fig. 1-16). Motile individuals feature two flagella
arising close together but different in structure and orientation (Fritsch, 1971; Caruana, 2010).
This mobility confers the advantage to perform diel vertical migration in calm waters: migrating
to the surface during the day to capture light and to deeper waters where nutrients may be more

available during the night (Raven and Richardson, 1984).
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Figure 1-16: Schematic diagram of a dinoflagellate life cycle including the cyst formation. More than 10% of the 2000 known
species produce cysts as part of their life cycle. The cyst remains in the sediment during unfavourable conditions for vegetative
growth. The vegetative diploid 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 endogenous
(maturation minimum period or dormancy) and exogenous (favourable environmental parameters) controls. The pellicle cyst
is characterized by thin-wall and has no dormancy. (d) The mitosis of the planozygote produces diploid vegetative cells. (e)
The excystment of the diploid cyst produce the planomeiozygote leading to the vegetative cell. (f) The haploid gametes can
also have a vegetative life cycle and (g) endures the en- and excystment. Representation based on Iwataki et al. (2008) and
Bravo and Figueroa (2014).

Dinoflagellates were highlighted in the earliest research on DMS(P) as high-DMS(P) producers.
They were used as a model class to various studies including the DL activity or the biosynthesis
pathway of DMSP production (Caruana and Malin, 2014 and citations therein). It is assumed
that dinoflagellates are one of the most significant groups in term of DMSP production (Keller
et al., 1989; Stefels et al., 2007; McParland and Levine, 2019). Nevertheless, this idea hides the
high variability within this phytoplankton group where some dinoflagellates have very high
intracellular DMSP whereas little to none DMSP was detected in others (Keller et al., 1989;
Stefels et al., 2007; Caruana and Malin, 2014; McParland and Levine, 2019). The reasons for
this high variability are still unknown (Caruana and Malin, 2014). In addition, high intraspecific
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variability (14 — 220%) is observed between different strains or between multiple analyses in
the same strain. This variability might come from the different genotypes or phenotypes when
the strains are different or might also result from different environmental conditions at the time
of sampling (Caruana and Malin, 2014). Their DL activity is covering 2 order of magnitude
from 0.15 to 13.26 mmol L'cn h' regarding the inter- and intra-specific variability.
Nevertheless, only few dinoflagellates were investigated for DL activity (n = 12) (Caruana and
Malin, 2014).

Table 1-2: Resume of the DMSP;,:Chl-a and DMSOy:Chl-a ratio found from the published data available for the phytoplankton
group of dinoflagellates for species characterizing the North Sea.

Class Genus Species DMSPp:Chla (mmol:g) DMSOp:Chl-a (mmol:g) Data from
Dinoflagellate Gymnodinium G. simplex 195.1 0.1 1,2
Dinoflagellate Gyrodinium G. aureolum 0.4 1
Dinoflagellate Heterocapsa H. rotundata 18.8 3
Dinoflagellate Heterocapsa H. rotundata 17.7 4
Dinoflagellate Heterocapsa H. rotundata 19.5 4
Dinoflagellate Heterocapsa H. triguetra 98.8 5
Dinoflagellate Heterocapsa Heterocapsa sp. 116.2 1
Dinoflagellate Heterocapsa H. triquetra 153.7 8.6 6
Dinoflagellate Karenia K. mikimotoi 0.1 7
Dinoflagellate Karlodinium K. veneficum 3.9 8
Dinoflagellate Katodinium Katodinium sp. 41.2 9
Dinoflagellate Tripos 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. (2009); 8. Lee et al.

The mean DMSP,:Chl-a ratio calculated in Stefels et al. (2007) is 111 £ 168 mmolS:g Chl-a.
In this ratio, it is including for instance genera from Heterocapsa, Gymnodinium or Tripos that
are characterized by DMSP,:Chl-a significantly different (Table 1-2). The DMSO,
concentration is less studied since we only found two studies allowing us to obtain the
DMSO,;:Chl-a ratio of 4.4 £ 6.0 mmolS:g Chl-a (Hatton and Wilson, 2007; Speeckaert et al.,
2019).

Heterocapsa triquetra is considered from the armoured dinoflagellates of the order of
Peridiniales, characterized by a series of unequal polygonal cellulose plate. Its size is comprised
between 16 — 30 um with a width of 9 — 18 um. H. triquetra is distributed throughout a neritic
or estuarine habitat generally during summer when extensive bloom can occur in low salinity

in temperate coastal waters. It is a mixotroph with both sexual and asexual reproduction.
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7 Study cases for field sampling

7.1 The North Sea

We realised during this thesis two field samplings including one year of sampling in 2018 in
the Belgian Coastal Zone (BCZ) in the Southern North Sea, and one month of sampling in
August 2018 in the Northern North Sea (NNS). The North Sea is then described as a whole,
englobing the NNS, while the BCZ characteristics are explained further.

The North Sea is a semi-enclosed marginal sea of the North Atlantic Ocean and is situated on
the European continental shelf. It is connected to the Atlantic Ocean in the South through the
English Channel and in the North with the Norwegian Sea. There is also a connection with the
Baltic Sea in the East (Quante et al., 2016). The average bathymetry is about 90 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 more saline
input from the English Channel (Paramor et al., 2009; Quante et al., 2016). This leads to an
anti-clockwise rotation along the edges (Fig. 1-17). Nutrient inputs come principally from the
inflow of the North Atlantic, while the highest concentrations come from the riverine inputs
and atmospheric depositions of nitrogen (Druon et al., 2004; Paramor et al., 2009, Quante et
al., 2016). The major rivers discharging freshwater are the Forth, Humber, Thames, Seine,
Meuse, Scheldt, Rhine, Ems, Weser, Elbe, and Glomma. The melt water from Norway and
Sweden contribute about a third of the annual input of freshwater (Quante et al., 2016). The
North Sea is one of the most productive and biologically rich regions of the world (Emeis et al.,
2015). The North Sea’s ecosystem 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 (Quante et al.,

2016).

As a temperate sea, the North Sea is characterized by a clear seasonal production cycle with:
(1) in winter, the primary production is limited by light availability; (2) in spring and due to
higher light levels and rising temperatures, distinct phytoplankton bloom occurs at the sea
surface. In summer and/or autumn, dinoflagellates blooms might also occur (Cushing, 1959 in
Quante et al., 2016), 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 Sea (SNS) in late
winter/early spring while it develops later in the northern part (Colebrook, 1979). Primary

productivity in the SNS relies 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 follows (Quante et al., 2016 and citations therein): (1) nutrients accumulate
in autumn and winter due to intense mineralisation with the peak generally occurring in late
winter; (2) silicate and phosphate become the first nutrients to be depleted in coastal waters in
spring, slowing the growth of diatoms; (3) excess nitrate will be taken by flagellates; (4)
nutrients become depleted in most of the North Sea due to the summer stratification; (5) surface
nutrient concentrations increase in autumn after mineralisation has occurred in deeper water
layers and are brought to the euphotic zone by stormy autumn weather. Nitrogen is considered
to be the limiting nutrient in the Central North Sea while in the Coastal Zones it is generally

phosphate.

Figure 1-17: Map of the North Sea including the circulation system according to OSPAR (2000) in Quante et al. (2016).

7.2 The particular case of the Belgian Coastal Zone

The South Bight of the North Sea that includes the BCZ is surrounding by industrialized
countries (Belgium, France, England, and Holland) (Fig. 1-18). The seawater in this area is
well-mixed and under the influence of riverine inputs from the Rhine, the Meuse, the Seine, the
Scheldt, and the Thames. As in the case of many other marine coastal areas, the BCZ is largely

eutrophied due to riverine, atmospheric, and transboundary inputs of land-based nutrients
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(Rousseau et al., 2002). Indeed, the North Sea is subjected to anthropogenic loads of nitrogen
and phosphorus 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 food web as well as the
services and goods provided by the coastal environment (Rousseau et al., 2002). The nutrient
contributions have led to an excess of nitrate compared to phosphate and silica, resulting in the
proliferation of non-siliceous phytoplankton such as Phaeocystis globosa. As it was mentioned
previously, this species can be at the origin of high biomass in spring when the silica becomes
the limiting nutrient for diatoms (Lancelot et al., 2005). The coastal zones in the area are also
under the threat of increased Sea Surface Temperature (SST) since the 80’s. The consequences
of these external drivers are the changes in the physiology, abundance, and phenology of marine

phytoplankton (Desmit et al., 2019).
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Figure 1-18: Maps of 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 by a very high phytoplankton biomass and phytoplankton succession
as following: (1) the first bloom occurs in late February - March with diatoms, (2) directly
followed by a huge biomass peak of Phaeocystis globosa in April-May, and (3) another diatom
bloom at the end of summer-beginning of autumn (Rousseau et al., 2002). The first bloom is
mainly dominated by colonial diatoms such as Asterionellopsis sp., Thalassiosira sp.,
Thalassionema sp., or Skeletonema sp. but they are rapidly limited by silica inputs. The species
Chaetoceros sp. will also be present and will coexist temporally with the Phaeocystis globosa
efflorescence. Finally, the last bloom of summer-autumn are characterized by the same colonial

diatoms that were present in early spring. Each of these blooms occur because of changes in
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SST, light intensity, and nutrient availability. The light intensity is, for example, one of the most
important factors in the onset of the early diatom spring bloom. The Phaeocystis efflorescence
will depend on the remaining nitrate concentrations after the diatom bloom (Rousseau et al.,
2002). More details will be provided in Chapter III with the analysis of the phytoplankton
succession during the year 2016 and 2018.

Since the DMS emissions result from bacterioplankton processes and the production of their
two precursors (DMS(P,0)), their concentration throughout the year will depend on a
succession of low- and high-DMSP producers. It was mentioned previously that the diatoms
are considered to be low-DMSP producers while the Prymnesiophyceae, Phaeocystis globosa,
produce high amounts of DMSP. These prerequisites lead to important DMS(P) concentrations
during the Phaeocystis bloom in April — May, as consequence that the South Bight of the North
Sea is considered as high-DMS producing regions at global scale (Lana et al., 2011). The
seasonal DMS(P) variations were studied by field measurements and modelization in the two
last decades (Turner et al., 1988; Kwint and Kramer, 1996; van den Berg et al., 1996; van Duyl
et al., 1998; Archer et al., 2002; Gypens et al., 2014, Speeckaert et al., 2018). The seasonal and
spatial variations of DMS(P,0O) will be discussed in Chapter III and V.
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8 Research objectives

As it was mentioned previously, DMS(P,0) play several hypothetical roles within
phytoplankton cells. These roles depend on environmental drivers such as salinity, temperature,
nutrient concentration, or light intensity. In addition, phytoplankton will produce DMS(P,0O) in

several orders of magnitude depending on the phytoplankton species.

Thus, the main idea driving this thesis is to study the influence of phytoplankton diversity or
taxonomy as well as external drivers that promote DMS(P,O) production inside 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 unknown. This thesis is then built around experiments in laboratory and

measurements on field samples.

In this context, the laboratory experiments involve three phytoplankton species present in the
SNS and including a low-DMSP producer — the diatom S. costatum — and two high-DMSP
producers — the Prymnesiophyceae P. globosa, and the dinoflagellate H. triquetra. They cover
three phytoplankton groups with different initial DMS(P,0), concentrations (Keller et al., 1989;
McParland and Levine, 2019). They were grown in monoculture with controlled temperature
and salinity conditions to study the influence of increasing light intensity and pro-oxidant
molecules on the DMS(P,0), production. The following assumptions arise from the antioxidant

cascade reactions suggested by Sunda et al. (2002) and are discussed in Chapter I1I:

> Hypothesis n°1

The oxidative stress produced by increasing light intensity or pro-oxidant molecules induces

variations in DMS(P,0), content.

> Hypothesis n°2

These DMS(P,0), variations are different between the three phytoplankton species because
of their initial DMS(P,0), concentration.

In the second part of this thesis, the field sampling covers the BCZ during the year 2018
(Chapter 1V) that will be compared to the year 2016 (Speeckaert et al., 2018) to analyse the
interannual variation. A second field sampling was also performed in the NNS in August 2018
(Chapter V). The field measurements force us to consider all the abiotic conditions — salinity,

temperature, nutrient concentrations, and incident light — to explain the variations in
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phytoplankton biomass and diversity to understand and explain the resulting DMS(P,0),

concentrations.

> Hypothesis n°3

The seasonal or spatial variation of abiotic parameters affects the biomass and composition

of marine phytoplankton (Chapter IV and V).

> Hypothesis n°4

These changes in phytoplankton biomass do not necessarily have an impact on the

DMS(P,0) concentrations which depend on the relative abundance of low- or high-DMSP
producers (Chapter IV).

> Hypothesis n°5

Considering the antioxidant function, the DMS(P,O), concentrations are linked to the

incident light as well as ancillary parameters such as the photoprotective pigments (Chapter

V).

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

can be estimated based on the taxonomic composition.

Since DMS(P,O) play a central role in the global sulfur cycle, addressing the previous
hypothesis is critical to better constrain DMS(P,O) 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,O) concentrations and regulation of their
production in three main phytoplankton groups will lead ultimately to better constrain and

improve the modelization of the ocean-atmosphere DMS flux and its climate impact.
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Chapter II — Material and methods: Overview

“The best way to show that a stick is crooked is not to argue about it or to spend time

denouncing it, but to lay a straight stick alongside it”.

- D.L. Moody
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1 Phytoplankton culture

1.1 Culture equipment

This thesis was based on a cell approach and three phytoplankton species were chosen within
three phytoplankton groups. The species were a diatom (1) Skeletonema costatum isolated from
the Southern North Sea; the Prymnesiophyceae Phaeocystis globosa RCC1719 originating
from Roscoff Culture Collection (English Channel, France), known for its bloom in the North
Sea; and the dinoflagellate Heterocapsa triqguetra RCC4800 originating from Roscoff Culture
Collection (English Channel, France). The Prymnesiophyceae and dinoflagellates exhibit DL
activity (Stefels and Dijkhuizen, 1996; Caruana and Malin, 2014). The species were maintained
axenically in exponential growth at salinity of 34 (S34) and a temperature of 15°C with a 12:12h
light: dark cycle under an irradiance of 100 pmol quanta m™s™!. The seawater used for the
culture was collected in the BCZ at 3 meters depth, kept in the dark for several months, filtered
and autoclaved to avoid bacterial contamination. The seawater was enriched with nutrients
according to f/2 culture medium from Guillard and Ryther (1962). Silica (Na2SiOs; final

concentration 107 umol L!) was added in the culture medium for S. costatum.

1.1 Experimental setup

Oxidative stress and its effects on DMS(P,0) production were analysed by three different
methods using (Fig. 2-1):

1) High light (HL) intensities (600 and 1200 pmol quanta ms™) to produce a natural
oxidative stress. The irradiance of 100 umol quanta m™s! will be referred as the control
light or I0 while 600 and 1200 pmol quanta m2s™' as I1 and 12, respectively. We
performed long- (8-12 days) and short-term (6h) treatments to create this high light
oxidative stress.

2) Menadione Sodium Bisulfite (MSB) was used to chemically produce O~ inside the cell.
It is widely used in the study of oxidant stress in plants (Sun et al., 1999). The treatment
was inflicted during 6h.

3) 3-(3,4-dichlorophenyl)-1, I-dimethylurea (DCMU) was used to inhibit the photosystem
IT and promote the ROS production. DCMU is generally used as an herbicide to block
the electron flux in the PSII from the electron acceptor quinone Qa to the secondary
quinone acceptor Qg (Haynes et al., 2000; Baker, 2008). This results in a rapid reduction
of Qa and an increase in fluorescence as photochemical quenching is prevented (Baker,

2008). DCMU maintains all the reaction centres closed under incident irradiance (Huot
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and Babin, 2010). The phytoplankton cultures was exposed to DCMU under 12 during
6h.

1.2 Sampling

For the long-term HL treatment, phytoplankton cultures were sampled at mid-exponential
growth stage to determine the cell density, the Chl-a, and the DMS(P,0) concentrations.

For the 6h treatment of MSB, DCMU and HL, cultures were sampled at tOh and t6h to analyse
the Chl-a concentration, the ROS production, the LPO, the PSII activity, and the DMS(P,0O)

concentrations.

T=15°C =100 Control culture 12h:12h
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Figure 2-1: Experimental setup for the oxidative stress experiments with T = temperature (°C); I = light intensity (umol quanta

m?s7; S = salinity and t = time (h or days).
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1.3 Analyses

1.3.1 Cell density

The cellular density for the long-term HL treatment was performed at different growth stages
by microscopy according to Utermohl method (Hasle, 1978); or by using a Z2 Coulter Particle
Count and Size Analyser for the DCMU short-term oxidative stress experiments. The cellular
biovolume was calculated by measuring the dimensions of cells according to Hillebrand et al.

(1999) and converted in carbon biomass with the equations proposed by Menden-Deuer et

Lessard (2000).

1.3.2 Chlorophyll-a

The Chl-a concentration was analyzed by filtration of a known volume of phytoplankton culture
and its further extraction with acetone 90% and its measure by fluorimetry (Strickland and
Parsons, 1972). For the short-term oxidative stress experiments, MeOH was used for the

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

1.3.3  DMS(P,0)

DMS(P,0) analyses were performed using a gas chromatography after the conversion of DMSP
in DMS by sodium hydroxide (Dacey and Blough, 1987; Stefels, 2009), and the conversion of
DMSO in DMS by TiCl;z (Kiene and Gerard, 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 the intracellular DMS(P,O). The gas chromatography
was associated with a purge and trap system to preconcentrate the DMS from the previous
conversion before its injection in the GC. More details are provided for the sulfur analysis in

the Chapter III.

1.3.4 Chlorophyll fluorescence

For the three oxidative stress applied, fluorescence in vivo was measured using a SpeedZen
JBeamBio camera allowing us to analyse the efficiency of PSII (®psi). Dummermuth et al.
(2003) have shown that the measurement of the in vivo fluorescence of ®psii is a suitable tool
to determine the effect of oxidative stress in algae and it is widespread in physiological and
ecophysiological studies (Baker, 2008). As described previously, three competing pathways are
dominant when light energy arrives to the photosystem: (1) photochemistry, (2) heat dissipation
and (3) fluorescence. The sum of the 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, 2010). The measurement of this fluorescence provides a rapid method to
characterize the PSII operating efficiency under different light conditions or other stress (Baker,
2008). The method used was the saturation pulse method (Fig. 2-2) to estimate the
photochemical quantum yield. Minimum fluorescence yield (Fo) occurs after dark adaptation
when all the reaction centres (RCs, Qa) of the PSII are open (or oxidised). It means if energy
reaches the RCs, it has the maximal chance of being utilised photochemically and negligible
chance of being dissipated as heat or fluorescence (Baker, 2008; Cosgrove and Borowitzka,
2010). We then applied a pulse of high light intensity saturating all the RCs of the PSII (closure
or reduction of the RCs, Qa), the photochemistry is reduced to zero and the maximal
fluorescence level is observed (Fm). The non-photochemical quenching is negligible since the
samples were dark adapted. After this point and with actinic light, the sample is no longer
adapted to the dark, and the non-photochemical quenching will act to quench the fluorescence
yield. The achieved maximum fluorescence yield is now lower and noted F,'. The difference
between Fi, and Fne can be used as a measure of the non-photochemical quenching (Baker,

2008; Cosgrove and Borowitzka, 2010).

(Fm"F.)/Fm‘
= @pgyy

Relative Fluorescence Yield

Saturing pulse Activation Desactivation
actinic light actinic light

Time (s)
Figure 2-2: Schematic representation of the saturating pulse method use for the oxidative stress experiment.
In the oxidative stress experiments, this saturation pulse method can be used to estimate the
efficiency of the PSII photochemistry (®psi) (Genty et al., 1989). Environmental factors such
as the light intensity, nutrient concentrations, and temperature (Wozniak et al., 2002), that will
impact the @psy, will directly or indirectly also impact the maximum theoretical yield of PSII

(Fv/Fm) (Greene et al., 1992). These F./Fi, values generally decrease when oxidative stress is
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applied (Baker, 2008). The down-regulation of the PSII photochemistry may act as
photoprotective mechanisms to reduce the formation of the triplet state Chlorophyll (3Chl") in
the PSII and the formation of ROS, as well as high levels of de-epoxidised xanthophyll cycle
pigments (Krause and Jahns, 2004).

1.3.5 Reactive Oxygen Species concentration

The intracellular ROS concentration is visualized by spectrophotometry using the 5-(and-6)-
carboxy-2’,7’-dichlorodihydrofluorescein diacetate (carboxy-H.DCFDA; Molecular Probes,
Invitrogen) for the MSB treatments. For HL and DCMU stresses, a colourless probe Amplex
Red (10-acetyl-3,7-dihydroxyphenoxazine; Invitrogen A12222) was used to determine the
extracellular H,O» concentration by spectrophotometry. More details are provided in Chapter

I1I.

1.3.6 Lipid Peroxidation

Assessment of oxidative damage in phytoplankton cells exposed to each oxidative stress (HL,
MSB, and DCMU) was achieved by the Peroxidetect Kit (Sigma Aldrich) and measured by
spectrophotometry. The level of lipid peroxidation in parallel of ROS production has been
widely used as an indicator of ROS mediated damage to cell membranes under stressful

conditions (Sharma et al., 2012). More details are provided in Chapter III.

2 Field sampling

2.1 Belgian Coastal Zone

2.1.1 Sampling

Sampling was carried out on the RV Simon Stevin in 2016 and 2018 at 5 fixed stations chosen
to cover both near-offshore 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 March and May during the spring phytoplanktonic bloom. Seawater
samples were collected at 3 meters depth for further analysis of Chl-a, DMS(P,0O)
concentrations and DNA extraction. These analyses were performed using the same protocols

as explained previously.

The abiotic measurements of sea-surface temperature (SST), sea-surface salinity (SSS),
suspended particulate matter (SPM), nutrients concentrations were carried out by the Vlaams
Instituut voor de Zee (VLIZ) (http://rshiny.lifewatch.be/Station%20data/) (Flanders 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 Meteorological Institute of

Belgium.

2.1.2 DNA sequencing

DNA was sampled by filtering seawater on 0.2 pum filters (Tynes, 2013). The DNA was
extracted using DNeasy Plant Qiagen following manufacturer’s protocol. Sequencing was
performed using Illumina MiSeq sequencer, analysed using R software package phyloseq
(McMurdie and Holmes, 2013) and the taxonomic annotation database used was Silva 1.32.
Several assumptions were decided for the analysis and more details can be found in the Chapter

IV.

2.2 Northern North Sea

2.2.1 Sampling

Sampling of the physical, chemical, and biological parameters was carried out on the RV
Heincke during the expedition HE517 that started the 19 August and ended the 04 September
2018. Three transects were chosen to be analysed to cover (1) the area from 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 Zone. Seawater samples were
collected at different depths to cover the vertical profile. All the samples were kept for further
analysis of Chl-a, nutrients and DMS(P,0) concentrations. The abiotic measurements of
temperature and salinity were carried out by Rottgers and Wizotzki (2018). The DNA
sequencing protocol applied for the NNS was the same as the one explained previously for the

BCZ.

2.2.2  Nutrients
The filtered seawater was analysed by colorimetry and the nutrients were measured for silicates,
phosphates, and ammonium according to Koroleff (1983a, b, ¢) and according to Grasshoff

(1983) for nitrates. More details are provided on Chapter V.
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Chapter III — Response of DMSP and DMSO cell
quotas to oxidative stress 1n three phytoplankton

species

"Mostly I 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 need to be 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 DMSP-lyase (DL) and the cleavage 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 diatom Skeletonema costatum, the Prymnesiophyceae Phaeocystis globosa and the
dinoflagellate Heterocapsa triquetra) to different experimental treatments known to cause
oxidative stress (high light intensities (HL); HL in combination to 3-(3,4-dichlorophenyl)-1,1-
dimethylurea (DCMU); menadione sodium bisulfite (MSB)). DMS(P,0O) 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. DMSP-to-cell ratios in
control conditions were found to be lower in S. costatum and P. globosa than H. triquetra, with
the later species being more sensitive and unable to grow under HL. During long-term treatment
(10 days), DMS(P,O) concentrations were not increased in high-light grown cells of P. globosa
and S. costatum. Overall 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 the cell/species to tolerate an oxidative stress.

63| Page



2 Introduction

Light, temperature, and nutrient availability can be highly dynamic in aquatic ecosystems,
varying at short (from seconds to hours; e.g. light) and long timescales (from day to season; e.g.
temperature, nutrients, or light) (Litchman and Klausmeier, 2001; Miiller et al., 2001; Jahns and
Holzwarth, 2012; Erickson et al., 2015). Hence in phytoplanktonic cells light harvesting
capacity has to be continuously adjusted to meet the cellular energetic demands, which in turn
depend on the nutritional status of the cell (Goss and Jacob, 2010). With the evolution of
processes such as photosynthesis or respiration, it has been established that all oxygen-
metabolizing organisms produce reactive oxygen species (ROS) (Apel and Hirt, 2004; Lesser,
2006; Diaz and Plummer, 2018). ROS are a group of free radicals, reactive molecules, and ions
derived from molecular dioxygen (O2; Sharma et al., 2012). In phototrophic organisms, ROS
are mainly produced within the chloroplasts by: (1) energy transfer from excited chlorophyll
(Chl) to O, leading to the formation of singlet oxygen ('O>) at the photosystem II (PSII) (Jahns
and Holzwarth, 2012; Ruban et al., 2012; Pospisil, 2016); and (2) direct reduction of oxygen at
the acceptor side of photosystem I (PSI) (Mehler reaction), leading to the formation of
superoxide radicals (O2"). This latter can be subsequently dismutated to hydrogen peroxide
(H202) and further hydroxyl radical (OH-) in presence of transition metal via the Haber-
Weiss/Fenton reaction (Mallick and Mohn, 2000; Apel and Kirt, 2004; Jahns and Holzwarth,
2012; Pospisil, 2016). These ROS are scavenged by enzymatic antioxidants, such as dismutases,
catalases and peroxidases (Apel and Hirt, 2004; Asada, 2006), and non-enzymatic antioxidant
compounds comprising ascorbate, glutathione, a-tocopherol, flavonoids, alkaloids, and
carotenoids (Dummermuth et al., 2003; Lesser, 2006). However, under adverse environmental
conditions (i.e. high light intensity), the tight equilibrium between ROS production and the
antioxidant network can be destabilized, and ROS in excess cause damages to proteins, lipids,
carbohydrates, deoxyribonucleic acid (DNA), and ultimately trigger cell death (Apel and Kirt,
2004; Lesser, 2006; Van Alstyne, 2008; Gardner et al. 2016).

The dimethylsulfoniopropionate (DMSP), dimethylsulfoxide (DMSO) (here after DMS(P,0))
are biogenic sulphur molecules that play a key role in the cycling of dimethylsulfide (DMS), a
climate active gas (Liss et al., 1997; Stefels et al., 2007). DMS(P,0O) are ubiquitous in seawater
and produced by a large variety of micro- and macroalgae as well as some angiosperms and
corals (Keller et al., 1989; Stefels, 2000; Sim6 and Vila-Costa, 2006; Hatton and Wilson, 2007;
Raina et al., 2013; Borges and Champenois, 2017; McParland and Levine, 2019). DMS(P,0O)
may act as cryoprotectants, osmolytes (Kirst et al., 1996; Bucciarelli and Sunda, 2003),
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zooplankton deterrents (Wolfe et al., 1997; Strom et al., 2003) or as signalling compounds
(Stefels, 2000; Seymour et al., 2010). In addition, both DMS and its precursors DMS(P,O) are
suspected to act as antioxidant molecules because: (1) the potential for DMSP accumulation in
chloroplasts is in line with 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, UV-radiation, nutrient limitation, or hyposalinity (Karsten
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 reduce oxidative damages (Husband
et al., 2012); and (4) they can readily scavenge ROS, in particular OH- (Scaduto, 1995; Lee and
De Mora, 1999; Sunda et al., 2002). The antioxidant capacity of the DMSP pathway would be
partly regulated by the activity of DMSP-lyase (DL) as the enzyme cleavage products, DMS
and acrylate, are ~60 and ~20 times more efficient in OH- scavenging than DMSP (Sunda et
al., 2002). In addition, DMS could also react with 'O, (Wilkinson et al., 1995). Finally, DMS
released by the activation of the DMS(P,0) 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 climate-cooling feedback loop
(CLAW hypothesis, Charlson et al., 1987; Sunda et al., 2002). Within marine phytoplankton,
the Prymnesiophyceae and the dinoflagellates are considered as high-DMSP producers while
the diatoms are low-DMSP producers even if a high variability within each group is observed
(Keller et al., 1989; Stefels et al., 2007; McParland and Levine, 2019). Also, 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., 2015). Overall, 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 necessary to better estimate the DMS(P,0) concentrations
based on Chl-a and the phytoplankton composition. The clarification of the biological role of
DMS(P,O) within the phytoplankton cell can also improve our understanding of how any
climate feedback loop might operate (Ayers and Cainey, 2007) and ultimately, will help to
better assess the DMS fluxes in ocean-atmosphere modelling systems. In order to improve our
understanding of the antioxidant role played by DMS(P,0O) in marine phytoplankton, we

investigated the impact of oxidative stress on DMS(P,0) cellular concentrations in three
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phytoplankton species, characterized by different DMS(P,0):Chl-a contents. To this end,
monospecific cultures of Skeletonema costatum (diatom), Phaeocystis globosa
(Prymnesiophyceae) and Heterocapsa triquetra (dinoflagellate) were exposed to three different
experimental treatments known to cause oxidative stress and consisting in: (1) a light stress; (2)
an exposition to menadione sodium bisulfite (MSB), a prooxidant molecule; and (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 diatom Skeletonema costatum isolated from the
Southern North Sea; the Prymnesiophyceae Phaeocystis globosa RCC1719 originating from
the Roscoff Culture Collection (English Channel, France); and the dinoflagellate Heterocapsa
triquetra RCC4800 originating from the Roscoff 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, 1962) made with 0.2 pum filtered and autoclaved natural seawater
(collected at the Belgian Coastal Zone). Silica (Na;SiOs; final concentration 107 pmol L) was
added in the culture medium for S. costatum. Batch 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 umol photons m™ s™! (12h:12h light:dark cycle) in an Aralab Fitoclima S600 incubator.
Light intensities were determined between 400 and 700 nm using a LI-250 light meter (Li-Cor,
USA) with a US-SQS/A light sensor (Walz, Germany).

3.2 Experimental treatments

Three experimental treatments were designed to assess the impact of ROS production on
DMS(P,0) 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 temperature was kept at 15°C.

During the long-term HL stress, cells cultured at 100 umol photons m™ s (control; 10) were
exposed to light intensities of 600 (I1) and 1200 (I2) pmol photons m™ s (12h:12h light:dark
cycle) for up to 15 days. Cellular density, Chl-a and DMS(P,O) contents were analysed at mid-

exponential growth stage (days 8-10) of this long-term stress.
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A short-term HL treatment of 6h at 1200 pmol photons m™ s™ was applied to cells cultured at
100 pmol photons m?2s™! 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 umol
L' of MSB diluted in F/2 medium. This water-soluble 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 in presence of Oy, the unstable semiquinones formed enter into a redox
cycle, causing the reformation of quinones with the concomitant generation of O2" and H,0»
(Hassan and Fridovich, 1979). The MSB concentration applied was determined experimentally
on the basis of photosynthetic activity measurements (®PSII) in dark adapted samples (see
3.3.3 Chlorophyll fluorescence measurements). A treatment of 6h at 25 pmol L™! was chosen
because it moderately impacted the photophysiology of the species investigated (i.e. by 25-
50%).

And finally, for the third experimental treatment, cells were exposed for 6h to 1200 pmol
photon m?s™! in presence of 10 nmol L' DCMU. This inhibitor competes for the binding site
of plastoquinone Qg and blocks the electron flux from PSII, promoting the formation of ROS
within the chloroplasts (Haynes et al., 2000; Baker et al., 2008). Based on the photosynthetic
activity measurement (®PSII) after 30 min in dark adapted samples (see 3.3.3 Chlorophyll
fluorescence measurements), the concentration chosen in this study inhibited PSII activity by

60, 70 and 40% in S. costatum, P. globosa and H. triquetra, respectively.

3.3 Analyses

The assessment of the oxidative stress applied was studied by the analyses of the cellular Chl-
a quota, the Chl-a fluorescence, the ROS production, and the cellular damages with the LPO.

Those observations were conducted in parallel with the DMS(P,0) cellular quota.

3.3.1 Carbon concentration

The cellular concentration (cell L™!) for the long-term HL treatment was determined at mid-
exponential growth stage with an inverted microscope (Leitz fluovert) by using the Utermohl
sedimentation procedure on samples fixed with lugol-gluteraldehyde (10 uL mL™) (Hasle,
1978). A minimum of 400 cells around the slide were counted to have a 10% maximum error

within a confidence interval of 95% (Lund et al., 1958).
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For the short-term DCMU treatment, the cellular density was obtained using a Z2 Coulter
Particle Count and Size Analyser Version 1.01 with known volume of culture mixed 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 (um?) was calculated by measuring the dimensions of cells according
to Hillebrand et al. (1999) and converted into biomass per cell (pgC cell ') with the equations
proposed by Menden-Deuer and Lessard (2000).

3.3.2 Chlorophyll concentrations

For the long-term HL treatment, a determined volume of the phytoplankton cultures was filtered
on Whatman glass microfiber filters GF/F 25 mm and immediately frozen and stored at -20°C
until analysis (within 1 month after sampling). Chl-a was then extracted at 4°C in acetone 90%
(v:v) and measured fluorometrically using a Kontron Instruments SFM 25 (Strickland and
Parsons, 1972). Chl-a concentrations (ug mL™') were determined using a Chl-a standard

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

For the MSB and DCMU short-term treatments, Chl-fot (Chl-a + Chl-c2) from concentrated
aliquots of cultures (3 600 x g for 3 min) were extracted in ice-cold 100% MeOH in presence
of 0.5 mL of glass beads (710-1180 pm; Sigma-Aldrich, USA). Samples were then vortexed
during 5 min at 30 Hz and at 4°C using a Tissue Lyser II (Qiagen, Germany). After debris
removal (centrifugation 10 000 x g 10 min with a MicroStar 17 (VWR, Belgium)), Chl-tof (png
mL!) were determined by using a SP2000 spectrophotometer (Safas, Monaco) and the
equations of Ritchie (2006). The Chl-fot concentrations were determined at the beginning 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 pg Chl-fot mL! in fresh F/2 medium. The maximum quantum yield
of PSII was calculated as Fv/Fum, where Fyv = Fm—Fo, Fo is the initial fluorescence level in dark-
adapted sample (~10 min) and Fu is the maximum fluorescence level after a saturating pulse of
light (150 ms at 4000 pmol photons m™ s'). The effective photochemical quantum yield

(®PSII) was calculated as (Fm-F)/Fm, where F is the fluorescence signal and Fm is the
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maximum fluorescence level obtained with a saturating pulse under the light (after 3 min at 230
umol photons m? s') (Genty et al., 1989). The Chl-a fluorescence measurements were

performed at 0 and 6h.

3.3.4 ROS production

ROS production was monitored by using carboxy-H,DCFDA (Molecular Probes, Life
technologies) during the MSB treatment and the Amplex Red reagent (Molecular probes, Life
technologies, USA) during the short-term HL and DCMU treatments. For both measurements,
aliquots of cultures were harvested and concentrated by gentle centrifugation to contain 10 ug
Chl-tot mL"! in fresh F/2 medium. ROS production was normalized with initial Chl-tot
concentration at tOh. For the AmplexRed treatment, 150 pmol L' of DTPA 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 O™ (Saragosti et al., 2010).

Carboxy-H2DCFDA is a general oxidative stress indicator. When this non-polar compound
enters the cells, it is deacetylated by esterases to DCFH and converted by various reactive
species into carboxy-DCF, a fluorescent compound. Conditions of this assay were similar to
those described in Roberty et al. (2016). Briefly, 1 mL of each culture was incubated with 25
umol L carboxy-H2DCFDA 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 was then measured in black 96-
well microplates (Greiner Bio-One) 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 short-term HL and DCMU treatments was evaluated
by using the Amplex Red reagent (Molecular probes, Life technologies, USA). This colourless
probe reacts with H>O; in the presence of peroxidase and forms a fluorescent compound,
resorufin. As described in Roberty et al. (2015), aliquots of cultures were combined with
Amplex Red (100 umol L) and horseradish peroxidase (0.2 U mL™), and placed in a Binder
KBI115 incubator (Binder, Germany) set to the treatment conditions. Then, samples were
centrifuged, and the fluorescence emitted by the supernatant in black 96-well microplates was
measured at 590 nm with a 540 nm excitation wavelength provided by a Synergy Mx
spectrofluorometer (Biotek, USA). Concentrations of H>O> were calculated by comparing

fluorescence emitted by the samples to a H,O» standard curve (0 — 10 pmol L). As the Amplex
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Red (AR) reagent is sensitive to photo-oxidation, a Rose Pink filter (Lee Filters, Andover, UK)
was used during experimental treatments to 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 peroxidation assay

The level of lipid peroxidation (LPO; mmol t-BuOOH:g Chl-tof) was assessed in phytoplankton
cells exposed to experimental treatments by using the PeroxiDetect Kit (Sigma Aldrich, USA).
Aliquots of the cultures were harvested and concentrated to obtain a final Chl-fof concentration
of 20 pg mL™! in fresh F/2 medium. LPO was normalized with initial Chl-fot concentration at
tOh. LPO was measured using a methanolic reagent containing xylenol orange and butylated
hydroxytoluene (BHT). The determination of LPO was performed following manufacturer’s
instructions at the beginning and the end of the short-term treatments. Then, the absorbance of

the samples was measured at 560 nm using a SP2000 spectrophotometer (Safas, Monaco).

3.3.6  DMS(P,0) analysis

The DMS(P,0) analyses were performed at mid-exponential growth stage for the long-term HL
acclimation, and at the beginning and the end of the MSB and DCMU treatments. Three
biological replicates of particulate DMS(P,0) (DMS(P,0),) were obtained by the difference
between 10 mL of unfiltered seawater samples (total DMS(P,0) - DMS(P,O),) and dissolved
DMS(P,0) (DMS(P,0)q). DMS(P,0O)q was obtained by gentle filtration of 15 mL and only the
first 10 mL of filtrate were collected to avoid cell destruction at the end of the filtration that
could release DMSP (Kiene and 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 mL™! of 50 % H>SOs4 (del Valle et al. 2011), to arrest any biological
activity (Curran et al, 1998). Samples 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
(Kiene and Slezak, 2006). 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 thickness) equipped
with sulfur 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). For the DMSO
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analysis, 5 mL HCI 37% (HCI 37% Normapur, VWR) and 1 mL TiCls; (30%, Merck) (Kiene
and Gerard, 1994; Deschaseaux et al, 2014) were added into the precedent vial yet analyzed
(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 and Gerard, 1994). The same procedure
was applied for the calibration. The DMSP used was obtained from Research Plus and the
DMSO from 99,9% pure 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. 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 correlation between the variables, the Pearson’s r coefficient and its p value
was used. In case of deviation of normality by the Shapiro-Wilk test (p < 0.05), the non-
parametric Spearman’s p coefficient was applied. The parametric paired-samples Student t-test
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 Shapiro-Wilk test. In
case of deviation of the normality (p < 0.05), the Wilcoxon t-test was applied. These statistics
analyses were performed using JASP software (JASP Team (2019), Version 0.11.1) and the
assumptions were based on Goss-Sampson (2018). Principal component analysis (PCA) was
performed on DMS(P,0), contents (nmol L), Chl-tot (ug L"), Fy/Fum, ®PSII, ROS production
(mole:g Chl-tot; fluorescence:pg Chl-tot) and LPO (mmol:g Chl-tot), using JMP Pro 14.

4 Results

4.1 High light stress

The exposure of low light acclimated cells (i.e. 100 pmol photons m2s™) to 1200 umol photons
m2 s for 6h strongly impacted the photosynthetic activities of the three species investigated.
The maximal photochemical quantum yield (Fv/Fum) was inhibited by 81, 46, and 66%, and the
@®PSII values were decreased by 45%, 48%, and 65% for S. costatum, P. globosa, and H.
triquetra, respectively (p < 0.01; Fig. 3-1A, B). The extracellular ROS production increased
significantly by 3.0 for S. costatum, 2.2 for P. globosa, and 2.7 for H. triquetra (p < 0.05; Fig.
3-1C), but the pool of peroxidised lipids remained unchanged at the end of the experimental
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treatment (Fig. 3-1D). The short-term light stress did not have any significant impact on the

chlorophyll content of the species investigated neither (data not shown).
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Figure 3-1: Evolution of (A) Maximum quantum yield of PSII (Fv/Fm), (B) Effective photochemical quantum yield of PSII
(®PSII), (C) Reactive oxygen species (ROS) (mol H202:g Chl-fot) at the beginning and after 3h, (D) Lipid peroxidation (LPO)
(mmol t-BuOOH:g Chl-tof) with increasing light intensity from 100 to 1200 pmol photon m?s™! during 6h for the three species
S. costatum, P. globosa and H. triquetra. Error bars represent SD calculated from triplicates biological samples. Asterisks
denote significant differences between the time point 0 and 6h (* p <0.05; ** p <0.01; *** p <0.001).

In the long term, HL treatments (I1 and 12) did not impact the cell density observed of S.
costatum and P. globosa, on the contrary to H. triquetra that was unable to grow at 1200 pmol
photons m? s (Fig. 3-2A). In contrast, the cellular Chl-a concentrations (Chl-a:C [g:g])
decreased significantly with increasing light intensities (p < 0.05; Fig. 3-2B). As a consequence,
the DMS(P,0), concentrations relative to Chl-a or cellular quota showed opposite trends with
high variability between the species investigated. The DMSP,:Cell (fmolS:cell) were similar
between the treatments for S. costatum, while ratios were significantly lower at 11 for P. globosa
(but not at 12) and H. triquetra compared to 10 (p < 0.05; Fig. 3-2C). The DMSO,:Cell
(fmolS:cell) did not change with light intensity whatever the species (Fig. 3-2D). When reported
by chlorophyll amount, DMSP, (DMSP,:Chl-a) contents were positively correlated with light
intensities (R? = 0.74 and p < 0.01 for S. costatum; R? = 0.55 and p < 0.05 for P. globosa; and
R2=0.90 and p <0.01 for H. triquetra). The DMSP,,:Chl-a ratio doubled from I1 for P. globosa
and H. triquetra but at 12 for S. costatum (p < 0.05; Fig. 3-2E). The DMSO,:Chl-a ratio of S.
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costatum was significantly impacted by the light treatments and a 3- and a 4-fold increase of
ratio was observed at I1 and 12, respectively (p < 0.01; Fig. 3-2F). A similar but not significant

trend was observed in P. globosa and H. triquetra, respectively (Fig. 3-2F).
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Figure 3-2: Evolution of (A) Cellular density (e® cells L™); (B) Cellular Chlorophyll-a content (Chl-a:C) (g:g), (C) the
DMSPy:Cell ratio (fmolS:cell); (D) the DMSOy:Cell ratio (fmolS:cell); (E) the DMSP;:Chl-a ratio (mmolS:g Chl-a), (F) the
DMSO,:Chl a ratio (mmolS:g Chl-a) at three light intensities of 100 (left column), 600 (centre column) and 1200 (right column)
pmol photon ms! during the long-term HL treatment for the three species S. costatum, P. globosa and H. 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; *** p <0.001).
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4.2 DCMU treatment

Cultures of the three phytoplankton species were exposed to a PPFD of 1200 pmol photons m”
257! (I2) in presence of 10 nmol L' of DCMU. As expected, the treatment strongly impacted
the photosynthetic efficiency in the three species investigated. After 6h, Fyv/Fum values decreased
on average by 81, 93 and 77% in S. costatum, P. globosa and H. triquetra (p < 0.001; Fig. 3-
3B) and the ®PSII was totally inhibited (100%) in P. globosa, and at about 75% in the two
remaining species (p <0.001; Fig. 3-3D). 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% in S. costatum, P. globosa and H. triquetra (data not shown). The treatment with
DCMU also resulted in a significantly higher production of H>O» comparatively to the HL
treatment alone (33, 51 and 48% for S. costatum, P. globosa and H. triquetra, respectively; Fig.
3-3A). However, it is important to note that the cellular production of H,O in the dark in
presence of DCMU was already high (Fig. Supp. 3-1A), thus indicating that a non-specific
effect of DCMU stimulated the extracellular H,O» production.

The peroxidised lipids content remained constant during the treatment, for the three species
investigated (Fig. 3-3C). On the contrary, Chl-fof concentrations decrease significantly by 32,
97, and 85% in S. costatum, P. globosa and H. triquetra, respectively (p < 0.05; Fig. 3-3F). The
DMS(P,0),:Chl-tof ratios were not significantly impacted by the treatment (Fig. Supp. 3-1B,
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 significantly between the two time-points
or between dark and treated samples for S. costatum and P. globosa (Table Supp. 3-1).
Significant variation was found for H. triquetra between tOh and t6h but not between dark and
treated samples (Table Supp. 3-1). We thus directly compared raw DMS(P,0O), data (i.e. non-
normalized to Chl-fot) that revealed that the DMSP,, content decreased by 37, 91 and 81% in S.
costatum, P. globosa and H. triquetra, respectively (Fig. 3-3E) and the DMSO, content declined
by 75 and 48% in S. costatum and P. globosa but not in H. triquetra (Fig. 3-3G). These
observations indicate that the cellular content in DMS(P,0), was impacted by ROS generated

during the experimental treatment.

4.3 MSB treatment

The exposure of phytoplankton cell cultures to 25 pmol L' 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), in S. costatum, P. globosa, and H. triquetra, respectively (Fig. 3-4A). The
increased ROS concentration very likely impacted the photosynthetic apparatus in two of the
three species. Fyv/Fm was inhibited by more than 50% in S. costatum and P. globosa (p < 0.05;
Fig. 3-4B) and ®PSII decreased by 77 and 100% in S. costatum and P. globosa, respectively (p
<0.05; Fig. 3-4D). The photosynthetic activity of H. triguetra was unaffected by the treatment.
The pool of peroxidised lipids remained stable for the diatom and the Prymnesiophyceae while
a slight decrease of 28% was observed for the dinoflagellate (p <0.01; Fig. 3-4C). The treatment
with MSB did not significantly affect the Chl-fo¢ content, except in H. triquetra where it
decreased significantly (p < 0.01; Fig. 3-4F). The DMSP,:Chl-fot ratio varied significantly in
H. triquetra only (p < 0.05; Fig. Supp. 3-2A) and the DMSO,:Chl-tot ratio remained stable in
the three species investigated (Fig. Supp. 3-2B). Since the DCMU treatment did not impact the
cellular density, we can conclude the same hypothesis for the MSB treatment and analyse raw
DMS(P,0), data. The DMSP;, concentration decreased by 65, 88 and 28% in S. costatum, P.
globosa and H. triquetra, respectively (Fig. 3-4E) and the DMSO,, content decreased by 79 and
40% in S. costatum and P. globosa but increased by 33% in H. triquetra (Fig. 3-4G).

44 PCA

We further explored the similarities between all the variables combining the three experimental
treatments applied. For HL treatment, the parameters correspond to the short-term treatment at
tOh and t6h while the Chl and DMS(P,0) concentrations were from the long-term treatment at
10 (LL) and 12 (HL) to ensure a correct comparison. The figure 3-5 shows the distribution of
the data within an orthogonal 2D-space along the first two PCs explaining 59.1% of the
variance. The first PC has a large positive association with three variables (DMSP,,, Chl, and
®PSII). This first component primarily measures strain’s photosynthetic phenotype. The
second PC has a positive association with ROS, DMSO,,, LPO and Fv/Fm (although Fv/Fm and
LPO have also positive and negative association with PCI, respectively), reflecting the
phenotype in terms of oxidative stress. This analysis further shows that some variables are
uncorrelated to each other (i.e. Chl and Fv/Fm; ROS and DMSP;,; LPO and DMSO,; LPO and
Fv/Fm; LPO and ®PSII) while Chl and LPO are anti-correlated.

This analysis also showed different visual separation in the distribution of the 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 related to H. triquetra and P. globosa

are closer to each other than S. costatum, characterized with more scattered data points for MSB
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Figure 3-3: Evolution of (A) Reactive oxygen species (ROS) production (DCF-fluorescence: g Chl-fot, (B) Maximum quantum
yield of PSII (Fv/Fm), (C) Lipid Peroxidation (LPO) (mmol t-BuOOH:g Chl-tot), (D) Effective photochemical quantum yield
of PSII (®PSII), (E) the DMSP;,:Chl-zot ratio (mmolS:g Chl-tot), (F) Chlorophyll-tot (Chl-tot) concentration (ug L), and (G)
the DMSOy:Chl-tot ratio (mmolS:g Chl-tof) with 10 nmol L' DCMU + HL (1200 umol photon m™s") or in dark during 6h for
the three species S. costatum, P. globosa and H. triquetra. Error bars represent SD calculated from triplicates biological
samples. Asterisks denote significant differences between the two time-point (* p < 0.05; ** p <0.01; *** p <0.001).
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Figure 3-4: Evolution of (A) Reactive oxygen species (ROS) production (DCF-fluorescence:pg Chl-fof), (B) Maximum
quantum yield of PSII (Fv/Fm), (C) Lipid Peroxidation (LPO) (mmol t-BuOOH:g Chl-tof), (D) Effective photochemical
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(ng L") and (G) the DMSOy:Chl-fof ratio (mmolS:g Chl-fof) with 25 pmol L-! MSB during 6h for the three species S. costatum,
P. globosa and H. triquetra.. Error bars represent SD calculated from triplicates biological samples. Asterisks denote significant
differences between the two time-point (* p < 0.05; ** p <0.01; *** p <0.001).
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and DCMU controls (Fig. 3-5). Data related 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 drawn for H. triquetra and P. globosa at the end of the treatment
with DCMU, while S. costatum showed a more distinct response. And finally, the distribution
of the data related to the MSB treatment was more scattered, indicating more species-specific

responses to this treatment.
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Figure 3-5: Principal component analysis (PCA) combining the three treatments at tOh and t6h for the short-term treatments
and at 10 (LL) and 12 (HL) for the long-term HL treatment for the three species S. costatum (SC), P. globosa (PG) and H.
triquetra (HT). The variables used are DMSP, and DMSO,; concentrations, Reactive oxygen species concentration (ROS),
Lipid peroxidation (LPO), Chlorophyll concentration (Chl), the maximum quantum yield of photosystem II (Fv/Fm) and the
effective photochemical quantum yield of the photosystem II (OPSII).

5 Discussion

This study evaluated the impact of oxidative stress on DMS(P,0), content 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, short-terms oxidative stress (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 phvtoplankton species investigated.

As previously reported in the literature (i.e. Keller et al., 1989), DMSP,:Chl-a ratios measured
in control conditions (i.e. 10; 100 pmol photons m? s and 15°C) were found to differ between
species investigated, with the diatom possessing much less DMSP:Chl-a than the dinoflagellate
and the Prymnesiophyceae. DMSP:Chl-a ratios measured in our cultures also agreed with
previous studies conducted on H. triguetra (122.7 £ 27.7 mmolS:g Chl-a in average) and P.
globosa (82.3 = 11.5 mmolS:g Chl-a), maintained in similar environmental conditions (Keller
et al., 1989; Niki et al., 2000; Speeckaert et al., 2018; 2019; Stefels et al. 2007). For S. costatum,
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 DMSP:Chl-a ratio (4.5 to 11.8
mmolS:g Chl-q, in average; Sunda et al., 2007; Stefels et al., 2007; Spielmeyer et al., 2011;
Speeckaert et al., 2019). The DMSO,-to-chlorophyll-a (DMSO,:Chl-a) ratios measured in this
study were a bit higher than values reported in the literature, with 0.2 = 0.2 for the diatoms, 1.5
+ 0.4 for the Prymnesiophyceae and 3.9 + 4.3 mmolS:g Chl-a for the dinoflagellates (Sim¢ et
al., 1998; Hatton and Wilson, 2007; Bucciarelli et al., 2013; Speeckaert et al., 2019).

Reporting DMS(P,0),-to-Chlorophyll-a ratio 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) were found to
affect DMSP (Stefels, 2000; Sunda et al., 2002; Bucciarelli and Sunda, 2003) and chlorophyll
cellular contents (Brunet et al., 2011). Since lugol-gluteraldehyde fixation caused significant
changes in biomass predictions (Menden-Deuer et al., 2001), it is also preferable to report

DMSP-to-cell ratio for studies focusing on the physiological roles of DMS(P,0).

Similar to DMSP;,:Chl-a, we observed much less DMSP,:Cell for the diatom than for the
Prymnesiophyceae or the dinoflagellate. Values of these ratios are 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 for S. costatum, P. globosa and H. triquetra, respectively (Keller et
al., 1989; Niki et al., 2000; Speeckaert et al., 2018; 2019). As the DMSO, comes from the
oxidation of DMSP,, it is not surprising that the trends observed between species for
DMSP,,:Cell are similar for DMSO,;:Cell. Values obtained in this study was higher than data
reported previously (i.e. 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., 2019).
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5.2 DMS(P.O) act as antioxidant compounds.

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 (i.e. Fv/Fm and ®PSII; Fig. 3-1A,
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 (Fig. 3-1C) potentially causing oxidative stress and important cellular
damages. In this context, we would have expected increased levels of lipid peroxidation during
the treatments, but those remained stable (Fig. 3-1D). Since the peroxidation of polyunsaturated
fatty acids is mainly caused by 'O, and OH® (Farmer and Mueller, 2013), we cannot rule out
the possibility that O2*" and H202 were the main ROS produced during the treatment. It would
have been interesting to also monitor other biomarkers of oxidative stress such as protein

carbonylation 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 (Fig. 3-3A, B, D), and Chl-fof concentrations
were drastically reduced (Fig. 3-3F). The concomitant decrease of DMSP,, concentrations (Fig.
3-3E) suggests that these molecules are interacting with ROS and are part of 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 short-term treatments. The antioxidant properties of DMS(P,0O) were
also supported by the results obtained during the experimental treatment involving MSB. This
molecule promotes the production of O,°* that will spontaneously or enzymatically be converted
into H,O» (Hassan and Fridovich, 1979), and OH® in presence of transition metals (Apel and
Kirt, 2004). The production of ROS by MSB occurs mainly in the cytosol but H>O: can 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 (i.e. Fv/Fm and ®PSII in S. costatum and
P. globosa; Fig. 3-4B, D). Although the Chl-for content remained stable for the two species,
DMSP,, concentrations decreased significantly, further supporting the antioxidant role of these
molecules. At the opposite, H. triquetra seemed not to suffer from MSB at this concentration.

The reason of this result is very likely related to the cellulose thecae characterizing the armoured

80|Page



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 cells can also act as signalling molecules. Thus, thanks to its relative
stability and its half-life (1 ms; Moller et al., 2007), H,O: can diffuse over a “large” distance
within the cell and regulate gene expression by the activation of proteins signalling pathways
associated with acclimation processes or programmed cell death (Sharma et al., 2012; Pospisil,
2016). For instance, H,O> formed in the thylakoid membranes can lead to the regulation of the
PSII antennae size during the acclimation response (Borisova-Mubarakshina 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 intensity indicate that ROS produced early (see short-term HL
treatment) led to photoacclimation in S. costatum and P. globosa, but to cell death in H.
triquetra. Indeed, while H. triquetra was unable to grow at the highest light intensity, the two
other species showed similar cellular density to the controls but a lower cellular Chl-a
concentration (Fig. 3-2A, B). This last is part of a well-known strategy allowing photosynthetic
cells to decrease the excitation pressure over the light harvesting complexes and photosystems
(Brunet et al., 2011). It can also involve the adjustment of the relative amount of accessory
pigments (Chl-c and fucoxanthin) or modifies the size and the number of photosynthetic units,

thus changing photosynthetic capacity of the cell (Nymark et al., 2009).

The DMSP;,:Cell ratios of S. costatum were similar among the different light levels while it
decreased at I1 (but not at 12) for P. globosa, demonstrating that cells of these two species have
reached a new redox equilibrium thanks to the adjustment of the photosynthetic apparatus.
Furthermore, while H. triquetra was characterized by a much higher DMSP,,:Cell ratio than the
two other species, the dinoflagellate was not able to grow at 12 indicating that the cellular DMSP
concentration do not provide any information about the antioxidant capacity of the cell to a

subsequent oxidative stress (also suggested by the PCA, Fig. 3-5).

Further studies addressing the antioxidant role of DMSP should include other components of
the antioxidant network (i.e. enzymatic antioxidants, carotenoids, and cellular buffers), the
DMS(P,0) by-products (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 able to up-regulate
cellular defences under high light intensity (i.e. at 600 pmol photons ms™! during 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 (Harada et al., 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 better 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,O) determination we applied in this study does not measure
the fluxes between DMSP and its by-products (i.e. DMSO, DMS, acrylate, MSA and MSNA)
(Stefels et al., 2007). Recent studies are now working with incorporation of stable isotope (DO
or NaH!?CO;) into DMSP to measure de novo DMSP synthesis rates (Stefels et al., 2009;
Archer et al., 2018). Using this 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., 2018).

5.3 Species ecological characteristics explain the experimental results.

In the concept of C-S-R model (Reynolds, 2006; revised by Glibert, 2016), which builds on
Margalef’s mandala model (Margalef, 1978), the phytoplankton succession is linked to the
nutrient accessibility and light availability. The species investigated here stand out by their
succession in temperate seas (Johns and Reid, 2001), in adequation with the previous ecological
model. In the Southern North Sea, the diatom S. costatum (R-strategy; light stress tolerant)
occurs in spring and autumn (Rousseau et al., 2002; Speeckaert et al., 2018); the
Prymnesiophyceae P. 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
dinoflagellate H. triquetra (S-strategy; nutrient stress tolerant) becomes abundant in coastal
waters during 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 dinoflagellates (Irwin 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 m?s™!) that was not ecologically realistic, but species investigated were exposed
to the same treatment and S. costatum and P. globosa were able to grow at the highest light
treatment while H. triguetra was not. In support of this observation, Cooney et al. (2019)
recently reported that Heterocapsa rotundata cells lysed during short-term experiments
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 m? s! (Flanders Marine Institute, 2019; Royer et al., 2021), and H. triquetra
blooms in summer, when the light could be higher than 750 umol photons m™ s at sub-surface
(Anderson and Stolzenbach, 1985). Therefore, the occurrence of this species in summer could
be related to various strategies, as the capacity to (1) perform diel vertical migration (Anderson
and Stolzenbach 1985; Olli and Seppild, 2001; Jephson et al., 2011) allowing to avoid excessive
light intensity during the day; (2) synthesise mycosporine-like amino acids (MAAs) (Korbee et
al., 2010), acting as UV filters (Neale et al., 1998) or antioxidants (Shick and Dunlap, 2002).

Consequently, for P. globosa, which is a colonist taxa (C-strategy) that grows fast in areas
where nutrients and light are richly 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 period (Lancelot et al., 1998).

Finally, S. costatum managed to 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., 2007) in the turbulent
and well-mixed area of the Southern Bight of the North Sea (Rousseau et al., 2002). Considered
as a R-strategist and able to efficiently harvest light, this species might also quickly adjust its
photosynthetic apparatus to support sudden light intensity changes. The physiological plasticity
observed for S. costatum is 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 marine waters (Fritsch, 1971), or even in the brine channels of sea ice (Trevena et al.,

2000).
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6 Conclusions

This study highlights that cellular DMS(P,0), contents decrease when cells of key
phytoplankton species are subjected to ROS-generating high-light and chemically-induced
stresses; thus supporting the antioxidant function of these molecules. However, the initial
DMS(P,0), concentrations were found to vary between species investigated and were not
indicative of the capability of the cell/species to tolerate a subsequent oxidative stress.
Furthermore, DMS(P,0) cellular content were not increased in HL grown cells (i.e. long-term
treatment). Overall these results suggest that these molecules have the ability to lower cellular
ROS concentration during an oxidative stress. Further studies monitoring more constituents of
the antioxidant network (i.e. enzymes, carotenoids, redox buffer) along with the metabolic
pathway of DMSP (DMS(P,0) by-products and DL activity) are however needed to better grasp
the cellular functions of DMSP.
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Figure Supp. 3-1: Evolution of (A) Reactive oxygen species (ROS) production (DCF-fluorescence:pg Chl-tot, (B) DMSP,
(nmol L), (C) DMSOj concentrations (nmol L") with 10 nmol L' DCMU + HL (1200 pmol photon m=s™") or in dark during
6h for the three species S. costatum, P. globosa and H. triquetra. Error bars represent SD calculated from triplicates biological
samples. Asterisks denote significant differences between the two time-point (* p < 0.05; ** p <0.01; *** p <0.001).
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Table Supp. 3-1: Averaged cellular density for the three species during the DCMU treatment. Data are expressed in 10° cells
mL". SD into brackets calculated from triplicates biological samples (Dk : Dark; HL: high light). Paired samples student t-test
associated with comparison between tOh and t6h or between controls samples (Dk at t6h) and the treatments at t6h. Asterisks

denote significant differences between the two time-point (* p < 0.05; ** p <0.01; *** p <0.001).

TO T6h (Dk) T6h (HL) T6h (DCMU+HL)
S. costatum 17.35 (1.45) 20.90 (1.00) 20.90 (1.00) 23.64 (4.87)
P. globosa 7.06 (0.48) 6.56 (2.07) 6.88 (0.88) 7.73 (0.51)
H. triquetra 6.66 (1.70) 11.29 (1.85) 9.33 (2.98) 11.09 (2.22)
Paired samples Student t-test Teh P value
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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Chapter IV — Drivers of the variability of DMSP
and DMSO 1n the Southern North Sea

« 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

Et qui ont a jamais le cceur a marée basse [...] »

Jacques Brel (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 southern North Sea at five
fixed stations. These stations covered a near-offshore gradient from stations close to the mouth
of the Scheldt estuary to most offshore stations. Significant differences of Chlorophyll-a (Chl-
a) concentrations were observed between the two years 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)) patterns, 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 Chl-a in 2018 and 2016 were low DMSP-producers characterized by several
diatom and dinoflagellate species, occurring in early spring and summer. Further, the
Prymnesiophyceae Phaeocystis globosa, occurring in late spring and responsible of most of
DMS(P,0) measured in the area, reached similar biomass both years. The DMSP:Chl-a 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 DMSO:Chl-a ratio.
DMS(P,0) estimations based on Chl-a linear regressions for the whole dataset need to account

on two relationships discriminating the low and high-DMSP producing species.
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2 Introduction
Dimethylsulfoniopropionate (DMSP; (CH3),S"CH>CH>COOQO") and dimethylsulfoxide (DMSO;

(CH3)2S0) are organic sulfur compounds produced by numerous species of marine micro-algae.
DMSP is the main precursor of the climate active gas dimethylsulfide (DMS) that once in the
atmosphere might affect the Earth’s radiative budget (Charlson et al., 1987; Quinn and Bates,
2011). Prymnesiophyceae and dinoflagellates are high-DMSP producers, and the low-DMSP
producers include some members of Chrysophyceae and diatoms (Keller et al. 1989; McParland
and Levine, 2019). The intracellular 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; Bucciarelli and Sunda, 2003), methyl donor (Kirst, 1996),
zooplankton deterrent (Wolfe 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,0O)
production by marine micro-algae varies considerably depending on the growth stage, salinity,
temperature, nutrient availability, and light intensity. Seawater phytoplankton diversity is the
factor that affects the most DMSP production (Townsend and Keller, 1996; Stefels 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 phytoplankton community structure in some parts of
the globe (Suikkanen et al., 2007). Changes in temperature will affect the growth-irradiance
relationship (Edwards et al., 2016) and the competitive dominance of algal communities
(Striebel et al., 2016) which is a key factor for the species’ composition (Schabhiittl et al., 2013).
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 well-mixed 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 phytoplankton seasonal 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 the physiology, abundance, and
phenology of marine phytoplankton (Richardson and Schoeman, 2004; Hunter-Cevera 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 phytoplankton blooms 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 well-mixed area under the influence of the Scheldt and
the Rhine rivers. It is characterized by a very high phytoplankton biomass and three
phytoplankton blooms: (1) the first occurs in late February-March with diatoms, (2) directly
followed by a huge biomass peak of Phaeocystis globosa in April-May, and (3) another diatom
bloom at the end of summer-beginning 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 bloom in the BCZ
is dependent on a specific light threshold. Furthermore, the adaptation to low irradiance and
temperature prevailing in late winter-early spring coupled with high nutrient concentrations
explains the first diatom bloom, followed by Phaeocystis globosa when the ambient dissolved
silicate is depleted (Rousseau et al., 2002). Phaeocystis globosa blooms are responsible for
95% of the phytoplankton late spring community biomass (Rousseau et al., 1990, 2000). Yet,
since 1990, de-eutrophication measures have led 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 de-eutrophication trends may have an impact on the long-term annual
mean of Chl-a (Desmit et al., 2019) and the phytoplankton community (Nohe et al. 2020). This
should also affect the DMS(P,O) 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,O) 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. The year-to-year variation was
analyzed in light of nutrient concentrations, SST, and light availability; the key 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 and biomass, 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 the RV Simon Stevin in 2016 and 2018 at 5 fixed stations chosen
to cover a near-offshore gradient from station 700 (close to the Scheldt estuary) to the most
marine station (ZG02) covering a major part of the BCZ (Fig. 4-1). 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 during the spring phytoplanktonic bloom. Seawater
samples were collected at 3 meters depth using 4L Niskin bottles on a rosette sampler attached
to a Conductivity-Temperature-Depth (CTD) probe (Seabird SBE25), for further analysis of
Chl-a, DMS(P,0O) concentrations and DNA extraction. The abiotic measurements at 3 meters
depth of SST, sea-surface 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%20data/) (Flanders Marine Institute, 2019) with the

methodology found in Mortelmans et al. (2019). The daily global 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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Figure 4-1: Map of the sampling area with the five key stations (black circle) and the bathymetry (m) in the Belgian Coastal
Zone (BCZ, North Sea).
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3.2 Chlorophyll-a

A determined volume of the seawater collected was filtered on Whatman glass microfiber filters
GF/F 25 mm. The filters were immediately frozen and stored at -20°C until analysis (within 1
month after sampling). Chl-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 lugol-gluteraldehyde (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 (Rousseau et al., 2002). 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 at -80°C. DNA was extracted using DNeasy Plant Qiagen following manufacturer’s
protocol and libraries were prepared. 18S rDNA amplicon sequencing was performed using
[Mlumina MiSeq sequencer which produced 2x300 bp paired-end sequences. Decomplexed
sequences were analyzed using R software package phyloseq (McMurdie and Holmes, 2013)
and the taxonomic annotation database used was Si/va 1.32. The phytoplankton diversity was
investigated based on several assumptions: (1) non-autotrophic kingdoms were removed; (2) as
well as the unclassified genera by Silva; (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 phytoplankton diversity over time.

The DMS(P,0):Chl-a ratio were recalculated from published data (Table 1, 2; Keller et al.,
1989b; Townsend and Keller, 1996; Simo et al., 1998; Hatton and Wilson, 2007; Bucciarelli et
al., 2013; Cooney, 2016; Cooney et al., 2019; Speeckaert et al., 2018; 2019; McParland and
Levine, 2019; Royer et al. in 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 given by Menden-Deuer and Lessard (2000). The biomass was converted to Chl-
a per cell assuming the C:Chl-a ratio of 60 g g”!' (Geider, 1987).

3.4 DMS(P, O) analysis

The 60 mL borosilicate glass vials were acid-washed (HC1 10%) and rinsed with high purity

water obtained from a milli-Q 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 (Kiene and Gerard, 1994). The 25
mm Whatman glass microfiber filters GF/F were baked at 450°C for 4h (Kiene and Slezak,
2006). Intracellular DMS(P,0) (DMS(P,0),) were obtained by the difference between 10 mL
of unfiltered seawater samples (total DMS(P,0) (DMS(P,0O);)) and dissolved DMS(P,0O)
(DMS(P,0)4). DMS(P,0)q 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 (Kiene and Slezak, 2006). All the samples were microwaved individually at 900 W till
boiling (~15sec) (Kinsey and Kieber, 2016) and then acidified with 5 uL mL! of 50% H2SO4
(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 DMSP to DMS 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 addition of acid. The samples were crimped after
cooling with gas-tight PFTE coated silicone septa and stored 24h at dark before the refrigerator
to allow the DMS to degas or oxidize (Kiene and Slezak, 2006).

The samples were sparged to remove the potential DMS left for 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 (Agilent 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 (2 ml min™!). The
FPD was kept at 350°C with a H> flow of 72 ml min!, a synthetic air flow of 72 ml min™ and
a makeup (N2) flow of 20 ml min'!. The capillary column was kept at 60°C. DMS was
quantitatively purged from the vial by the He flow carried through a long stainless-steel needle
inserted through the septum into the liquid phase and during 20 min. The DMS flew through
two Dewar maintained cold around -30°C with liquid nitrogen to trap residual water vapor
(Andreae and Barnard, 1984). The DMS is then trapped in a PFTE loop immersed in liquid
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% (HCI1 37% Normapur, VWR) and 1 mL TiClz (30%,
Merck) (Kiene and Gerard, 1994; Deschaseaux et al, 2014) 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 standards 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
and Gerard, 1994). The DMS produced from the reduction of DMSO was analyzed as described
previously. The DMS(P,0) quantified in arrow in the same sample was validated by
Champenois and Borges (2019). The same procedure was applied for the calibration. The
DMSP used was obtained from Research Plus and the DMSO from 99.9% pure 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. 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.

3.5 Statistical analysis

The statistical comparison of the variables between the two years was performed using the
parametric paired-samples Student t-test. The assumption of normality was checked using the
Shapiro-Wilk test and the Q-Q plot. In case of deviation of the normality (p < 0.05), the
Wilcoxon t-test was applied. To investigate the correlation between the variables, the Pearson’s
r coefficient and its p value was used. In case of deviation of normality by the Shapiro-Wilk

test (p < 0.05) and the Q-Q plot, the non-parametric Spearman’s p coefficient was applied.

The Kaiser-Meyer-Olkin 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 explain at least
50% of the total percentage of variance between all the variables. The loading component (LC)
explaining the correlation between the PC and the variable was considered significant when >
+0.60. These statistics were realized using the IBM SPSS Statistics software (version 23.0.0.0)

and the assumptions were based on Goss-Sampson (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 a huge Phaeocystis
globosa (here after Phaeocystis) bloom. Yet, in early spring, Chl-a concentrations for the
coastal stations were higher in 2018 than 2016. A summer diatom bloom was also observed
during both years, with higher Chl-a concentrations in 2018 compared to 2016.
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4.1 Spring phytoplankton bloom

As previously described in the BCZ (Rousseau et al., 2002), the Phaeocystis bloom occurred at
the end of April both in 2016 and 2018. The values were not significantly different between the
two years with an average Chl-a concentration of 13.6 + 6.0 ug L' and 15.7 £ 7.8 pg L' in
2016 and 2018 respectively (p = 0.653) (Fig. 4-2).
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Figure 4-2: Seasonal evolution of average (+ standard deviation) Chlorophyll-a (Chl-a) concentration (ug L") for the five
stations sampled in the Belgian coastal zone in 2016 and 2018. Location of the sampling stations are shown in Figure 4-1.

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 pg L' respectively; p < 0.05) (Fig. 4-2). The higher Chl-a
values were due to the Chl-a concentrations from the coastal stations (700, 130, and 230) (Fig.
4-3a, b) with an average Chl-a at these three stations and for the diatom bloom period of 6.9 +

1.9 and 16.7 £ 7.5 pg L™ 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 coastal stations was significantly
higher in 2018 (173.3 + 32.1 mg L") than 2016 (48.7 + 53.2 mg L") (p < 0.01) (Fig. 4-3i, j).
However, the incident light was more favorable in 2018 and allowed an earlier onset of the
diatom bloom (Rousseau, 2000) (Pearson’s correlation between Chl-a and incident light, 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 ms™! respectively; p < 0.001) (Fig. 4-30).

SST for the coastal stations was less favorable 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) (Fig. 4-3m, n). The SST in winter 2018
was the lowest during the last 13 years (Borges et al., 2019). Nevertheless, lower temperature
during winter-spring bloom period might induce higher phytoplankton biomass resulting from

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

In addition, 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. 4-3c, d). The DIN concentration was higher in 2018 than in 2016
with respectively 45.8 £ 9.6 and 19.6 £ 17.9 pmol L' (p = 0.084) (Fig. 4-3k, 1) and PO4
concentration was significantly differentiated with 0.6 £ 0.2 and 0.2 + 0.2 umol L' (p < 0.05)
(Fig. 4-3g, h). The DSi concentration was not significantly different even if we also observed

higher values with 16.3 +4.7 in 2018 and 4.3 + 5.1 pmol L in 2016 (p = 0.250) (Fig. 4-3e, f).

In conclusion, the timing of the early spring diatom bloom in 2018 compared 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 resulting from lower SST.
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Figure 4-3: Seasonal and spatial evolution of (a) Chlorophyll-a (Chl-a) concentration (ug L") in 2016, (b) in 2018; (c) Sea Surface Salinity (SSS) in 2016, (d) in 2018; (¢) Dissolved Silica (DSi)
concentration (umol L) in 2016, (f) in 2018; (g) phosphate (PO4) concentrations (umol L) in 2016, (h) in 2018; (i) Suspended Particulate Matter (SPM) (mg L") in 2016, (j) in 2018; (k) Dissolved
Inorganic Nitrogen (DIN) concentration (umol L) in 2016, (1) in 2018; (m) Sea Surface Temperature (SST) (°C) in 2016, (n) in 2018; and (o) seasonal evolution of daily averaged Photosynthetic
Active Radiation (PAR) (LE m2s™") for the five stations sampled in the Belgian coastal zone in 2016 and 2018 (Fig. 4-1).
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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% and P. globosa ~60% (Fig. 4-4). In April 2016, the relative abundance of the
Prymnesiophyceae increased up to 96% while the diatoms decreased to 4% (Fig. 4-4). At the
beginning of May 2016, P. globosa still represented 99% while only 1% of diatoms
characterized the phytoplankton community (Fig. 4-4). In May 2018, the phytoplankton
community was represented by 94% of P. globosa and 3% of diatoms (Fig. 4-4). The
dinoflagellates were for both years almost absent for this period (< 0.2%). With genomic data,
we can additionally explore the phytoplankton composition during the early spring bloom for
the station 330. The diatom community was mainly composed by the genus Thalassiosira,
including 7. rotula, T. tenera and T. lundiana, as well as Guinardia delicatula, Rhizosolenia
shubsholei and Minutocellus polymorphus. Some diatom genera from 2016 were not observed
in 2018 such as Asterionella, Coscinodiscus, Thalassionema, Biddulphia and Nitzschia. The
dinoflagellates observed were the species Heterocapsa rotundata and Karlodinium veneficum.
Other species such as Gyrodinium aureolum, G. spirale, Sinophysis sp., Tripos fusus,

Katodinium glaucum, or Warnowia sp. among others were also detected.
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Figure 4-4: Seasonal evolution of the relative cellular density (%) for the station 330 in the Belgian coastal zone (Fig. 4-1)
analysed for the phytoplankton diversity from March to October in 2016 and from March to December in 2018 with distinction
between the Prymnesiophyceae, diatoms and dinoflagellates.
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4.2  Summer phytoplankton bloom

The Chl-a concentrations in August (Fig. 4-2) were also different between 2016 and 2018 (p =
0.090). The concentration was 4.1 times higher in 2018 (13.4 9.9 pg L) than in 2016 (3.4 +
2.0 pg LY. The PAR was 1.2 times higher in June 2018 than in 2016 (p < 0.05) (Fig. 4-30).
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; p < 0.01), in response to a
large-scale 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) (Fig. 4-3m, n). Temperature is one of the most important drivers of
the phytoplankton community composition (Schabhiittl et al., 2013; Striebel et al., 2016;
Hunter-Cevera et al., 2016), and the higher biomass results from higher cell division rates in

warmer conditions (Richardson and Schoeman 2004; Hunter-Cevera et al., 2016).

In July 2016, the community was dominated by diatoms (99%) with a small increase of
dinoflagellates (1%) (Fig. 4-4). In 2018, the diatoms represented 72% with 23% of
Prymnesiophyceae and 5% of dinoflagellates (Fig. 4-4). During August 2016, diatoms still
dominated the community (92%) with a slight increase of dinoflagellate (8%) (Fig. 4-4).
Diatoms represented up to 91% in August 2018 while Prymnesiophyceae and dinoflagellates
were represented by 6 and 4%, respectively (Fig. 4-4). October was the last month sampled in
2016 for the phytoplankton diversity characterized with 98% and 2% of diatoms and
dinoflagellates, respectively (Fig. 4-4). From September to December 2018, the community
was composed by 87 + 8, 8 + 7 and 5 + 2% of diatoms, Prymnesiophyceae and dinoflagellates,
respectively. Diatom community in August 2018 was mainly composed by Thalassiosira sp.
(T. rotula, T. tenera and T. lundiana), M. polymorphus, G. delicatula and Chaetoceros socialis.
The dinoflagellate community was still characterized by H. rotundata while some unclassified
Syndiniales, Gyrodinium sp., G. aureolum, G. spirale, T. fusus, Lepidodinium sp., Warnowia
sp., K. glaucum and Sinophysis sp were observed. From September to December 2018,
Thalassiosira sp., M. polymorphus, G. delicatula still represented the diatom community while
the presence of the dinoflagellates H. rotundata, K. veneficum, Gyrodinium sp or Syndiniales

sp. was detected.
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4.3 Spatial and seasonal variations of DMS(P.O) concentrations

While the annual average Chl-a was significatively higher in 2018 (8.5 + 7.2 ug L") than in
2016 (5.1 £ 5.5 ug LY (p <0.001), the annual average DMSP,, concentration between the two
years was similar (162 £+ 246 nmol L™ in 2018 and 207 + 374 nmol L™ in 2016; p = 0.438).
Even if there was slight difference in DMSP;, in early may (448 + 183 in 2018 and 1142 + 487
nmol L' in 2016), no significant difference was observed (p = 0.086) (Fig. 4-5a) and the Chl-
a concentration was similar (p = 0.752) (Fig. 4-2). Despite a higher biomass in August 2018
than 2016, there was no difference in DMSP,, concentrations 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 the Chl-a
concentrations were different between the two years during both the early spring and summer
blooms, the similarities in DMSP, concentrations could be explained by the phytoplankton
composition. The early spring bloom was mainly characterized by low-DMSP producers such
as the diatom Thalassiosira sp. and the dinoflagellates H. rotundata and K. veneficum (Table
4-1). The same conclusion was observed during summer with the diatoms Thalassiosira sp. and
M. polymorphus, or the dinoflagellates H. rotundata, Gyrodinium sp. and Syndiniales sp. (Table
4-1).

The seasonal pattern of DMSO¢ concentration was similar between both years (Fig. 4-5b) but
the yearly mean was significantly different (88 + 107 and 48 + 68 nmol L' in 2016 and 2018
respectively; p <0.01). The average value of DMSO: during the Phaeocystis bloom was 246 +
205 and 163 = 193 nmol L™! for 2016 and 2018, respectively (p = 0.597) (Fig. 4-5b). Significant
difference was only observed at the beginning of May, as it was for the DMSP,, with
concentration 1.9 times higher in 2016 than in 2018 (p < 0.05). In 2018, DMSO, represents
66% of the DMSO; pool and showed a similar seasonal evolution (Fig. 4-6a). DMSOq was
generally lower than DMSO, and presented a different seasonal pattern since the peak of

DMSOq occurred just before the DMSO, peak in late April (Fig. 4-6a, b).

The spatial variations (coastal-offshore) observed for Chl-a (Fig. 4-3a) also occurred for
DMSP;, in 2016 but the DMSO:x concentrations did not clearly differ among the stations, except
for station 700 (Fig. 4-5¢, d). The high concentration observed at station 700 was related to the
high SPM concentration and linked to the resuspension of sediment (Speeckaert et al., 2018).
In 2018, the DMSP,, concentration was associated with the Phaeocystis bloom with a nearshore-
offshore gradient and concentrations from 536 to 1353 nmol L™! (Fig. 4-5¢). This gradient did

not occur in late May nor during the summer. DMSO; and DMSQO,, in 2018 showed a seasonal

103|Page



pattern with the same gradient during the Phaeocystis bloom with values varying from 62 to

500 nmol L' (Fig. 4-5f) and from 33 to 498 nmol L™ (Fig. 4-6¢), respectively. The distinction

between coastal and offshore stations for the DMSQOq variations was no longer clearly identified

(Fig. 4-6d). Following the Chl-a peak during August 2018 for station 700 (Fig. 4-3b), the

DMSO; and the DMSO,, concentration reached a value of 69 and 59 nmol L respectively,

which were the highest concentrations observed for this period (Fig. 4-5f, 4-6¢).
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Figure 4-5: Seasonal evolution in 2016 and 2018 of average (+ standard deviation) (a) particulate dimethylsulfonioproprionate
(DMSP;) (nmol L); (b) total dimethylsulfoxide (DMSOy) (nmol L'); and seasonal and spatial evolution of (¢) DMSP;, (nmol
L") and (d) DMSO: (nmol L") in 2016; (¢) DMSP, (nmol L) and (f) DMSO: (nmol L) in 2018 for the five stations sampled

in the Belgian coastal zone (Fig. 4-1).
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Tableau 4-1: Ratio of particulate dimethylsulfonioproprionate (DMSPy) to Chlorophyll-a (Chl-a) concentration (DMSP):Chl-a) (mmol:g), cell biovolume (um?), cell carbon (C) content (pgC cell
1) compiled from published literature for species found in the Belgian coastal zone (Fig. 4-1).

Class Genus Species Biovolume (um3) C (pgCcell') Chl-a (pgChl-a cell') DMSP, (fmol cell'?) DMSP,:Chl-a (mmol:g) Data from
Diatom Rhizosolenia R. setigra 69080.0 7561.5 126.0 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 5473 1,2
Diatom Thalassiosira Thalassiosira sp. 13713.0 652.5 10.9 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 2.8 1
Diatom Pseudo-Nitzschia Pseudo-Nitzschia sp. 120.0 14.0 0.2 0.9 1
Average * s.d. : 3.2+3.1
Dinoflagellates Heterocapsa H. rotundata 234.0 66.3 1.1 18.7+0.9 4,5
Dinoflagellates  Gyrodinium G. aureolum 5007.6 814.3 13.6 0.4 1
Dinoflagellates Katodinium Katodinium sp. 1439.0 293.3 4.9 41.2 6
Dinoflagellates Karlodinium K. veneficum 739.0 106.7 1.8 3.9 1
Dinoflagellates Gymnodinium G. simplex 265.0 73.4 1.2 195.1 1
Dinoflagellates Tripos T. fusus 19500.0 2479.4 41.3 0.1 7
Average *s.d. : 37.1+65.3
Prymnesiophyceae Phaeocystis P. globosa 75.0 12.4 0.2 82.3+11.5 3,2,8
Prymnesiophyceae Phaeocystis Phaeocystis sp. 46.6 8.0 59.0 1
Average t s.d. : 76.5+15.0

1. McParland and Levine (2019); 2. Speeckaert et al. (2018); 3. Royer et al. (in review); 4. Cooney et al. (2019); 5. Cooney (2016); 6. Townsend and Keller (1996); 7. Keller et al. (1989)b; 8. Speeckaert et al. (2019)
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Tableau 4-2: Ratio of particulate dimethylsulfoxide (DMSOy) to Chlorophyll-a (Chl-a) concentration (DMSO,:Chl-a) (mmol:g), cell biovolume (um?), cell carbon (C) content (pgC cellt) compiled
from published literature for species found in the Belgian coastal zone (Fig. 4-1).

Class Genus Species Biovolume (um3) C(pgCcell') Chl-a (pgChl-a cell') DMSO; (fmol cell') DMSOp:Chl-a (mmol:g) Data from
Diatom Thalassiosira  T. oceanica 0.4 1
Diatom Thalassiosira  T. pseudonana 119.5 13.9 0.2 0.02 1.0+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 by dinoflagellates 2.9
Dinoflagellates Gymnodinium G. simplex 265.0 73.4 1.2 0.1 0.1

Average ts.d. : 6.3+5.9
Prymnesiophyceae  Phaeocystis P. globosa 5.0+5.2 2,4
Prymnesiophyceae  North Sea dominated by P. globosa 1.2 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 et al. (in review); 3. Hatton and Wilson (2007); 4. Speeckaert et al. (2019); 5. Simé et al. (1998)
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Figure 4-6: Seasonal evolution of average (+ standard deviation) (a) particulate dimethylsulfoxide (DMSOy) (nmol L), (b)
dissolved dimethylsulfoxide (DMSOq) (nmol L"); and seasonal and spatial evolution of (c) DMSO, (nmol L), (d) DMSOq
(nmol L) in 2018 for the five stations sampled in the Belgian coastal zone (Fig. 4-1).

4.4 DMS(P.O) relations and DMSO,: DMSP, ratio
We further explored the similarities between all the variables in 2016 and 2018 by PCA. The

figure 4-7a shows the grouping of variables within an orthogonal 2D-space along the two most
relevant PCs explaining 57.8% of the total variance (n = 86). DMSP,, DMSO; and Chl-a
explained more than 69.2% of variation along the PC2. With only the 2016 data (Fig. 4-7b; n =
41), two PCs characterized 61.7% of the variance where the variables were clustering together
as previously (>67.3%). With only the 2018 data (Fig. 4-7¢; n = 45), 61.6% of the variance
were explained by two PCs where DMSP, and DMSO, correlated (>84.7%). The combining
2016-2018 PC analysis brings statistical support for the link between the Chl-a and the
DMS(P,0) that are varying together. The previous observation was not noticed for the data in
2018 since the DMS(P,0), were not clustered with Chl-a. The Spearman correlation analysis
followed the same information with significant non-parametric correlation between DMSP;, and
Chl-a (p = 0.62; p < 0.01) with data from 2016 and 2018. More precisely, DMSP, and Chl-a
were highly correlated in 2016 (p = 0.71; p < 0.001) but to a lesser extent in 2018 (p = 0.42; p
< 0.001) that was reflected in the PCA.
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Figure 4-7: 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 from 2018 including Chlorophyll-a (Chl-a), total dimethylsulfoxide (DMSOy),
particulate dimethylsulfoxide (DMSOp), particulate dimethylsulfonioproprionate (DMSP;), Sea Surface Salinity (SSS), Sea
Surface Temperature (SST), Photosynthetic Active Radiation (PAR), Dissolved Inorganic Nitrogen (DIN), Dissolved Silica
(DSi), phosphate (PO4) in the Belgian coastal zone (Fig. 4-1).

The figure 4-8a represents the linear regression between DMSP,, and Chl-a for the two years.
The slope of the regression of DMSP,, and Chl-a was higher in 2016 than that in 2018 (Fig. 4-
8a). This is due to the fact that in 2018 many data points for high Chl-a values corresponded to
low DMSP-producing diatoms and dinoflagellates (Table 4-1), while in 2016 the data points
for low DMSP-producing species usually exhibited low Chl-a. This led to the steeper regression
of DMSP;, and Chl-a in 2016 compared to 2018, as well as lower correlation coefficient in 2018
(R? = 0.38) due to more scatter in data points. Yet, when comparing the DMSP,, and Chl-a
correlations separating the Phaeocystis bloom 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
Phaeocystis in 2018 and 2016, respectively, and 6.8 and 9.1 for the rest of the year in 2018 and

2016, respectively. The first values were in the same range as the DMSP,:Chl-a 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 Prymnesiophyceae P. globosa (Table 4-1). The ratio obtained for the rest of the
year corresponds to the ratio given by Stefels et al. (2007) (4 £ 6 mmol:g) or recalculated in
Table 4-1 (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 composed by H. rotundata

characterized by a low DMSP;,:Chl-a ratio of 18.7 £ 0.9 mmol:g (Table 4-1).
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Figure 4-8: (a) Particulate dimethylsulfonioproprionate (DMSPp) (nmol L) versus Chlorophyll-a (Chl-a) concentration (ug L
1) in 2016 and 2018 and (b) DMSP;, (nmol L") versus Chl-a concentration (ug L) with discrimination between Phaeocystis
and others with data for 2016 and 2018 in the Belgian coastal zone (Fig. 4-1).

The DMSO, concentration was significantly correlated with DMSP, concentration (p = 0.79; p
<0.001), as also observed in a global dataset by Sim¢é and Vila-Costa (2006). The slope of the
regression of DMSO, and DMSP,, (Fig. 4-9a) (R? = 0.74) was lower in the BCZ (0.1) than in
the global dataset reported by Sim6 and Vila-Costa (2006) (0.2). This difference cannot be

109 |Page



analyzed because Simo6 and Vila-Costa (2006) did not report the phytoplankton composition.
The DMSO,:DMSP,, ratio in the BCZ driven by the data points related to Phaeocystis bloom
(0.16 £ 0.13) was very close to the value of 0.15 + 0.09 reported in the literature for pure
Phaeocystis cultures (Hatton and Wilson, 2007; Royer et al., in progress). DMSO, was also
highly correlated to Chl-a (p = 0.79; p < 0.001) and the slope of the regression was higher for
Phaeocystis (3.3 mmol:g) (R*=0.51) than for the rest of the year (1.8 mmol:g) (R*=0.71) (Fig.
4-9b). The first value was in the same range than those reported in literature for the DMSO,:Chl-
a ratio with 3.3 £ 3.6 mmol:g for the Prymnesiophyceae (Table 4-2). The second value was
higher than the ratio found for the diatoms (0.8 = 0.9 mmol:g; Table 4-2). The higher value
could be explained by the presence of dinoflagellates for which we found DMSO;:Chl-a ratio

of 6.3 £ 5.9 mmol:g (Table 4-2).
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Figure 4-9: (a) Particulate dimethylsulfoxide (DMSOp) (nmol L") versus particulate dimethylsulfonioproprionate (DMSPp)
concentration (nmol L) in 2018 and (b) DMSO, (nmol L") versus Chlorophyll-a (Chl-a) concentration (ug L") with
discrimination between Phaeocystis and others with data from 2018 in the Belgian coastal zone (Fig. 4-1). The linear
regressions exclude the outlier data points in brackets.
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4.5 Phytoplankton diversity and DMS(P.,O) estimation
DMSP,, was estimated from the linear regression with Chl-a (DMSP,, (nmol L") = 23.1 * Chl-
a (ug L), R? = 0.46) computed for the whole dataset (2016 and 2018) and compared with the

measured DMSP,. For both years, the magnitude of the calculated Phaeocystis DMSP,, peak
was underestimated compared to measurements (Fig. 4-10a, b). Calculated DMSP,, was also
higher than spring and summer observed concentrations in particular in 2018 due to higher Chl-
a values (Fig. 4-10b). As shown by Speeckaert et al. (2018), using a unique DMSP:Chl-a ratio
is inappropriate to estimate DMSP concentration associated to either high- or low-DMSP
producers. We thus used two different DMSP,, versus Chl-a relationships to discriminate the
two main blooming phytoplankton groups: for Phaeocystis (DMSP, (nmol L) = 48.0 * Chl-a
(ug L)) and for diatoms (DMSP,, (nmol L!) = 8.0 * Chl-a (ug L™")). The use of these specific
DMSP,:Chl-a relationships led to a better fit of modelled DMSP, compared to field

measurements for both years (Fig. 4-10a, b).

The same procedure was applied for the DMSO, estimation. We compared DMSO, computed
for the whole dataset in 2018 from the linear regression with Chl-a (DMSO, (nmol L) =2.1 *
Chl-a (ug L"), R2 = 0.54). The regression model tends to fit with the observed DMSO, except
during the Phaeocystis blooming period where it was underestimated but still within the
standard deviation (Fig. 4-10c). When using the relationships deduced from the figure 4-9b,
with one corresponding for the Phaeocystis (DMSO, (nmol L) = 3.3 * Chl-a (ug L") and one
for the diatoms (DMSO, (nmol L'!) = 1.8 * Chl-a (ng L)), we mainly observed the same
evolution (Fig. 4-10c).

In conclusion, simple relationships between DMS(P,0), and Chl-a are not sufficiently robust
to describe the seasonal variability of DMS(P,0),. We thus recommend considering two
separate DMS(P,0)-Chl-a relationships for low and high-DMSP producing groups to estimate
DMS(P,0), based on Chl-a in global models.

5 Conclusions

Phytoplankton biomass in the BCZ was higher during 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 nutrients supply coming 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 average (+ standard deviation) particulate
dimethylsulfonioproprionate (DMSPp) measured (nmol L) (in black) and DMSP;, calculated* based on Chlorophyll-a (Chl-
@) concentration using a relationship for all phytoplankton species [DMSP;, (nmol L) = 25.1 * Chl-a (ug L")] or DMSP,
calculated** using a relationship for the diatoms [DMSP, (nmol L) = 8.0 * Chl-a (ug L")] and another one for Phaeocystis
globosa [DMSP;, (nmol L) = 48.0 * Chl-a (ug L")] for (a) 2016 and (b) 2018. (c) Seasonal evolution of particulate
dimethylsulfoxide (DMSOp) measured (nmol L!) (in black) and DMSO, calculated* based on Chl-a using a relationship for
all phytoplankton species [DMSO, (nmol L) = 2.1 * Chl-a (ug L')] or DMSO, calculated** using a relationship for the
diatoms [DMSO, (nmol L") = 1.8 * Chl-a (ug L-")] and another one for Phaeocystis globosa [DMSO, (nmol L") = 3.3 * Chl-

a (ug L] 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 biomass, the seasonal and spatial DMS(P,0),
patterns were similar in 2016 and 2018. This was explained by the peak of biomass occurring
both years in spring due to Phaeocystis. Phaeocystis is a high-DMS(P,O) producer and
dominates the annual DMSP,, production in the BCZ. On the contrary, low-DMSP producing
diatom and dinoflagellate species dominated the spring and summer bloom for which we
observed strong differences in Chl-a between both years. This illustrates why Chl-a
concentration alone could not be used to describe the DMS(P,0), variations. The phytoplankton
diversity had to be taken into consideration to analyze and better predict the DMS(P,0),
variations. The impact of current or future phytoplankton biomass changes on DMS(P,0),
marine concentrations will thus 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 temperature that can also affect
DMS(P,0), concentration (and possibly DMS emissions). We pointed out the significance of
considering two separate DMS(P,0),-Chl-a relationships for low and high-DMSP producing
species to properly estimate the DMS(P,0), concentrations. Better constrain the DMS(P,0), in
the water column linked to the phytoplankton diversity and abiotic parameters will ultimately
lead to improvements in the modelling of the ocean-atmosphere DMS flux and its potential

climate impact.
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Chapter V — DMSP and DMSO variability along
latitudinal transects and depths 1n the North Sea.

“Der little lea anunder a lang-backit sea”

The rolling ocean provides no shelter in a storm.

Shetlands Proverbs and Sayings

115|Page



116 |Page



1 Introduction

As suggested in the general introduction, scientific understanding of the processes playing key
roles in the DMS cycle and its interaction between the upper ocean and the atmosphere has
improved, and with this, an appreciation of its complexity (Quinn 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 (Stefels et al., 2007).

A wide variety of marine microalgae produces DMS(P,0O) (McParland and Levine, 2019). The
usual classification between high-DMSP producers (dinoflagellates and Prymnesiophyceae)
and low-DMSP producers (diatoms) (Keller et al., 1989; McParland and Levine, 2019) leads to
good correlations between Chlorophyll-a (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 additional details on phytoplankton community composition
(Bell et al., 2010). With this approach, significant relationships were found between the
Prymnesiophyceae  characterized by the accessory pigments Hex+But (19°-
Hexanoyloxyfucoxanthin plus 19°-Butanoyloxyfucoxanthin) and DMSP (Belviso et al., 2001).
Correlations were also observed between peridinin, the dinoflagellates and the intracellular
DMSP (Sunda et al., 2005). In the Norwest Atlantic, significant correlation has been found
between the abundance of dinoflagellates 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 Prymnesiophyceae Phaeocystis
globosa and DMS(P,0) concentration (van Duyl et al., 1998; Speeckaert et al., 2018; cf- Chapter
IV). Seawater phytoplankton diversity is thus the factor affecting the community-DMSP
production the most (McParland et al., 2019), rather than the overall phytoplankton biomass
(Townsend and Keller, 1996; c¢f- Chapter IV).

As explained in the Chapter III, DMS(P,0O) and its breakdown products have been suggested
to play as antioxidants within the phytoplankton cells (Sunda et al., 2002). This function was
observed on field measurements with positive correlations between DMS(P,0) and
photoprotective pigments DDx+DTx (Bell et al., 2010) or B-carotene (Riseman and DiTullio,
2004). Similar trends with the xanthophylls pigments or UV sunscreen compounds and DMSP;
provide indirect support to the photoprotective role of DMSP (Archer et al., 2009). Significant
relationship was found between DMSP-Lyase (DL) activity (partially regulating the antioxidant

117 |Page



response) and DDx and DTx (Steinke et al., 2002; Harada et al., 2004). Recent modelling
studies have shown that DMS concentrations in surface waters can be linked to UV radiation
(Toole and Siegel, 2004), full-spectrum of sunlight (Gali et al., 2011; 2013), Photosynthetic
Active Radiation (PAR) (Lizotte et al., 2012), or the Solar Radiation Dose (SRD) (Vallina and
Simo, 2007; Belviso and Caniaux, 2009; Miles et al., 2009; Lana et al., 2012).

As a temperate sea, the North Sea is mainly characterized by a diatom bloom in spring followed
by other groups such as flagellates and later (i.e. during summer) by dinoflagellates (Reid et al.,
1990; Johns and Reid, 2001). In the Northern North Sea (NNS), the most abundant
phytoplankton genus are the dinoflagellate Ceratium and the diatom Thalassiosira. In the SNS,
the dominant species included Ceratium and the diatom Chaetoceros (Johns and Reid, 2001).
The dinoflagellate Protoperidinium is also present in the two areas (Johns and Reid, 2001).
There has been a gradual decrease in the abundance of the majority of diatoms’ species (Reid
et al., 1990), excepted for the genus Thalassiosira (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 to DMS(P,0), the North Sea area are under-sampled, and measurements already
reported include only data from the 90’s and most of all for coastal regions. An increase number
of field measurements should have to be carried on to better understand the phytoplankton
evolution regarding DMS(P,0) concentrations. For instance, Malin et al. (1993) observed in
June-July 1987 in the northeast Atlantic (between England and Iceland) DMSP,, concentrations
from 10.8 to 280.0 nmol L', Sim¢ et al. (1998) reported DMSP, and DMSO, values from 5.2
to 340.0 and from 2.7 to 16.0 nmol L! respectively, with Chl-a concentration of 1.3 and 13.3
png L' for the month of June, July, and August 1996 near the coast of England (Great
Yarmouth). Sim6 and Villa-Costa (2006) observed DMSP,, concentration from 28.2 to 173.4
nmol L' for Chl-a concentration from 0.7 to 1.9 ug L™ in the northeast Atlantic (South of
Iceland) in June 1998. In June 1999, DMSP, concentrations from 54.0 to 121.0 nmol L™ were
analysed in the NNS for Chl-a concentrations between 0.4 and 1.0 ug L. High DMSP,
concentrations in June-July 1996 were also reported in waters off the western coast of Ireland,
up to 50 — 635 nmol L' (Locarnini et al., 1998). To our knowledge, DMS(P,0) concentrations
along the transect from 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, this chapter aims at providing new field data measurements for DMS(P,O) 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 physiology, taxonomic composition, and its
ability to cope with light were explored. The DMS(P,0) estimations realized in the Chapter IV
were also tested to ensure its application within another environment. Since DMS(P,0) are
playing a central role in the global sulfur 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 DMS flux.

2 Material and Methods

2.1 Field sampling and abiotic parameters

The monitoring of physical, chemical, and biological parameters was carried out on the RV
Heincke during the expedition HE517 that started the 19 August and ended the 04 September
2018. Different stations (Fig. 5-1) were analysed and covered: (1) the transect from
Bremerhaven (Germany) to the top of Scotland, referred to the transect BS and the stations (St.)
1 to 10; (2) the transect along the continental rift between Scotland, the Shetlands Islands, and
the Faeroe Islands, referred to the transect SSF and the St.11 to 16; and (3) the transect along
the Norwegian Coastal Zone, referred to the transect NCZ and the St.17 to 23.

Seawater samples were generally collected at different depth to cover the vertical profile,
typically between 0 - 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 attached to a Conductivity-Temperature-Depth (CTD) probe
(SEA-BIRD SBE 911plus, SN 1015). All the samples were kept for further analysis of Chl-a,
nutrients and DMS(P,0) concentrations. The abiotic measurements of seawater temperature

and salinity were carried out by Réttgers and Wizotzki (2018).

The nutrients were 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, frozen at -20°C; for
silicate, acidified with 2 pLL mL™! 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, c¢) and Grasshoff (1983). The reagents and chemical reactions were realized
with UltraPure water (Merck).

500 km

BELGIUM

LUNEMBOURG

Figure 5-1: 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 (MJ m d™!) for a specific date and
single site was downloaded from POWER Data Access Viewer v1.1.1, converted in W m and
multiplied by 2.02 to obtain the Photosynthetic Active Radiation (PAR) (umol m? s™)
(Thimijan and Heins, 1983; Mavi and Tupper, 2004; Reis and Ribeiro, 2020).

2.2 Biotic parameters analysis

Chl-a was sampled and analyzed fluorometrically as it was for the Chapter III and IV. The
photosynthetic and photoprotective pigments — diadinoxanthin (DDx), Diatoxanthin (DTx),
Neoxanthin (Neox), Alloxanthin (Allox), Zeaxanthin (Zeax), a-carotene (a-car), B-carotene (B-
car), 19’-Butanoyloxyfucoxanthin (But), Fucoxanthin (Fucox), Peridinin (Perid), Lutein (Lut),
19’-Hexanoyloxyfucoxanthin (Hex), 19-hex 4 Keto-Fucoxanthin (4-k-Hex), Antheraxanthin
(Anthera), Prasinoxanthin (Prasi), Chlorophyllide-a (Chlid-a), Chlid-b, Chl-c3, Chl-c;, Chl-a,
Chl-c2 MGDGxanthin (Chl-c2 MGDG), Pheophorbide-a (Phb-a) and Pheophytin-a (Pheo-a) —
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were analysed by High Performance Liquid Chromatography (HPLC) LC-2030C Plus 3D
RoHS Prominence (Shimadzu and LabSolutions Software) (Zapata et al., 2000). The pigment
analysis was only performed for the first depth and for St.4, 5, 8,9, 11 —23 (17 stations 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 relationships exist
among phytoplankton pigment ratios for a given dataset. The relative abundance is then based
on the contribution of each group to total Chl-a based on pigment ratios (Wright and Jeffrey,
2006; Kramer and Siegel, 2019).

DNA extraction and analysis, as well as the DMS(P,O) measurements were realized with the
same methodology found in the Chapter IV. The student t-test, the non-parametric Spearman
correlation, or the Principal Component Analysis (PCA) were performed as it was described in

the Chapter IV.

3 Results and discussion

The data was plotted for the first depth for the three transects (Fig. 5-2) to analyse its evolution
along the latitude. The data was then sorted into fixed depth bins based upon the depths typically
sampled during the campaign: 0-20m, 20-40m and 40-100m. For these three depths, the median,
inter-quartile range (delimited by the 25th and 75th percentile), data range and outliers (defined
as values less than the 25th percentile or greater than the 75th percentile by 150% of the inter-
quartile range) were calculated (Fig. 5-3 and 5-4).

3.1 The abiotic parameters and the Chl-a concentrations.

Despite covering different latitude, only few data points for Chl-a were considered as outliers.
These latter pointed out the difference between coastal or open sea regions. The spatial Chl-a
evolution followed a profile nearshore-offshore with higher values near the coast of Germany
(St.1: 5.01 pg L") and Scotland (St.9: 2.41 pg L), decreasing rapidly to reach 0.13 ug L' at
St.7 in open sea (Fig. 5-2f). Little variations were observed for the SSF (0.86 + 0.40) and NCZ
transects (0.71 £ 0.17 pg L) with only a small peak at St.15 with 1.65 pug L' (Fig. 5-2f).
Considering the Chl-a evolution with depth (Fig. 5-4a, b), we observed that the maximum
median concentration was more likely at 29.5m of depth with 1.01 + 0.50 pg L™ with no
significant difference with the surface (0.75 + 0.51 ug L™!). This concentration dropped to 0.10
+0.32 pg L' at 80m of depth (Fig. 5-4a, b).
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Higher Chl-a concentrations near the coast of Germany or Scotland could be explained by
higher concentrations of PO4, DSi and DIN than in open sea (Fig. 5-2¢, d, €). The St.1 was
closed to the Elbe riverine input while the St.8, 9 and 10 were at the mouth of Moray Fifth (i.e.
Cromarty, Dornoch or Inverness firth) and close to the firth of Tay or Forth (Lyons et al., 1993;
Webster et al., 2004). Along the SSF or NCZ, the parallel between nutrients variations and Chl-
a concentrations are sparser since the peak of PO4 and DSi at St.14 (Fig. 5-2c, d) did not follow
the peak Chl-a at St.15 (Fig. 5-2f).
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Figure 5-2: Latitudinal profiles along the BS, SSF and NCZ transects for (a) temperature (°C), (b) salinity, (c) phosphates
(PO4), (d) Dissolved Silicate (DSi), (¢) Dissolved Inorganic Nitrogen (DIN) concentrations (wmol L), (f) Chlorophyll-a (Chl-
a) concentrations (ug L), (g) particulate dimethylsulfoniopropionate (DMSPy), (h) particulate dimethylsulfoxide (DMSOp)
concentrations (nmol L") and (i) Photosynthetic Active Radiation (umol ms™").The DMS(P,0), profiles followed the Chl-a
concentrations.

PAR was ranging from 118 to 415 umol m™s™! with an increase from St.1 to St.7, to slowly
decrease near the coast of Scotland (Fig. 5-2i). The average incident PAR was higher during
the SSF (346 + 66) and lower during the NCZ transects (217 + 128) than it was during the BS
transect (250 = 114 umol m2s™!).

The salinity followed the coastal-oceanic variations as it was for the nutrients and remained

stable along the SSF or the NCZ (Fig. 5-2b). 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 (Fig. 5-3c, d) 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 respectively for each
depth; Fig. 5-3a, b). The temperature was influenced by the warm water coming from the
English Channel (Paramor et al., 2009) and the large-scale heatwave that occurred in Europe
(Magnusson et al., 2018), with higher temperature (~18°C) at the beginning of summer and
near the coast of Germany (Fig. 5-2a). 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 months are characterized by a permanent thermocline
(Richardson et al., 1998) that induces a sink of the colder and nutrient-rich waters away from
the photic zone (Johns and Reid, 2001; Kraberg et al., 2012), explaining the nutrient evolution
with depth observed for DIN, PO4 and DSi concentrations (Fig. 5-3e, f, g, h, 1, j).

3.2 The DMS(P.O), profiles followed the Chl-a concentrations.
Chl-a and DMS(P,0),4 profiles along the latitude for the three transects and along the depth

are presented at the figure 5-3 and 5-4.

DMSP,, along the BS transect followed the coastal-offshore gradient as it was for the Chl-a
concentrations, except for St.5 characterized with 87.0 nmol L' (Fig. 5-2g). The DMSP,
concentration was higher along the SSF transect with an average of 71.2 £+ 42.5 nmol L™ with
the highest concentration encountered at St.15 with 155.6 nmol L™! (Fig. 5-2g), where the Chl-
a was at the highest. The NCZ was more consistent with an average DMSP,, of 65.1 + 12.9
nmol L with no significant variations among the stations (Fig. 5-2g). The DMSO,
concentrations followed the DMSP,, peaks (St.5, 9 and 15). The lowest concentration was
analysed for the St.1 with an increase towards the open sea (Fig. 5-2h) and an average for the
BS transect of 9.1 + 5.1 nmol L', An average DMSO,, concentrations of 7.8 = 4.8 and 10.3 +
3.8 nmol L! were observed for the SSF and NCZ transects with higher values at St.11, 13, 15
and 18 (Fig. 5-2h).
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Figure 5-4: Depth profiles for Chlorophyll-a (Chl-a) (ug L) (a - b), particulate dimethylsulfoniopropionate (DMSPy) (¢ — d),
particulate dimethylsulfoxide (DMSOy) (e — f), dissolved dimethylsulfoniopropionate (DMSP4) (g — h) and dissolved
dimethylsulfoxide (DMSQu) (i — j) concentrations (nmol L) for the three transects. On the left: the individual profiles; and the
right: depth-binned data represented by median values (black line with circles), range excluding outliers and delimited by 25%
and 75" percentiles (dotted lines) and outliers (stars) for each depth.
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Regarding their profiles along the depth, DMSP,, trends to decrease with median value of 53.7
+39.0, 39.1 +36.9 and 4.3 + 5.3 nmol L' respectively for each depth (Fig. 5-4c, d). The same
observation could be noted for DMSO, with 9.3 + 7.6, 7.3+ 5.7 and 1.1 = 1.3 nmol L™ (Fig. 5-
4e, f). While the DMSP,, were ranging from 0.4 to 217.7 nmol L! (Fig. 5-4c), the DMSPq4
concentrations observed were between the detection limit and 48.8 nmol L™ (Fig. 5-4g), with
no significant variations along the transects and following the DMSP,, peaks (data not shown).
On the contrary, the DMSO,, concentrations were lower from 0.2 to 26.4 nmol L (Fig. 5-4e)
while the dissolved part was ranging between the detection limit and 24.0 nmol L' (Fig. 5-4i).
The median value for DMSOq4 was higher at each depth than the DMSO, (Fig. 5-4j). DMSO
levels in seawater can actually exceed those of both DMS and DMSPy (Hatton et al., 1998).
Nevertheless, this affirmation was not observed in our field measurements as it was for the SNS

in 2018 (¢f- Chapter IV).
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Figure 5-5: Principal Component Analysis with (a) the three depths combined, (b) the first depth including the genomic
diversity, (c) the first depth including the pigment biomarkers analysed by CHEMTAX methodology, and (d) the first depth
including the photoprotective pigments and the incident Photosynthetic Active Radiation (PAR). The variables included are
the Chlorophyll-a (Chl-a), particulate dimethylsulfoniopropionate (DMSP;), particulate dimethylsulfoxide (DMSOp),
temperature (Temp), salinity, phosphates (PO4), Dissolved Silicates (DSi) and Dissolved Inorganic Nitrogen (DIN).
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We then explored the similarities between all the variables to understand their links with the
sulfur compounds. Combining the three depths, the figure 5-5a shows the grouping of variables
within an orthogonal 2D-space along the two most relevant PCs explaining 54.5% of the

variability among the samples.
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Figure 5-6: (a) Particulate dimethylsulfoniopropionate (DMSP)) and (b) particulate dimethylsulfoxide (DMSOy) concentrations
(nmol L") versus Chlorophyll-a concentrations (Chl-a) (ug L'); and (¢) DMSO, (nmol L") versus DMSP;, concentrations
(nmol L) for the three transects including the three depths. Linear regression was applied for each relationship.

127 |Page



The DMS(P,0), were clustering together and with Chl-a while the salinity was at the opposite
(Fig. 5-5a). The nutrients were varying in the same way as expected. We observed indeed a
strong correlation between DMSP,, and Chl-a (p = 0.595, p <0.001, n = 56; R = 0.59; Fig. 5-
6a) as it was for DMSO,, (p = 0.403, p < 0.01, n = 56; R? = 0.47; Fig. 5-6b). Actually, the
DMSP,;, was positively correlated with Chl-a concentrations during the transect SSF (p = 0.849,
p <0.001, n = 17) as it was also for DMSP,, (p = 0.524, p < 0.05, n = 21) and DMSO,, (p =
0.498, p <0.05, n = 21) for the NCZ transect. As suggested with the PCA (Fig. 5-5a), the two
sulfur compounds were positively correlated (p = 0.661, p <0.001, n = 56; Fig. 5-6¢), as it was
observed recently in the SNS (¢f. Chapter IV), or in a global data set (Sim¢6 and Vila-Costa,
2006). The DMSP, and DMSO, were correlated for the three transects BS (p =0.629, p <0.01,
n=18), SSF (p=0.698, p<0.01,n=17), and NCZ (p = 0.749, p <0.001, n = 21). This strong
correlation was only pointed out for the second depth for all the data (p =0.845, p <0.001,n =
16) where the maximum of Chl-a was observed. Since it is largely assumed than the
phytoplankton is the main DMSP producer, it was not surprising that the vertical distribution

patterns of DMSP followed those of phytoplankton (Zhang et al., 2019).

Considering night and day sampling, the dynamics between DMSP concentration and other
cellular processes entrained by circadian rhythms might influence its concentration (Berdalet et
al., 2011). Nevertheless, we did not observe significant differences between the morning (5 —
13h), the afternoon (13 — 21h) or the night (21 — 5h) sampling for the three transects (data not
shown). Variations of DMSP content was observed between dark and light periods with higher
concentrations observed during the light for diatoms (Spielmeyer and Pohnert, 2012), E. huxleyi
(Bucciarelli et al., 2007), or natural communities (Sunda et al., 2005), but with no variations for
corals during 24h of sampling (Tapiolas et al., 2013). The spatial heterogeneity of our sampling

might influence the results observed regarding the DMSP evolution along a diel timescale.

3.3 Antioxidant function for DMS(P,O),

The antioxidant function described previously (c¢f. Chapter III) and suggested by Sunda et al.
(2002) provide motivation for investigating in situ DMS(P,O), concentrations in terms of
ancillary data that might indicate shift in the physiological status of the phytoplankton cells
(Bell et al., 2010). The phytoplankton community was classified using the photoprotective
carotenoids (PPC: DDx, Allox, Zeax and B-car) in the context of the photosynthetic carotenoids
(PPS: But, Hex, Fucox, Perid and Prasi) (Gibb et al., 2000; Bell et al., 2007; Bell et al., 2010).
The percentage of PPC (%PPC) is defined as follows (Gibb et al., 2000; Bell et al., 2010):

128 |Page



%PPC = (PPC/(PPC+PPS))*100.

Correlations between DMS(P,0), or DMS(P,0),:Chl-a ratio and %PPC were very weak (Fig.
5-7a, b) even if the %PPC signal along the campaign tends to be dominated by Hex, a major
pigment in the Prymnesiophyceae (Bell et al., 2010), known to be high-DMSP producing group
(Keller et al., 1989).
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Figure 5-7: On the left: Particulate dimethylsulfoniopropionate (DMSPp) and particulate dimethylsulfoxide (DMSOp)
concentrations (nmol L") and on the right: DMSP;:Chl-a and DMSO,:Chl-a in function of (a-b) %PPC; (c-d) DDx+DTx
concentration (ug L") and (e-f) Photosynthetic Active Radiation (PAR) (umol m?s™") for the three transects including the first
depth. Linear regression was applied for each relationship.

Since DDx and DTx are part of the same photoprotective xanthophyll cycle, the total

concentration of both could be also used as indicator of the prominence of this cycle within the
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cell metabolism (Bell et al., 2010). No correlation was found in our field measurements (Fig.
5-7c, d) as it was during the Atlantic Meridional Transect (Bell et al., 2007) but at the opposite
of the strong association found between DMS and DMSP; with DDx+DTx in the sub-tropical
Atlantic (Bell et al., 2010). Furthermore, we tested if the DMS(P,0), concentrations or ratio
could be linked to PAR as it was for DMS in previous studies. As a matter of fact, no significant
correlations were found (Fig. 5-7d, e). No clustering between DMS(P,0), with PAR was indeed
denoted with the PCA in the figure 5-5d.

The difficulty to determine whether the variation in correlations strength with the pigments or
PAR are driven by the sampling, the spatial heterogeneity or difference in phytoplankton
community (Bell et al., 2010). However, studies reporting significant correlations were mainly
from the subtropical region between DMSP and photoprotective pigments (Riseman and
DiTullio, 2004; Bell et al., 2010) or between DMS and seasonal variation of light intensity.
Daily PAR variation from our field measurement (from 118 to 415 pmol m2s™! (Fig. 5-2i)) was
in the same range than the following studies. PAR was varying between 158 and 653 pmol m"
25! in the oligotrophic gyres of the Atlantic Ocean from April to June 2003-2004 and
September-October 2003 (Miles et al., 2009). Under light intensity from 95 to 455 umol m™s’
!, Gali et al. (2011) observed correlations with gross DMS production from deck incubations
with seawater from the Northwest Mediterranean Sea (throughout the seasonal cycle), the
Southern Indian Ocean, and the Tasman sea (during the austral summer). Including the incident
light and the mixed layer depth, the Solar Radiation Dose (SRD) from Vallina and Simo (2007)
was varying from 20 to 606 umol m™s™ in the Norwest Mediterranean Sea during the year
2003, and in the Sargasso Sea from January 1992 to November 1994. Lizotte et al. (2012) also

found correlation between DMS and PAR, from 26 to 282 umol m™s™!, for a dataset extending

from the subtropical gyre to the Greenland current and from spring to fall 2003.

DMS(P,0) antioxidant function thus do not seem to be dominant in temperate regions for small
temporal sampling characterized by small DMS(P,0O), concentrations due to lower biomass,
and daily PAR variation. The correlations were significant for long period of sampling and
mainly with the DMSP oxidation products, DMS, resulting from the antioxidant response
(Sunda et al., 2002) (cf. Chapter [ — 5. Antioxidant function). Additional measurement such as
DL activity or the efficiency of the photosystem II would lead to a better appreciation of the
physiological status of the phytoplankton community within the water column. The
physiological status would provide useful information regarding the oxidative stress that might
occur during these periods of sampling.
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3.4 DMS(P.O) production resulted from a mixed phytoplankton community.

We further use two methodologies to explore the phytoplankton diversity based on specific
pigments or DNA extraction. Each method presents an incomplete picture of phytoplankton
community and often complement each other (Kramer et al., 2020). HPLC pigments (Chl and
carotenoids) provide an opportunity to characterize the community at low taxonomic resolution
(i.e. group level) since they occur in all algal taxa with variable degrees of specificity (Table
Supp. 5-1) (Jeffrey et al., 2011; Kramer et al., 2020). We thus decided to estimate the relative
abundance of algal types using the CHEMTAX methodology (Mackey et al., 1996) and
described the phytoplankton groups with the genomic data.

The Prymnesiophyceae were the most abundant for the three transects with an average of 51 +
17% (Fig. 5-8b). We distinguished the Prymnesiophyceae T6 (Type 6; 24 + 15%) and the
Prymnesiophyceae T7 (Type 7; 26 = 11%) based on Jeffrey and Wright (2005). Both were
present with similar proportions during the campaign (Fig. 5-8b). With the genomic analysis,
the Prymnesiophyceaec was represented mainly by Phaeocystis sp, Prymnesium sp. and
Chrysochromulina strobilus. The Cryptophytes and dinoflagellates were present at St.8 and 9
while the Chlorophytes were at St.11 and 13 (Fig. 5-8a). The Cryptophytes detected were
mostly Teleaulax amphioxeia while the dinoflagellates regrouped species such as Heterocapsa
rotundata, Karlodinium veneficum, Tripos sp., Gyrodinium sp., Karenia mikimotoi, Katodinium

sp., Pelagodinium beii, and Gymnodinium sp. (data not shown).

The relative abundance of diatoms were constant during the three transects with 20 + 5% (Fig.
5-8b). The Prasinophyte were mainly present during the NCZ transect (Fig. 5-8a) and with an
average relative abundance for the three transects of 10 + 4% (Fig. 5-8b). Some
Mamiellyophyceae (Micromonas pusilla and Bathycoccus prasinos) and Pelagophyceae
(Aureococcus anophagefferens) were also observed with the genomic analysis. The
Cyanobacteria were important during the SSF transect with a relative abundance of 42% at

St.14 (Fig. 5-8a) but an average of 11 + 10% (Fig. 5-8b).

However, no distinct patterns were observed between the relative abundance of biomarker algal
types and the DMS(P,0), concentrations (Fig. 5-8a). In addition, any strong DMS(P,0),
correlations or linear regressions with any pigment biomarkers, pigments alone, or algal groups
based on genomic data were identified (p > 0.05; data not shown). The PCA brought the same
ascertainment since no cluster was identified with the CHEMTAX or genomic analysis (Fig. 5-

5b, ¢). Our results are in contradiction with Belviso et al. (2001) that identified strong
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correlation between DMSP, and Hex+But within more than 200 surface-water samples
collected over contrasting ocean regions and time sampling. Same observation was also
encountered between DMSP,, Hex and Phaeocystis sp. in the Ross Sea, Antarctica during
February 1992 (DiTullio and Smith, 1995) or through the Drake Passage during October to
December 1992 (Turner et al., 1995). In the Belize coastal lagoon and adjacent barrier reef
systems, Sunda et al. (2005) observed relations between DMSP,, and peridinin (R* = 0.92),
indicator pigments for dinoflagellates. The absence of significant and positive correlations in
our field measurements demonstrated that DMS(P,0O), production cannot be easily related to
algal group based on biomarker, as it was in the oligotrophic subtropical and tropical regions

analysed by Bell et al. (2010).

The use of biomarkers or genomic analysis for mixed phytoplankton community could also
affect the view of the community structure. First of all, most pigments are not perfect indicators
of taxonomy and many pigments are shared between taxonomic groups (Higgins et al., 2011;
Jeffrey et al., 2011). For instance, the dinoflagellates harbour different plastid types including
peridinin, prymnesiophyte-like, diatom-like, cryptomonad-like, prasinophyte-like plastids. We
observed indeed the presence of K. veneficum, K. mikimotoi, Gyrodinium sp., and Gymnodinium
sp. that are characterized by prymnesiophyte-like plastid (Tengs et al., 2000; Caruana and
Malin, 2014). The pigment analysis thus did not detect these species since they lack peridinin
(Coupel et al, 2015). In addition, the heterotrophic and mixotrophic dinoflagellates can lead to
misinterpretation since CHEMTAX potentially considers other pigments present in algae
ingested by dinoflagellates (Coupel et al., 2015). CHEMTAX methodology also assumes that
individual or combinations of pigments correspond to unique phytoplankton groups, and the
contribution of individual phytoplankton pigments to each taxonomic class are known (Kramer
and Siegel, 2019). On global or even on local scales, direct comparisons between CHEMTAX
and other methods of phytoplankton identification are often inconsistent (Kramer and Siegel,

2019 and citations therein).

3.5 DMS(P.O) estimations

Since DMSP,, was significantly correlated with Chl-a concentrations, we compared DMSP,,
computed for the three surface transects from the linear regression with Chl-a (DMSP, (nmol
L) =52.0 * Chl-a (ug L"), R = 0.67; excluding the first station; data not shown) with the

measured DMSP,, data as it was realized in Chapter IV.
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Figure 5-9: Seasonal evolution for the three surface transects of (a) particulate dimethylsulfoniopropionate (DMSP),) measured
(nmol L") and DMSP;, calculated (in dotted lines) based on Chlorophyll-a (Chl-a) using one relationship for all phytoplankton
species [DMSP;, (nmol L) = 52.0 * Chl-a (ug L")] for all the stations; of (b) DMSP, measured compared to DMSP;, calculated
based on the Chl-a linear regression (DMSP,;, calculated), based on the pigment relative abundance and specific DMSP,:Chl-a
ratio (Table Supp. 5-1) (DMSP; calculated*) or DMSP,:Chl-a ratio from Stefels et al. (2007) (DMSP, calculated**); (c)
particulate dimethylsulfoxide (DMSO;) measured (nmol L'') and DMSO;, calculated (in dotted lines) based on Chlorophyll-a
(Chl-a) using one relationship for all phytoplankton species [DMSO; (nmol L") = 8.6 * Chl-a (ug L™)] for all the stations; of
DMSO, measured compared to DMSO, calculated based on the Chl-a linear regression (DMSO, calculated), based on the
pigment relative abundance and DMSO;:Chl-a ratio for the main phytoplankton groups (Table. Supp. 5-2) (DMSP,

calculated**).

First of all, the DMSP,:Chl-a ratio from the linear regressions was in the same range than the
value from Stefels et al. (2007) (52 = 37 mmol:g) or recalculated from published literature
(Table Supp. 5-2: 60.4 £ 25.5 mmol:g) for the Prymnesiophyceae, possibly confirming the
dominance of this group in the area. However, while the spatial variation was well represented
for some stations (St.6 — 10; St.14 — 16), others were at the opposite of what we observed (St.2
— 5) (Fig. 5-9a). We also noticed an underestimation for the transect NCZ with a spatial
evolution that was not similar (Fig. 5-9a). Same procedure was applied for the DMSO,
estimation from the linear regressions with Chl-a (DMSO, (nmol L) = 8.6 * Chl-a (ug L"),
R?=0.69; excluding the first station; data not shown). The same observations could mainly be

drawn for the DMSO estimation with a more chaotic evolution of the DMSO, measured that

was not reflected in the DMSO,, calculated (Fig. 5-9c¢).
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We then used the relative abundance deduced from the pigment biomarkers (Fig. 5-8a) to
estimate the DMS(P,0), using DMS(P,0),:Chl-a ratio specific to each phytoplankton group.
The relative abundance of each phytoplankton group was multiplied by the Chl-a concentration
at each station (Fig. 5-2f) as well as the average DMS(P,0),:Chl-a ratio from Table Supp. 5-2
or 5-3 for each group (DMS(P,0O), calculated*), or from Stefels et al. (2007) (DMS(P,0O),
calculated**). Using the three methodologies (Chl-a linear regressions based on field
measurements, specific and group DMS(P,0),:Chl-a ratio from published literature) brought
an underestimation of the DMSP,, calculated (Fig. 5-9b). The spatial evolution of the DMSP,
estimated was similar than the DMSP;, measured for most of the stations since DMSP;, followed
the Chl-a concentrations (c.f- 4.2). The DMSP;, calculated from the Chl-a linear regression was
the less underestimated since the DMSP,:Chl-a ratio used was deduced from the field
measurements (Fig. 5-9b). With the same methodology, the following ascertainment could be
drawn for the DMSO, estimation: underestimation when using DMSO,:Chl-a ratio (DMSO,
calculated**) while the DMSO, calculated from the Chl-a linear regression from field
measurements was mainly within the same range than the DMSO, measured, without the spatial
evolution. However, the difference in the average DMSO,, estimation was not significant with

10.3 + 4.4 and 7.7 + 4.7 nmol L' for DMSO, measured and calculated, respectively.

In conclusion, the DMS(P,0), variation along the three transects was explained by the
phytoplankton diversity but no distinct patterns could be extrapolated to understand and predict
the observed DMS(P,0),. In the previous Chapter IV, the calculated DMS(P,0), fitted with the
DMS(P,0), observed thanks to relationships discriminating the diatoms and Phaeocystis
community. The mixed phytoplankton community during this campaign did not provide an easy
way to characterize and estimate the DMS(P,0O),. The DMSO, estimation, even in the range of
the calculated DMSO,, did not follow its spatial evolution. Its passive diffusion and
physiological reactions within the cells (i.e. antioxidant response) might explain its
unpredictable variation along this short period of time. DMS(P,0O), can be thus mainly
estimated when the phytoplankton community is dominated by low and high-DMSP producing
species as it was in the SNS. The correlation with biomarkers have also been suggested for
small spatial and temporal scales such as blooms (DiTullio and Smith, 1995; Turner et al., 1995;
Sunda et al., 2005). In addition, the high inter- and intraspecific variability regarding the
DMS(P,0),:Chl-a production within each phytoplankton group (Table Supp. 2, 3) (Stefels et
al., 2007) could also lead to unpredictable DMS(P,0) variations in our field analysis

characterized by mixed phytoplankton communities.
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4 Conclusions

The study of twenty days of sampling in the North Sea in August 2018 demonstrated coastal-
oceanic variations in terms of Chl-a concentrations that were mainly explained by the nutrients’
gradient. We tried to understand and explain the DMS(P,0), evolution regarding ancillary
measurements such as photoprotective pigments, incident light or phytoplankton diversity. We
did not observe the antioxidant function within our field samples. As a result of DMSP cascade
reaction due to oxidative stress, DMS measurements would probably lead to a better
appreciation of this hypothesis. This function was mainly observed with DMS measurements
from long-term sampling period and for subtropical area, contrasting with our short-term

sampling in a temperate sea.

Furthermore, the phytoplankton diversity based on pigment biomarkers or genomic analysis did
not provide in our study an easy way to observe distinct DMS(P,O), patterns. This resulted
from the mixed phytoplankton community without the dominance of low or high-DMSP
producing species. The wide range of DMSP production resulting from this mixed
phytoplankton community leads to unpredictable DMSP variations. Previous correlations were
mainly observed between the sulfur compounds, pigments, and phytoplankton diversity during

phytoplankton efflorescence, at the opposite of our mixed phytoplankton community.

In order to understand the antioxidant function within field samples, further work would have
to conduct DMS analysis in parallel of ancillary parameters to englobe the physiological status
of the community. A better understanding of the DMS(P,0) function within the cell and
between the phytoplankton groups would lead to a better appreciation of their production and

evolution along diverse abiotic profiles.
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6 Appendix

Table Supp. 5-1: Summary of the 18 pigments used for the CHEMTAX analysis and the distribution of these pigments across the taxonomic groups (based on Kramer and Siegel, 2019).

Diatoms

Dinoflagellates

Prymnesiophyceae T6 | Prymnesiophyceae T7

Cryptophyceae

Prasinophyceae

Chlorophyceae | Cyanobacteria

But

Hex

Allo

DTx

DDx
Perid
Fuco
Zea
MVChl-a
DV-Chl-a

MV-Chl-b

DV-Chl-b

Chl-c1+c2

Chl-c2-
MGDG

Chl-c3

MV-Chl-c3

Neo

Viola

Lut

Pras

Unique
Always often
Often present

Rarely present
Not present
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Table Supp. 5-2: Ratio of particulate dimethylsulfonioproprionate (DMSP;) to Chlorophyll-a (Chl-a) concentration (DMSPy:Chl-a) (mmol:g), cell biovolume (um?), cell carbon (C) content (pgC
cell'") compiled from published literature for species found during the campaign.

Class Genus Species Biovolume (um3)  C(pgCcell') Chl-a (pgChl-a cell'’)  DMSP; (fmol cell?) DMSP{:::;T.g) Data from
Cryptophyceae Teleaulax T. amphioxeia 90.7 14.9 0.2 0.2 0.9 1
Diatom  Rhizosolenia R. setigra 69080.0 7561.5 126.0 112.5 0.9 2
Diatom  Guinardia G. delicatula 58139.0 2105.6 35.1 1.9 3
Diatom Thalassiosira T. rotula 15072.0 704.5 11.7 1.9 0.2 2
Diatom Thalassiosira T. rotula 10.5 3
Diatom Thalassiosira Thalassiosira sp. 13713.0 652.5 10.9 40.8 3.8 2
Diatom Thalassiosira Thalassiosira sp. 2.6 3
Diatom Thalassiosira T. pseudonana 80.1 10.1 4.8 4
Diatom  Rhizosolenia Rhizosolenia sp. 69080.0 2421.6 40.4 112.5 2.8 2
Diatom Pseudo-Nitzschia  Pseudo-Nitzschia sp. 120.0 14.0 0.2 0.2 0.9 2
Average *s.d. : 3.2+3.1
Dinoflagellates Heterocapsa H. rotundata 234.0 66.3 1.1 20.8 18.8 5
Dinoflagellates Heterocapsa H. rotundata 173.3 51.8 1.2 214 17.7 6
Dinoflagellates Heterocapsa H. rotundata 181.2 53.7 14 27.3 19.5 6
Dinoflagellates  Gyrodinium G. aureolum 5007.6 814.3 13.6 5.3 0.4 2
Dinoflagellates  Gyrodinium G. aureolum 5007.6 814.4 13.6 0.0 0.0 7
Dinoflagellates Pelagodinium P. beii 29187.0 3449.9 57.5 900 15.7 2
Dinoflagellates Karenia K. mikimotoi 80178.9 7892.9 131.5 7.5 0.1 8
Dinoflagellates Katodinium Katodinium sp. 1439.0 293.3 4.9 201.2 41.2 9
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 2
Dinoflagellates  Tripos T. fusus 19500.0 2479.4 41.3 2.8 0.1 7
Average * s.d. : 28.4 +56.7
Mamiellyophyceae Micromonas M. pusilla 4.2 0.8 0.0 0.2 10.9 2
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Mamiellyophyceae Bathycoccus B. prasinos 1.8 0.4 0.0 0.0 5.5 2
Average ts.d. : 8.21+3.8
Pelagophyceae Aureococcus A. anophagefferens 33.51 5.84 0.1 1.0 10.0 7
Prasinophyceae Pycnococcus P. provasolii 8.0 1.5 0.0 0.2 9.5 2
Prymnesiophyceae Phaeocystis P. globosa 75.0 12.4 0.2 16.3 78.4 4
Prymnesiophyceae Phaeocystis P. sp. 46.6 8.0 59.0 2
Prymnesiophyceae Phaeocystis P. globosa 95.3 3
Prymnesiophyceae Phaeocystis P. globosa 73.3 10
Prymnesiophyceae Prymnesium Prymnesium sp. 368.0 55.4 0.9 14.4 15.7 2
Prymnesiophyceae Chrysochromulina  Chrysochromulina sp. 156.5 24.8 0.4 21.7 52.4 2
Prymnesiophyceae Emiliania E. huxleyi 39.5 6.8 0.1 5.5 48.4
Average *s.d. : 60.4 £ 25.5

1. Lee et al. (2012); 2. McParland and Levine (2019); 3. Speeckaert et al. (2018); 4. Royer et al.
(in review); 5. Cooney et al. (2019); 6. Cooney (2016); 7. Keller et al. (1989)b; 8.
Archer et al. (2009); 9. Townsend and Keller (1996); 10. Speeckaert et al. (2019)
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Table Supp. 5-3: Ratio of particulate dimethylsulfoxide (DMSOp) to Chlorophyll-a (Chl-a) concentration (DMSOp:Chl-a) (mmol:g), cell biovolume (um?), cell carbon (C) content (pgC cell') compiled from
published literature for species found during the campaign.

Biovolume DMSO;:Chl-a

Class Genus Species (m?) Carbon (pgCcell?)  Chl-a (pgChl-a cellY) DMSO; (fmol cell?) (mmol:g) Data from
Diatom Thalassiosira T. oceanica 0.4 1
Diatom Thalassiosira T. pseudonana 2.0 2
Diatom Thalassiosira T. pseudonana 119.5 13.9 0.23 0.01937 0.1 3
Diatom Skeletonema S. costatum 1.5 2
Diatom Skeletonema S. costatum 264 26.5 0.44 0.01192 0.03 3
Average *+ s.d.: 0.8+0.9
Dinoflagellates Heterocapsa H. triquetra 8.6 4
Dinoflagellates Heterocapsa North Dinojflzge y Iateiom/nated by 2.9 5
Dinoflagellates Heterocapsa H. triquetra 134
Dinoflagellates Gymnodinium  G. simplex 265.0 73.36 1.22 0.1 0.1 3
Average t s.d.: 6.3+5.9
Prymnesiophyceae Phaeocystis P. globosa 1.3 4
Prymnesiophyceae Phaeocystis North Sea dominated by P. globosa 1.2 5
Prymnesiophyceae Phaeocystis P. globosa 8.7 2
Prymnesiophyceae Emiliania E. huxleyi 39.5 6.8 0.11 0.22355 2.0 3
Average t s.d. : 3.3%+3.6 3

1. Bucciarelli et al. (2013); 2. Royer et al. (in review)); 3. Hatton and Wilson (2007); 4. Speeckaert et al. (2019); 5. Simé et al. (1998)

140 |Page



Chapter VI — Discussion and perspectives

“Discussion is impossible with someone who claims not to seek the truth,

but already to possess it.”

- Romain Rolland (Above the battle, 1917).
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1 Discussion and perspectives

The main objective of this thesis was to study DMS(P,0) production under oxidative stress
(Chapter III) while we brought additional support information between phytoplankton diversity,
environmental parameters, and field DMS(P,0) measurements (Chapter IV and V). We tried to
explain the spatial and temporal variability of the DMS(P,0) regarding ancillary data
measurements such as phytoplankton pigments, community composition, and how the species
cope with light stress. The main issues investigated throughout this thesis will be described in
this section. The results are summarized and discussed in relation with the progress achieved

and from the perspective of future research that could be developed.

1.1 Antioxidant function

The phytoplankton community has to endure various adverse environmental conditions during
the day or throughout the seasonal changes. The nutrient availability, the temperature as well
as the light intensity influence and impact the cell’s adjustments to stabilise the physiological
status of the cell. Depending on how the cell reacts according to these environmental variations,
the latter can be responsible of the production of Reactive Oxygen Species (ROS) that might
be harmful for the cell. This ROS production can lead to cell’s damages that will be reflected
in the efficiency of the photosystem II (PSII), the increase of the Chlorophyll-a (Chl-a)
fluorescence, the lipid peroxidation, or the decrease in Chl-a concentrations (photoacclimation),

among others.

To analyse the antioxidant response, we designed an experimental setup to study the impact of
light increase and chemical oxidative treatments on three emblematic phytoplankton producing
DMS(P,0) groups: the diatom S. costatum, the Prymnesiophyceae P. globosa, and the
dinoflagellate H. triquetra. The first is normally considered as low-DMSP producer while the
two others are high-DMSP producers (Stefels et al., 2007). This experimental setup allowed us
to study the impact of oxidative stress while also considering the taxonomy as potential drivers

of DMS(P,0) production.

The actual consideration in the literature is to cleave the phytoplankton groups between low or
high DMSP-producing species such as said previously. This cleavage might be useful to quickly
understand the DMSP dynamics within an ecosystem but might hide some potential useful
information. For instance, the accepted DMSP,:Chl-a ratio are the one gave by Stefels et al.
(2007), that already reflected the high variability within each group. We did find significant

differences between the diatom, the Prymnesiophyceae and the dinoflagellate as expected
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(Chapter III). However, the diatom S. costatum already had an elevated DMSP,:Chl-a (~35
mmolS:g Chl-a), much higher than normally considered (4 £ 6 mmolS:g Chl-a) (Stefels et al.,
2007). Recently, the homologous gene DSYB, coding for the methyltransferase needed for the
DMSP synthesis (Curson et al., 2018) was found within all the Prymnesiophyceae and
dinoflagellates tested but only within 20% of diatoms. This low gene presence might explain

the variability within the diatoms and within our diatom’s species.

Furthermore, reporting the DMS(P,0),:Chl-a ratio is convenient for global models based on
satellite-derived Chl-a data as proxy for DMS(P,0), (Bopp et al., 2003). However, the
DMS(P,0) production is taxon-specific, and a wide diversity of microalgae do not produce
these sulfur compounds (Keller et al., 1989). In addition, the experimental design (i.e. light,
temperature or salinity variation) might influence the Chl-a cellular content (Brunet et al., 2011)
in addition to affect DMSP (Stefels et al., 2007). We thus suggest reporting DMS(P,0),-to-cells
ratio for further research focusing on the physiological roles of DMS(P,0).

Furthermore, we did not measure the DL activity that would provide useful information
regarding the physiological reactions. Caruana and Malin (2014) showed that the DL activity
varied considerably between species or even between strains of the same species within the
dinoflagellates. The next question arises then: why have some species conserved the capability
to produce DMSP and to convert it into DMS thanks to DL, while some others not, or not in
the same proportion? The answer to this question might reside in the successive or ancestral
endosymbiosis or horizontal gene transfers characterizing the phytoplankton (Keeling, 2010;

Fan et al., 2020).

Laboratory experiments mentioned in Chapter III confirmed the DMS(P,O) antioxidant
function and this research brought observational support to this hypothesis. The three oxidative
treatments did not impact in the same way the DMS(P,O), content. We observed a decrease in
the DMSP,, during the short-term DCMU and MSB treatments that suggested an interaction
between the sulfur compound and ROS produced. Since we did not observe an increase of the
lipid peroxidation, this might join the antioxidant definition provided by Halliwell (1995) since
DMSP,;, delays or prevents the oxidation of oxidizable substrate such as lipids. However, the
initial DMS(P,0), concentrations did not provide information about how the species will endure
a further oxidative stress and the DMS(P,O) cellular contents were not upregulated during long-

term high-light treatments. The previous results joined the observations realized by Archer et
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al. (2018): the regulation of DMSP is not linked to photooxidative stress without excluding a

chemical reaction between ROS and the sulfur compound.

In addition, there are still uncertainties regarding the importance of this function in natural
environment. We tried during our field measurements to find any relevant correlation between
DMS(P,0) concentrations and photoprotective pigments (Chapter V). These ancillary data did
not provide us novel insights for answering our scientific hypothesis, but future research might
focus on developing easy-field measurements to understand the DMS(P,O) dynamics. For
instance, additional measurements such as the efficiency of the PSII or F./Fi, would lead to a
better appreciation of the physiological status of the cells within the water column, as well as
the potential identification of the phytoplankton taxonomy (Maxwell and Johnson, 2000;
Suggett et al., 2009). Nevertheless, proper in sifu measurements of variable fluorescence require
careful attention to a number of operational, instrumental, and environmental factors that are
not encountered in the laboratory: in situ light influence, methodology and instruments used,
assumptions made for considering a large number of cells of different phytoplankton
population, presence of optically active constituents such as the coloured dissolved organic

matter, among others (Laney, 2010).

To support the antioxidant function, we also tested if significant relationships can be found
between the sulfur compounds and the incident light. Thanks to the BCZ and NNS campaigns
(Chapter IV and V), we can combine the whole dataset to explore the correlations with the
incident Photosynthetic Active Radiation (PAR). We found significant correlations between
DMSP,, (p = 0.423, p < 0.001), DMSO¢ (p = 0.235, p <0.01) and the incident PAR combining
the data from the BCZ (2016 and 2018; Chapter 1V) and the first depth of the NNS campaign
(Chapter V). These results are driven by the BCZ campaigns for which we found relevant
correlation between incident PAR and the sulfur compounds: DMS(P,0), were correlated
positively with the incident PAR mainly from January to May (DMSP,: p = 0.642, p < 0.001;
DMSO¢: p=0.388, p <0.01). From July to December, the correlation was less significant for
the DMSP;, (p <0.05) and absent for the DMSOx (p = 0.380). As the DMSP,, increased in parallel
of the incident PAR during the spring period, it is not surprising to observe significant
correlation for this area. However, the NNS campaign, occurring only in August, did not

provide any correlation (Chapter V).

We thus suggested that the antioxidant function is difficult to study for a short-term period of

sampling in a temperate sea as it was for the NNS campaign. As explained in the Chapter V,
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significant correlations between DMSP and photoprotective pigments were mainly observed in
the subtropical oligotrophic gyres in the Atlantic Ocean or along the Peruvian coast (Riseman
and DiTullio, 2004; Bell et al., 2010). In addition, the correlations generally found concern the
resulting DMSP oxidation product which is DMS. It might be interesting to analyse DMS
concentrations to increase the opportunity to observe and understand the antioxidant function.
Indeed, significant relationships with UV solar radiation or the Solar Radiation Dose (SRD;
calculated with the incident PAR and the Mixed Layer Depth (MLD)) were mainly detected
with DMS in the subtropical part of: the Atlantic Ocean (i.e. Sargasso Sea and with UVR (Toole
and Siegel, 2004); the oligotrophic gyres of the Atlantic Ocean and with SRD (Miles et al.,
2009); the coastal northwest Mediterranean Sea (i.e. Blanes Bay (Vallina and Simd, 2007); with
the gross DMS production and exposure to full spectrum sunlight (Gali et al., 2011); the
Southern Indian Ocean and the Tasman Sea (Gali et al., 2011). In the Northeast Atlantic, no
strong relationship was found between DMS and SRD, accounting only for 19 — 24% of the
variance and depending mainly on the kq used (Belviso and Caniaux, 2009). Only Lizotte et al.
(2012) found correlation between DMS and SRD for a dataset extending from the subtropical
gyre to the Greenland current. Only the DL activity was actually correlated with irradiance or
photoprotective pigments for temperate latitude (Steinke et al., 2002; Harada et al., 2004; Bell
et al., 2007). Nonetheless, when considering the extended model developed by Lana et al.
(2012), they did find positive DMS response to SRD, irrespective of latitude and covering a
large variability of temperature and trophic status. Nevertheless, Derevianko et al. (2009) found
that SRD only accounted for 14% of total DMS variance using minimum aggregation methods
(i.e. averaging the data across small spatial regions (2.5° x 2.5°)). This correlation was reduced
further when controlling the confounding effect that SRD and DMS decrease when MLD

increases.

In conclusion, to expand the opportunity to observe the antioxidant function in the natural
environment, we suggest analysing DMS coupled with DMS(P,0) measurements and
photoprotective pigments. In addition of the daily averaged incident light, it could be interesting
to have the PAR evolution along each day with several measurements of the three sulfur
compounds (DMS, DMSP and DMSO) and photoprotective pigments along this evolution. It
could lead to a better appreciation of the diel antioxidant responses. If there is the possibility to
include the analyse of DMS(P,0) by-products (acrylate, methane sulfonate and methane
sulfinic acid), the DL activity, and the physiological status of the community, it would lead to

a better completion of the antioxidant response. The previous measurements could lead to the
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same conclusion than we observed in Chapter III: an antioxidant function for DMS(P,0)

without being part of the antioxidant response.

The main question resides finally in the following sentence: which factor, if it is not the solar
radiation, plays a leading role in determining the global DMS emissions? And, subsequently,
which factor determines the DMS(P,O) production the most ? Both factors, if they are not the

same, are determinant to better understand the climate cooling feedback loop.

1.2 DMS(P.,O), estimations
In the Chapter IV, we estimated the DMS(P,0), concentrations based on the Chl-a linear

regressions from the field measurements. In the Chapter V, same methodology was applied in
addition of DMS(P,0), estimations based on relative pigment abundance and specific
DMS(P,0),:Chl-a ratio. We have the opportunity to combine the two datasets from the two
chapters to extrapolate a common linear regression that might be used for temperate seas as the
North Sea, including coastal and open sea regions. The Chl-a linear regressions obtained with
the whole dataset (DMSP,, (nmol L™') = 25.6 * Chl-a (ung L!), R2 = 0.47; DMSO, (nmol L") =
3.4 * Chl-a (ng L"), R2 = 0.28) are driven by the BCZ results and would unfortunately lead to
the same conclusion for the BCZ results: we would overestimate the DMSP,, during the main
part of the year and underestimate it during the Phaeocystis bloom. When applying this
regression for the NNS results, normally characterized by a DMSP,:Chl-a ratio of 52.0 mmol:g
(Chapter V), it would lead to an underestimation for all the stations. The DMSO,, estimation
would fit with the DMSO, measured for the BCZ while it would be underestimated for the NNS

campaign.

As we suggested to use preferentially the DMS(P,0),:Cell ratio for experimental treatments,
we denote here the easy way to use the DMS(P,0),:Chl-a ratio. Even if a wide variety of
microalgae do not produce DMS(P,0) and account on the Chl-a concentrations, the time-
consuming measurement of cell density and biomass by inverted microscope do not lead to cost

and time effective way to estimate the resulting DMS(P,0).

In Chapter I'V and V, the use of the genomic diversity helped the understanding of which species
were present in our field measurements and we recalculated DMS(P,0),:Chl-a ratio for the
species for which we found DMS(P,O) concentrations in the published literature. These ratio
were then used to estimate the DMS(P,O) concentrations in the Chapter V. However, from the

50 most abundant species in the samples, we only recalculated the DMSP ratio for ~25 species
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and only ~7 for the DMSO ratio. We thus do not have a complete overview of the DMS(P,0)
production within our samples. Increasing the knowledge about the DMSP, and above all the

DMSO production, within more species would help to better constrain and predict the

DMS(P,0O) concentrations.

The previous observations lead to the conclusion that it is difficult to extrapolate a common
DMS(P,0),:Chl-a ratio that could be used to understand the DMS(P,O) evolution along
different regions. The use of one single relationship to describe and estimate correctly the
DMSP;, concentration for distinct area, even closed and similar to each other, is not appropriate.
We have already pointed out the necessity to use two distinct relationships for the BCZ area
since it is characterized by a succession of low- and high-DMSP producing species (Chapter
IV). However, for the NNS campaign, the application of different relationships was not helpful
since the phytoplankton community was mixed (Chapter V). Regarding the DMSO, estimation,
it mainly reproduces the range of values observed in the field but do not reproduce its evolution
during the Phaeocystis bloom in the Chapter IV, and for most stations in the Chapter V. A better
understanding of the processes behind its production would allow a better fit. The previous
suggestions regarding the analysis of the physiological status of the community would help to

apply a more appropriate DMSO,:Chl-a ratio.

Finally, phytoplankton taxonomic composition of the ocean can be described based on colour
satellite radiometry (Nair et al., 2008; Mouw et al., 2017). Taxonomic groups can be
discriminated thanks to their pigment signatures, which, in turn, impact their absorption spectra,
given that different pigments have different absorption windows in the visible (Zhang et al.,
2018). Using the DMS(P,0),:Chl-a ratio from Stefels et al. (2007), Chl-a concentrations from
remote sensing, we thus could use satellite-derived data to properly estimate the DMSP,
concentrations and to a lesser extent the DMSO,, concentrations, based on the discrimination of
low- and high-DMSP producers (i.e. diatoms, dinoflagellates or Prymnesiophyceae). A direct
comparison of the assumptions, strengths, limitations, required satellite input and output

products between different approaches is provided in Mouw et al. (2017).

1.3 Limits and perspectives

In this thesis, we assumed that the taxonomy and light variations would partially drive the
DMS(P,0O) cell quotas. Some experimental aspects should be addressed in future work to better

estimate and consider a potential oxidative stress.
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1.3.1 Issues on the experimental design

1) Our experimental setup was designed considering a nutrient replete medium and variation
only in light intensity. However, we did not control the pH, oxygen or CO; variations that could
cause physiological stress in the photosynthetic apparatus (Apel and Hirt, 2004). The cultures
were mixed gently to avoid any O2 or CO> over- or subsaturation at the bottom of the culture
flasks. However, we cannot assure that there was no limitation during all the culture growth or
when we were using microplates during the different oxidative treatments. These potential other

cellular stress could influence the photosynthesis response.

2) We did analyse the pigment profiles by High Performance Liquid Chromatography (HPLC)
during our oxidative stress treatments for 6h. Nevertheless, the results brought contradictory
conclusions compared to the spectrophotometric measurements and the results were withdraw.
In addition, we did not observe any significant variations during the HL and MSB treatments
that suggest that 6h of treatment was not long enough to see any physiological response (data
not shown in the Chapter III). Improvement with the use of liquid nitrogen to preserve the
pigments is needed to ensure that variations observed is due to the treatment and not due to
experimental methodology. The analysis of pigment profiles would bring additional

information on the antioxidant response.

1.3.2 Improvements of the experimental design

1) The use of light intensity of 600 and 1200 pmol quanta m s™! during a complete growth
cycle (12h:12h for 8-12 days) was not realistic for natural understanding purpose. It would be
interesting to design light diel variations for a particular season and analyse the corresponding
DMS(P,0), changes. Adding the proportional UV-A and UV-B radiations would improve the
physiological understanding of the DMS(P,0O) production response.

2) Singlet oxygen can also be artificially produced inside the phytoplankton cell thanks to Rose
Benghal, Methylene Violet, Neutral Red, or Indigo Carmine (Kovécs et al., 2014). This
artificial production coupled with Chl fluorescence analysis and DMS measurements might be

interesting to understand the role of DMS for scavenging 'O.

3) In addition, in order to have a better understanding of the cell’s antioxidant response, we also
recommend analysing the antioxidant capacity (AOC) as a whole with the aim to understand
the role of DMS(P,O) play in a complex antioxidant system. This analysis can be realized using

the oxygen radical absorbance capacity (ORAC) assay (Ou et al., 2001; Deschaseaux et al.,
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2014). Specific and key antioxidants such as the Superoxide Dismutase (SOD) or Glutathione
(GSH) could also be analyzed using manufacturer’s assay kit (Gardner et al., 2016). This would
provide insights in the first line of defence, or primary antioxidants, against ROS: SOD converts
superoxide anions into hydrogen peroxide and oxygen close to the site of production (Lesser,
2006), whereas the glutathione system is tightly linked in the regeneration of ascorbate

peroxidase, enzyme responsible for scavenging hydrogen peroxide (Foyer and Noctor, 2005).

4) As mentioned in Chapter III, our experimental methodology used to measure DMS(P,0)
concentrations produced results as cellular stocks. Other approaches based on molecular studies
or other analytical methods could improve our understanding of the DMS(P,0) fluxes in the
cell (Stefels et al., 2009). For instance, Archer et al. (2018) coupled direct measurements of
DMS on board with further DMSP; analyses by purge-and-trap gas chromatography, and
incorporation of '3C analysed by proton-transfer-reaction mass spectrometry as suggested by
Stefels et al. (2009). The DMSP production was then calculated from the initial DMSP;
concentration and the uDMSP measurement, resulting from the mass ratio progress method
(Stefels et al., 2009). Nevertheless, even if these new methods can provide better insight within

the cell’s reaction, they have to be cost effective and logistically viable on the field.

1.4 Cellular location, isotopic measurements, and molecular toolbox

The antioxidant function is based on variation of DMSP cell quotas under various abiotic
stresses. This role is supported by the fact that the DMSP production seems to be located in the
chloroplast for the plant Wollastonia biflora (Trossat et al., 1998), for the dinoflagellate
Symbiodinium sp. (Raina et al., 2017) and most likely for the Prymnesiophyceae Prymnesium
parvum (Curson et al., 2018). Raina et al. (2017) also confirmed the DMSP production in the
cytoplasm and vacuoles. The presence of DMSP in these locations supports its proposed role
in protecting the cell from salinity variations and oxidative damages. However, a major issue
that remains regarding the DMSP production is the confirmation of the DMSP pathway and its
subcellular location in most marine microalgae (Caruana, 2010). Since the diatoms, the
Prymnesiophyceae and the dinoflagellates have different DMSP concentrations, its role within
each group might be different as it could be for its main place of production. This future research
perspective can improve our result’s interpretation considering better survival during the high
light treatments than with the chemical treatments that produced ROS in the cytosol (Chapter
II1).
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Following the measurements of isotopic signature of DMS(P) could provide new insights
regarding the fractionation and potentially in the pathway of production of the sulfur
compounds. Natural isotopes measurements is an effective approach to trace sources and
potential transformation processes in biogeochemical cycle (Canfield, 2011). Using gas
chromatography with multicollector inductively coupled plasma mass spectrometry (MC-
ICPMS) (Said-Ahmad and Amrani, 2013) it has been shown that the isotopic variability could
originate from distinct DMSP metabolism in microalgae (Carnat et al., 2018). Variation of light
intensity or other drivers such as salinity potentially affect the DMSP pathway production and
degradation, resulting in different fractionation as it has been observed for the cleavage of
DMSP to DMS (Oduro et al., 2012; Amrani et al., 2013). Development of new protocols
accounting for these changes in the isotopic signature would therefore increase our knowledge

of the DMS(P) cycle within the cell.

In addition, the analysis of DMSOP found by Thume et al. (2018) might also help to understand
the DMS(P,0) variations within the cell. Since the phytoplankton can directly produce this
molecule but also might result from the oxidation of DMSP, our results interpretation in the
Chapter III did not account of this DMSP lost pathway. Moreover, DMSOP measurement
would add a better insight within the oxidation system, the DMSP by-products, and maybe the

potential antioxidant role that might play this new intermediate as it is for DMS(O)?

The microalgae DMSP pathway is assumed to be similar to the one described for the green
macroalgae Enteromorpha intestinalis (Gage et al., 1997) and some key genes were identified
by Lyon et al. (2011) and Curson et al. (2018). These key genes have not been fully verified
since similar studies have not detected them (Kettles et al., 2014; Kageyama et al., 2018).
Furthermore, the DMSP lyase gene identification (4/mal) suggests an entire family of DL
present in a wide variety of algae (Alcolombri et al., 2015). If these genes are conserved
between phytoplankton species, such key genes could be used to rapidly screen a wide variety

of phytoplankton species and strains.

The physiological roles and the benefits of DMSP production could be also analyzed by
comparative eco-physiological experiments with the generation of mutant deficient, or gene
silencing, in DMSP-production in comparison with control clones (Raina et al., 2017).
Nowadays, it is possible to knock-down and overexpress genes of interest (De Riso et al., 2009)
but also permanently modify the genome obtaining knock-out (loss of function) or knock-in

(gain of function) mutants by means of clustered regularly interspaced short palindrome repeats
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(CRISPRs) (Russo et al., 2018). This was already realized in the diatoms Phaeodactylum
tricornutum (Nymark et al., 2016) and Thalassiosira pseudonana (Hopes et al., 2016) for which
the whole genome was sequenced (Armbrust et al., 2004; Montsant et al., 2007; Bowler et al.,
2008). Another solution would be to analyse the variation among the gene expression under
diverse physiological stress (i.e. salinity, temperature, or light) thanks to Reverse Transcriptase
quantitative PCR or proteomic studies (Siaut et al., 2007; Lyon et al., 2011). The previous
molecular techniques would allow to withdraw the production/consumption issue encountered
with the classical DMSP measurement. However, the possible gene diversity among the DMSP
or DL synthesis within each taxa or strain might be important as it was suggested before (Lyon
et al., 2011; Kettles et al., 2014). Recent works have shown that the bacterial genes involved in
DL synthesis appear to be rather diverse (Johnston et al., 2008; Todd et al., 2009) as it is for the
six different genes coding for the bacterial DMSP cleavage pathway (Curson et al., 2011;
Bullock et al., 2017). If the same diversity exist within the phytoplankton, this will limit their

application even if they would be of great interest.

2 Conclusions

As a conclusion, we would like to point the progress achieved and the complexity of the
DMS(P,0) cycle within the cell coupled with the metabolism machinery. We brought
observational support to the DMS(P,0), antioxidant function, without excluding not being part
of the antioxidant response. Regarding the field measurements, the knowledge of the
phytoplankton taxonomy was emphasized to ensure a correct DMS(P,0), estimation for
community characterized by monospecific phytoplankton groups. However, we recommend
improving the experimental setup to better understand the DMS(P,O) fluxes and the
physiological reactions. Increasing field sampling and experiments (i.e. oxidative stress
analysis) to ensure better insight in the physiological cell responses within the natural
environment would improve our understanding of the DMS(P,0) cycle. We recommend four
methodological pathways with (1) adding other physiological stress by testing other
environmental drivers such as the salinity, temperature, pH, oxygen, or nutrient concentrations
and by combining them to analyse the natural fluctuation experienced by the phytoplankton;
(2) comparing the physiological response of a larger set of phytoplankton species coupled to
non-DMSP producing species; (3) analysing the entire antioxidant system along with
DMS(P,0) by-products and DL activity; (4) using molecular approaches combining molecular

toolbox and isotopic measurements.
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