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ABSTRACT

Dimethylsulphoniopropionate (DMSP) is the biogemiecursor of the climate-
cooling gas dimethylsulphide (DMS). DMSP is prodilibg certain phytoplankton
groups including dinoflagellates. DMSP is a multiftional compound potentially
acting as an osmolyte, cryoprotectant, antioxidawthyl donor, grazer deterrent and
overflow exudate but its primary biological roledate variation in DMSP content in
dinoflagellates remain unclear. As dinoflagellataa be sensitive to agitation, the
methods for DMSP measurements in cultures wersssdand the measurement of
total DMSP as a surrogate for intracellular DMSP wetained for most experiments. |
collected all the published DMSP data in dinofl¢afels and measured DMSP in 9
species. The obtained dataset proposed a summBiyiSP concentrations in
dinoflagellates which spread over 6 orders of magiei with an average of 242 mM
(n=61) and include the widest and highest DMSP entrations reported in
phytoplankton. The DMSP content was analysed atiggl with various biological
criteria that determine the wide diversity of theaflagellate group. Bioluminescent
species and species holding haptophyte-like paside significantly lower DMSP
concentrations whereas higher concentrations veenedfin Mediterranean species. The
role of DMSP was further investigated in the hetreqghic dinoflagellate
Crypthecodinium cohnby testing the effect of abiotic parameters oDSP content.
DMSP acted as an osmolyte with a short-term resptimbyperosmotic shock and
long-term response to hypoosmotic shock. Conceotiaalso increased with growth as
a result of glucose depletion suggesting that DMight replace glucose-derived
osmolytes. The DMSP adjustment of cultures transfeinto glucose-depleted or
repleted media appeared to be exceptionally fdstr{). Nitrogen limitation also
increased DMSP concentrations, possibly due to DE&Rg as an overflow
metabolite for excess sulphur or as an antioxidader starvation stress. Overall the
results strongly support the contribution of theafiagellate group to the DMSP

production.



RESUME (French version of the abstract)

Le diméthylsulfoniopropionate (DMSP) est le préeursbiogene du
diméthylsulfure (DMS), gaz a effet de refroidissetngur le climat. Le DMSP est
produit par certains groupes de phytoplancton tkndinoflagellés. Le DMSP peut
avoir de multiples fonctions telles que: osmolgigpprotecteur, antioxydant, donneur
de méthyle, molécule de défense contre les braaisexsudat de surcharges
métaboliques en conditions de croissance désédélilCependant, le rdle biologique
majeur du DMSP ainsi que la variabilité du contendDMSP chez les dinoflagellés
demeure a ce jour incertain. Comme les dinoflaggiBuvent étre sensibles a
I'agitation, des méthodes de mesure du DMSP dansuléures ont été évaluées et la
mesure du DMSP total en tant qu’estimateur du DNB&cellulaire a été retenue pour
la majeure partie des expériences. J'ai regrou@sdes valeurs publiées de
concentration en DMSP mesurées chez les dinoftegyetlajouté mes propres mesures
effectuées au laboratoire sur 9 espéces. La badenges obtenue propose une
synthése des valeurs de concentration en DMSPreges par volume cellulaire qui
s’étalent sur 6 ordres de grandeur avec une moydm2d2 mM (n=61) et qui incluent
les valeurs les plus extrémes et les plus éleviéenoes parmi tous les groupes de
phytoplancton. Le contenu en DMSP a été analyd$érenion de plusieurs criteres
biologiques a l'origine de la grande diversité demflagellés. Les especes
bioluminescentes et les espéces qui contiennerdldstes d’haptophyte ont des
concentrations en DMSP significativement plus fesldlors que des concentrations
plus fortes sont observées dans les especes madéennes. Le rdle biologique du
DMSP a été plus particulierement étudié pour |efifigellé hétérotrophe
Crypthecodinium cohnilLe DMSP agit en tant qu’osmolyte avec une répanseurt
terme suite a un choc hyperosmotique et a longaeypnes un choc hypoosmotique. De
plus, la concentration en DMSP augmentait avecdssance de la culture en réponse a
une carence en glucose, laguelle suggérait quéempourrait remplacer d’autres
osmolytes dérivés du glucose. La réponse d’ajustiethe DMSP pour une culture
transférée dans un milieu carencé ou supplémergéiease s’effectuait de maniere
exceptionnellement rapide (<1 min). La limitationazote a egalement affecté la

concentration en DMSP ch€z cohniien augmentant sa concentration, soit agissant



potentiellement en tant que métabolite de surcharged’exces de sulfates, soit en tant
gu’antioxydant en conditions de stress nutritifnBdensemble, ces résultats
confirment 'importance de la contribution des dlagellés dans la production de
DMSP.
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Nature is a universal and reliable teacher
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Chapter 1 Introduction

Chapter 1 Introduction

This thesis is concerned with the production of etimylsulphoniopropionate
(DMSP) and dimethylsulphide (DMS) by dinoflagelteThis fascinating group of
phytoplankton is considered to be highly significéor the production of DMS in
marine systems, but the database behind this g aoa dispersed. In this introductory
chapter, | will start by discussing the relevanéeDMS for the sulphur cycle, the
chemical reactions that determine the fate of DM&e atmosphere, the impact of this
atmospheric DMS on climate and the current datéahenglobal distribution of DMS.
Then, | will consider the biological origin of DM$e precursor DMSP, its potential
biological functions, its fate in the marine enwvinoent including conversion to DMS.
Subsequently | will introduce the reader to dingéates and review their main
characteristics including aspects that have a#dacesearch interest. Finally, | will

present the objectives of this study.

1.1. Dimethylsulphide - DMS

1.1.1.DMS and the sulphur cycle

DMS is a biogenic sulphur gas present in aquatstesys, able to volatilise to
the atmosphere and contributing to the sulphurouslisof the sea and sometimes
products of the sea (chemical structure detailefigure 1.1). It is distinct from the
smell of stagnant waters in ponds and lagoons wisiasften attributable to hydrogen
sulphide (HS). As reported by Paul Haas, Prof. Challenger thasfirst to propose

methyl sulphide as the odoriferous compound retbayeseaweeds and Haas identified
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this compound inPolysiphonia fastigiataa red marine macroalga, in 1935 (Haas,
1935). This unattractive smell may also be reledsma shellfish and fish, causing a
symptom known as blackberry feed, reducing fishiiguand resulting in financial loss

(Levasseur et al., 1994).

S
HC 7 ~CHs

Figure 1.1 Structural formula of DMS. (Left) 2D and (right) 3D representations (Wikipedia
contributors, 2010).

Interest in DMS has grown rapidly since it was sgigd (Lovelock et al., 1972)
that this gas was responsible for the main trarsffeeduced sulphur from the ocean to
the atmosphere. Many other authors have sinceged\urther evidence for this role of
DMS (Cline and Bates, ; Nguyen et al., 1978; Bainat al., 1982; Andreae and
Raemdonck, 1983; Nguyen et al., 1983). Previouslgad been assumed thatSH
balanced the global sulphur budget (Kellogg etl&l72).

DMS is the major volatile sulphur compound in threean. It is more abundant
than the other volatile sulphur compounds which eagbonyl sulphide (usually
abbreviated COS), carbon disulphide {&1d HS. Based on flux estimations and
modelling studies, 24 % (Bates et al., 1992) t&@05imo, 2001) of the global sulphur
emission to the atmosphere (detailed in Table redlts from natural inputs including
marine algae and seaweeds, land vegetation andng®s. As DMS is estimated to
represent 21 % (Simo, 2001) of the global sulplux, fit is the major natural sulphur
input. This DMS flux represents a significant inuthe global sulphur cycle (detailed
in Figure 1.2) of 15 x18 to 33 x16% g S yi* (Kettle and Andreae, 2000) and accounts
for more than 38 % of the global sulphate burdethefatmosphere (Simo, 2001). For
comparison anthropogenic emissions were estimatgeénerate a flux between 55 and
68 x13% g S yftin 2000 (Stern, 2005).
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Table 1.1 Global sulphur emissions and sources (Bzdt et al., 1992; Malin, 1996). Anthropogenic
emissions include biomass burning. Natural emissieninclude biogenic (marine and land) and
volcanic sources.

G moles S yi' Anthropogenic Natural Marine Land Volcanic

% % % % %
Northern
2655 84.3 15.7 7.5 0.3 7.9
hemisphere
Southern
_ 638 42.5 57.5 43.9 0.6 13
hemisphere
Global 3293 76.2 23.8 14.6 0.3 8.9

Sulphur is a vital element required by all orgargsit is found in the amino
acids methionine, cysteine and homocysteine andhellpolypeptides, proteins and
enzymes that contain them (Giordano et al., 20Q%kteine and methionine are the
precursors of all biological sulphur compounds awysteine, which contains a reactive
sulphydryl group (-SH), forms disulphide bridgeatthre critical for the tri-dimensional
structure of proteins. Sulphur is also a constitudra variety of compounds including
vitamins (B1, B7), polysaccharides, sulpholipide aintioxidant compound glutathione
and its derivatives, various hormones (steroids), liile constituent taurine and some
bacterial transfer-ribonucleic acid (Jocelyn, 19®&)Iphur is present in cofactors such
as coenzyme A and iron-sulphur clusters. Iron-aulptiusters are essential cofactors
acting as electron donors or acceptors in manyogichl reactions including
photosystem | and mitochondrial respiratory come$eyxacting as enzyme catalyses and
as a sensor of intra- and extra-cellular conditimnsegulation of gene expression (Lill,
2009). Sulphur is also a constituent of many seapndompounds involved in plant
defence such as glucosinolates, alliins and thiepéDahl et al., 2006). In some algae,
most  cellular  sulphur may be accumulated in the abwdite

dimethylsulphoniopropionate (Matrai and Keller, 499
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Figure 1.2 A schematic of the global biogeochemicaulphur cycle. S was initially present in
sedimentary rocks, weathered and dissolved in thecean as SGF. Marine organisms assimilate S
into sulphur-containing amino-acids, incorporate siphur into a range of organic cell components
and release it as DMS, COS, and GSOther S compounds enter the cycle from land-baseuatural

and anthropogenic sources. All these compounds aoxidised in the atmosphere and return to the
earth surface by wet or dry deposition. Anaerobic hcteria mineralise the organic sulphur

compounds.
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1.1.2.Atmospheric chemistry

Following emission to the troposphere, DMS hasatstesidence time of 20 to
28 h because its rapid oxidation is promoted ppaity by hydroxyl radicals (OH)
during the day and nitrate radicals ()@t night (Koga and Tanaka, 1993). OH is also
called “the detergent of the troposphere” as thgomoxidiser makes many trace
components water-soluble and they are subsequemited out of the atmosphere
(Comes, 1994). At night, and especially in pollutedas, N@becomes the dominant

oxidiser and acts similarly to OH (Winer et al. 849.

DMS is oxidized by OH, Ng) BrO and CI to form, via two main pathways,
sulphate (S&) and methylsulphonic acid (MSA) as shown in Figird. DMS may
react with OH or BrO to add an O atom (addition hpaty) and form
dimethylsulphoxide (DMSO) which produces dimethipgione (DMSQ),
methylsulphinic acid (MSIA) and MSA. All these prarts may be taken up by particles
especially if clouds are present, limiting the atence of the whole pathway. MSIA
may also lead to the production of sulphur dioxi8€;) and join the other pathway.
DMS may react with OH, N©or Cl to abstract an H atom (abstraction pathvemg
forming after successive reactions, S0d sulphuric acid ($$0,). Only sulphuric acid
leads to the formation of new aerosol particlescwhincrease the number of cloud
condensation nuclei (CCN); the other particulatgplsur products condense on and
enlarge existing particles that increase the simd the hygroscopicity of CCN.
Depending on which pathway is favoured by the domak of temperature and cloud
presence, an increase in CCN number would incrd@salbedo whereas an increase in
CCN size would reduce the albedo (von Glasow andiz€n, 2004).
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Figure 1.3 Schematic of the atmospheric oxidationgthways of DMS in the marine boundary layer.
From von Glasow and Crutzen 2004. Irregular shapegepresent clouds or particles that can uptake

sulphur compounds.

1.1.3.Impact on climate

The oxidation of atmospheric DMS leads to the fdramaof sulphate aerosols

(SO%) which influence climate. Sulphate aerosol pagtichlter the Earth’s radiation

budget by absorbing and refracting solar radia{®haw, 1983). Moreover sulphate

aerosols can act as cloud condensation nuclei (GQNyater droplet aggregation and

contribute to the formation of cloud over remoteeats and these reflect additional
solar radiation back into space (Easter and Hob®%84; Charlson et al., 1987). These

two processes directly and indirectly increase pitemetary albedo and consequently

decrease light irradiance and temperature on thih'Easurface. In addition, DMS-

derived products such as MSA angSf)y, contribute to the acidification of rain water.

For instance, estimates based on measurements stediam Island in the Southern

Indian Ocean suggested that DMS oxidation prodasresponsible for 40 % of the

rain acidity (Nguyen et al., 1992).
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The biological origin of DMS gives the organismsolved in its production a
potential role in climate regulation. This theorgsifirst introduced by Lovelock (1972)
whilst describing the “Gaia hypothesis” in whiclogphere interacts with and alters its
environment. Then Shaw (1983) emphasised this ligegavoking the sulphur cycle as
a mean whereby organisms can influence atmospl@&rbsequently, the “CLAW
hypothesis” proposed by Charlson, Lovelock, Andraaé Warren (1987) pointed out
DMS as the biogenic sulphur gas able to influedamate. This famous hypothesis
goes even furtheby postulating a feedback control of climate onamigms. The
CLAW loop (illustrated in Figure 1.4) includes @)ositive effect of solar radiation on
temperature and marine phytoplankton growth, (3Xgblankton produce DMS which
is emitted to the atmosphere leading to formatiérsulphate aerosols and clouds
reducing the solar radiation, (3) this final negateffect would reduce the temperature

and lead to the decrease in phytoplankton growth.

4
2

Cloud m

&

Sulphate

_ aerosols +
t

DMS
A

= Marine food web

Phytoplankton

Figure 1.4 Scheme for the “CLAW hypothesis” which @scribes a potential feedback control of
phytoplankton on climate through DMS emissions.

More than twenty years after the publication of tl&L AW hypothesis”,
research to date has confirmed some connectiomsnvie CLAW loop but only at a
regional level (Ayers and Cainey, 2007). Many stadnave established a connection
between oceanic phytoplankton and DMS emissionagihdhis linkage is generally

complex being dependant on phytoplankton physiolagg the food web (Archer,
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2007). There is evidence that oxidation productDMS regulate the formation of
cloud condensation nuclei over the ocean (Rae<%h;108iney and Harvey, 2002) and
several models seem to support the negative fekdbhaooling climate through

increased DMS emissions (Bopp et al., 2003; Gursal., 2006; Cropp et al., 2007)
The elucidation of the CLAW hypothesis has beerthirr complicated by results
suggesting that volatile iodinated compounds thatadso produced biogenically also
lead to aerosols and CCN production (Whiteheadl ,e2@10).

The current warming effect of the climate (I.P.C.Z007) on DMS emissions is
unclear. According to the “CLAW hypothesis” the fgenature increase would enhance
phytoplankton growth and DMS emissions would poaédigt counteract the warming
effect. This theory is supported by the resultsthef model of Vallina et al. (2007)
which showed DMS increase in conditions of globakmwing. However, the warming
climate might also generate a positive feedback vigss algal biomass due to

intensified water stratification and consequerglgsl DMS emissions (Lovelock, 1997).

1.1.4.Distribution

DMS is found in the atmosphere and marine and Wwasdr systems. In the
oceans DMS is ubiquitous and concentrations afehhigariable in spatial and seasonal
terms. Coastal waters with high levels of biologiaetivity tend to have higher DMS
concentrations than open ocean waters, and susfaisgs hold more DMS than deeper
waters. Mapped sea surface DMS measurements franenous cruises displays the
highest concentration values in coastal North AttanNorth Pacific and Southern
Oceans including Ross Sea, Drake Passage and title [Bdian Ocean (Kettle et al.,
1999; NOAA-PMEL, 2004). For instance, DMS values caach 94 nM in the North
Atlantic (Malin et al., 1993), 290 nM in the SouthéDcean (Gibson et al., 1990) and
similar concentration have been observed in MaiRay in Japan Sea (Uchida et al.,
1992a). Exceptional DMS concentrations of 18665 Indwe been observed in coral

mucus (Broadbent and Jones, 2004). Lowest covaftlee map is found in the Indian
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and South Pacific Oceans. High DMS concentratidee accur in upwelling areas
(North Africa, Peru, Angola and the Equatorial Haddcean).

In seawater, the global vertical pattern of DMShsiracterised by a maximum
concentration at or just below the sea-surfaceaagdarp decrease with depth through
the euphotic zone (Andreae and Barnard, 1984).vB#ie light penetration limit (<1%
of sea surface light) very low DMS concentratioa® de measured. In the Atlantic
Ocean below 250 m a range of 0.02 to 0.31 nM (A8 g S [}) was measured by
Andreae and Barnard in 1980 and 1981 whereas higilees from 1.8 to 8 nM (58 -
257 ng S [}, Andreae and Barnard, 1984) were found in surfaaters. Due to its
biological origin, the vertical distribution of DM$nds to follow that of primary
production. DMS is significantly correlated to ctdphyll a (Chl a) in its vertical
pattern but Chla maximum is often not clearly associated with DM&ximum. Sea
surface DMS concentrations show a diurnal variatronvhich DMS increases in the
day probably due to the diurnal behaviour of phigokton (Andreae and Barnard,
1984).

Seawater DMS concentrations fluctuate followingeas®nal cycle at mid and
high latitudes, with summer maximum and winter minim in both the northern and
the southern hemispheres (Turner et al., 1988; letck., 1990; Kettle et al., 1999).
Both hemispheres display a similar DMS annual cyalé a six-month interval. For
example, Turner et al. (1988) measured DMS in staveaound the United Kingdom
and found a mean concentration of 6.9 nM (220 rig'Bin the summer and 0.1 nM
(4ng S Y in the winter. Seasonal cycles also appearec:toroin Antarctic waters

with higher DMS concentrations in the summer seg$omer et al., 1995).

The seasonal variation in DMS concentrations gédliyefallows the seasonal
phytoplankton bloom but it remains difficult to aslish correlation between Caland
DMS field measurements (Kettle et al.,, 1999). Or &and, this correlation occurs
during bloom events, for example: Uchida et al.9@#) obtained good correlation
between DMS and CH concentrations in a dinoflagellate bloom in Jaganeaters
(r>0.9); Smith and DiTullio (1995) found a signdiat correlation in diatom-dominated
Antarctic waters and similar observations have Itedufrom many field studies
(Locarnini et al., 1998; Walker et al., 2000; Yaetal., 2005; Yang et al., 2006). On the
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other hand, many other field studies are lacking tbrrelation, for example: Holligan
et al (1987) found no correlation in surface watgrshe English Channel and similar
results were reported by Uchida et al. (1992b), aNalbe et al. (1995), Townsend and
Keller (1996), Locarnini et al. (1998) and Uher @&t (2000). These divergent
observations may result from the indirect relattopsetween DMS concentration and
phytoplankton biomass (Watanabe et al., 1995) du¢h¢ effect of phytoplankton
speciation and physiology on DMS production (Anédreaead Raemdonck, 1983). For
example a good correlation may be obtained whereliytoplankton is dominated by a
strong DMSP producer but not where there is a mptedoplankton population. Also,
cruises that cover many different hydrographiceagitend to obtain low correlation.
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1.2. Dimethylsulphoniopropionate - DMSP

In this section | will discuss how the DMS is prodd starting with the
biosynthesis of DMSP in algae, the functional reasfor its production and the

transformation of DMSP to DMS in the ocean.

1.2.1.Precursor of DMS

(CH,),S"CH,CH,COO

Figure 1.5 The structural formula for DMSP

DMS comes from the breakdown of dimethylsulphompionate (DMSP,
previously named dimethy-propiothetin, Figure 1.5) produced by algae anfiva
higher plants (Challenger and Simpson, 1948; Chgdie 1951; Cantoni and Anderson,
1956). Polysiphonia fastigiataa red macroalga, was the first marine alga inyatsd
as a DMS emitter (Haas, 1935) and DMSP produceal{€@fger, 1951). DMSP may be
cleaved by the DMSP lyase enzyme which releases,[d$late and a proton (Figure
1.6). Such isozymes can be found in micro- and malgae, bacteria and fungi
(Steinke et al., 1996; Bacic et al., 1998; YocH)20Todd et al., 2009). Recently a new
DMS-producing enzyme was identified that does eatllto acrylate production. The
inferred pathway involved the modification of DM$®#h acyl coenzyme-A (Todd et
al., 2009).

(CH3)28+CH2CH2COO — CH3SCH; + CH,=CHCOO + H

DMSP DMS Acrylate Proton

Figure 1.6 Cleavage reaction of DMSP in DMS and agfate by DMSP lyases.

The ability to synthesise this DMS precursor idrieied to certain groups of

macroalgae and microalgae. In 1989, Keller desdréoageneralised, “rule of thumb”
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relationship between the DMSP content and the t@xon position of these DMSP
producers (Keller et al., 1989a). The main prodsican be divided into two groups
depending on their pigment content: (1) chlorophglland ¢ species including
dinophyceae, prymnesiophyceae, and chromophyteeal@ chlorophylla and b
species only represented by the prasinophytes.ddlyae exhibit the opposite pattern:
chlorophyll a and b species are the main producers (Malin and Kir§97). This
relationship between DMSP producers and typicaigigt groups suggests a possible
link between the plastid type and the ability faviBP synthesis. Moreover, studies on
the DMSP synthesis pathway have suggested thatbeoplast is involved in DMSP
synthesis in higher plants (Trossat et al., 19%éfe®s, 2000).

DMSP is a zwitterion (ion with both positive andgaéve charge) that is soluble
at high concentration and unable to permeate tlrongmbranes. Thus, it requires a

specific transporter (Groene, 1995; Kiene et &98).

1.2.2.Biosynthesis pathways of DMSP

The synthesis pathway of DMSP has been establi&ired land plants and 1
marine macroalga (Stefels, 2000). The pathway baveen elucidated for microalgae,
although a theoretical pathway was proposed for hbeerotrophic dinoflagellate
Crypthecodinium cohniiUchida et al., 1996). For the 2 land plamM&llastonia biflora
(Compositae) an&partina alterniflora(Gramineae), two different pathways have been
established from methionine. Both include the pobidun of S-methylmethionine in the
cytosol which is then transported to the chlorapl@sossat et al., 1996) where the

subsequent DMSP synthesis reactions take place.

For marine algae, the DMSP pathway has been detedrirom experiments
with the green macroalg&nteromorpha intestinali§Gage et al., 1997). This pathway
involves the formation of the intermediate 2-oxadad-methylthio-2-oxobutyrate
(MTOB), its reduction to 4-methylthio-2-hydroxybuage (MTHB), methylation to
produce 4-dimethylsulphonio-2-hydroxybutyrate (DMBH and finally oxidation of
DMSHB to DMSP. DMSHB has also been found in sevgralps of microalgae: the
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prasinophyte Tetraselmis the prymnesiophyte Emiliana huxleyi and the diatom
Melosira nummuloide¢Gage et al., 1997). As they are also able to ednrdMSHB
into DMSP, they seem to use the same pathwai.astestinalis In contrast, the
pathway proposed for the heterotrophic dinoflagell@rypthecodinium cohnihas
methylthiopropylamine (MTPA) and methylmercaptopooyc acid (MMPPA) as
intermediates (Uchida et al., 1996). The cellulampartmentalisation of DMSP
biosynthesis in marine algae is still unknown. FFegd.7 illustrates these pathways

which start with the precursor methionine.

METHIONINE
CH2SCH,CH,C(NH3")HCOO"
I transaminase
Methionine . .
decarboxylase 2-o0xo acid, 4-methylthio-2-oxobutyraldTOB
CHs;SCH,CH,COCOC
Methylthiopropylamine MTPA MTOB reductase
CH3;SCHCH,CH,NH; Highly active in DMS producer:
Loss of amino group 4-methylthio-2-hydroxybutyrate MTHB

and oxidatiol . CH;SCH,CH,COHCOO

y
Methylmercaptopropionic acid l D-MTHB S-methyl transferase ~N

MMPPA Specific to DMS synthesi
CH3SCH,CH,COOF
4-dimethylsulphonio-2-hydroxybutyrate DMSHH
g (CHs),S"CH,CH,COHCOC Only in
Methylation DMSP
l Oxidative decarboxylation producers
DMSP -
(CH3),S"CH,CH,COO"
Hypothetical pathway in Established pathway in
Crypthecodinium cohnii Enteromorpha intestinalis
(Uchida et al., 1996) (Gage et al., 1997; Summers

et al., 1998

Figure 1.7 Biosynthesis pathway of DMSP in marine lgae. (Left) Theoretical pathway in the
heterotrophic dinoflagellate Crypthecodinium cohnii, (Right) Established pathway in the green
macroalgaeEnteromorpha intestinalis.
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The plastid organelle has a central role in sulpassimilation and organic
sulphur production (illustrated in Figure 1.8). Asbserved in the chlorophyte
Chlamydomonas reinhardtisulphate is imported into the cell by membraniplsate
transporters and then transported to the pladtidgs.transformed to 5’adenyl sulphate
(APS) and then in turn to sulphide, sulphite angt@ye. Cysteine is the precursor of
methionine and all other cellular sulphur compou(@m®rdano et al., 2005). In higher
plants, cysteine is also synthesised in the cybtasd in the mitochondria and
methionine may be synthesised in the plastid anthéncytosol (Wirtz and Droux,
2005). DMSP seems to be synthesised in the chlasbpf higher plants (Trossat et al.,
1996) and whilst no evidence has been reportedalfyal cells, the possible DMSP
synthesis in the plastid would require the synthesi the transport of its precursor
methionine into the plastid.

CYTOPLASM

PLASTID

Sulphate

Protein and
other sulphur
compounds

Figure 1.8 Central role of the plastid in sulphur netabolism in a schematic algal cell represented by
the outer black box.
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1.2.3.Biological functions of DMSP

DMSP is described as a multifunctional compounithwwany potential roles but
no universal one. At a cellular scale, it may beocmmolyte, a cryoprotectant, an
antioxidant, an overflow metabolite for sulphur egs, a methyl donor in metabolic
reactions and the precursor of a compound invoived circadian rhythm. At the
ecosystem scale, it may be usedhasefence chemical against grazers and can also be
involved in signalling food location for higher pioic level predators. These functions

are described in more detail below.

DMSP is generally recognised as having a primanction as an osmolyte,
osmoprotectant or osmoregulator, which means a ocangp used by cells to regulate
osmotic pressure and control turgor in response satinity fluctuation. This
osmoregulation function has been observed in gnegeroalgae (Dickson et al., 1980)
and microalgae such as haptophytes (Vairavamurthsl.21985) and prasinophytes
(Dickson and Kirst, 1986). DMSP is a tertiary sulplum compound and it is often
compared to glycine betaine which is a quaternamynanium compound used as an
osmolyte by some algae including prasinophytesnalyacteria, bacteria and terrestrial
plants including salt marsh plants (Dickson ancsKit986; Mulholland and Otte, 2000;
Stefels, 2000; Welsh, 2000). Algal cells may cantaivariety of osmolyte compounds
including ions and organic solutes (Kirst, 1989M®P can act as an organic osmolyte
for marine algae, but it is not present in all maralgae (Keller et al., 1989a). It is also
found in a few freshwater species including fortanse, Peridinium gatunense
(Ginzburg et al., 1998) arféleridinium bipegUchida et al., 1992b).

DMSP is additionally considered as a compatiblautsothat has no enzyme
inhibitor properties when accumulated in the celltltat gives a protective role for
enzyme activity against changes in ionic strengib tb salinity or low-temperature
stresses (Brown, 1976; Grone and Kirst, 1991). Wglcompatible properties, DMSP
may act as an osmolyte and also as a cryoprotectastefore, the accumulation of
higher DMSP concentrations in polar algae, sucgrasn macroalgae from Antarctica
(Ulothrix implexa, Ulothrix suflaccida, EnteromorpHaulbosa, Acrosiphonia arcia
when grown at 0 ° C and in comparison with algamvgrat 10° C supports a potential
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role of cryoprotectant for DMSP (Karsten et al.,92p The prymnesiophyte
Phaeocystis pouchetwas associated with high DMSP measurements inAtaddell
Sea, Antarctica (Kirst et al.,, 1991). A cryoprogtt may protect proteins against
damage from freeze-thawing or may help in maintgnia liquid cytoplasm at
temperatures below 0° C but this has not been preme DMSP yet (Carpenter and
Crowe, 1988; Kirst et al., 1991).

It has also been suggested that DMSP can act astexidant (Sunda et al.,
2002). All aerobic organisms suffer oxidative streghen the production of reactive
oxygen species (ROS: superoxide radi€al , singlet oxygertO,, hydrogen peroxide
H.O, and hydroxyl radicalOH) exceeds the organism’s ability to detoxify thand
repair the damage they cause. The chloroplastaseltular site of ROS production due
to incomplete reduction of oxygen by cytochromear@at et al., 2008). The formation
of ROS can cause severe cellular damage such as dtation, DNA breakage,
enzyme inactivation and membrane destabilizatiotigdg scavenging (Lesser, 2006).
Cellular defence systems ensure limitation of fradical formation. Antioxidant
enzymes such as superoxide dismutases, catalasepesoxidases catalyse ROS
reduction to stable species such ag®OHand Q. Antioxidant compounds such as
ascorbic acid, glutathione, tocopherols and caomtisnare also able to quench ROS.
Additionally, Sunda et al. (2002) showed that DM&Rumulates under a variety of
oxidative stressors such as limitation of Fe, ,COV radiation, HO, and high
concentrations of copper. They hypothesised thaSBIVDMSO, and more efficiently,
DMS and acrylate are reactive withH and also that DMS is able to diffuse through
lipids including photosynthetic membranes to actaasantioxidant. Bucciarelli and
Sunda (2003) also observed an increase in inttd@elDMSP concentrations of
nutrient-limited cultures of diatoms that could deée to an oxidative stress induced by
nutrient limitation. Several studies reported anréase in DMSP concentrations in
some Antarctic macro- and microalgae exposed tb lgipt conditions (Karsten et al.,
1990; Karsten et al., 1992; Stefels and van Leel®68) which can cause oxidative

stress for photosynthetic organisms (Hideg efal02; Asada, 2006).

DMSP is potentially released as an overflow metéddbor excess energy,
excess sulphate and carbon (Stefels, 2000). DMSRIldwbe involved in the

nitrate/sulphate balance, both required for prosinthesis. In conditions of nitrogen
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deficiency, excess cysteine (precursor of protairs methionine) could be converted in
DMSP and excreted as an overflow mechanism. Theegan of DMSP into the
external medium would in theory maintain a constatraicellular level of cysteine and
methionine similar to the excretion of glutathioaed hydrogen sulphide in higher
plants (Rennenberg, 1989; Stefels, 2000). Sevéundies report the accumulation of
DMSP in response to N limitation as expected bg thipothesis (Turner et al., 1988;
Grone and Kirst, 1992). Stefels (2000) also suggk#iat DMSP production could be
involved in protein turnover by re-distributing tiereleased from methionine during
DMSP synthesis to other amino acids. The protainover mechanism seems essential
in plants to adapt to changing conditions of theiremment (Stefels, 2000).

Two earlier studies (Maw and Duvigneaud, 1948;dahand Kadota, 1968)
proposed that DMSP might be used as methyl donoratabolic reactions. They show
that DMSP may transfer its methyl group to homosiyst and may produce methionine
and methylthiopropionic acid. In that case, DMSPuldorecycle its precursor

methionine. No other studies have further investigahis potential function.

DMSP is also involved in the circadian rhythm ofe tiphotosynthetic
dinoflagellate Lingulodinium polyedrum(previously namedGonyaulax polyedrain
that it is the precursor of gonyauline, a substathed shortens the circadian clock
period (Nakamura, 1990; Roenneberg et al., 199kanara et al., 1997). Roenneberg
et al (1991) observed a shortening of the periodthed circadian rhythm of
bioluminescence under increased concentrations asfyayuline. Many biological
functions including photosynthesis, cell divisidripluminescence and migration are
dependant on circadian rhythms that are maintamedight sensors and chemicals.

However, to date, gonyauline has only been fourld polyedrum

DMSP and its by-products have revealed biochenpoaperties whereby they
can act as infochemicals in trophic relationshipteipke et al., 2002b). Acrylate and
DMS have been proposed to act as deterrents agiaendtnoflagellat®xyrrhis marina
when it grazes omiliania huxleyi(Wolfe et al., 1997) and thus as an algal defence
mechanism. Microzooplankton grazers selectivelystedE. huxleyistrains with low-
DMSP lyase activity suggesting that the concernagtiof DMSP by-products played a
role in the interaction. Thirdly, DMS may act asue in a tritrophic interaction (Steinke
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et al., 2002b) whereby it is released by phytoplamkvhen they are grazed upon by
microzooplankton in order to warn mesozooplanktiooud its prey location. Increasing
predation on the microzooplankton would decrease trazing pressure on
phytoplankton and improve fithess of DMS producstiains. At higher trophic levels
DMS may influence the migration behaviour of zoojtan to assist them in locating
their prey and even provide a signal for areasigih biological activity for predators
such as seabirds and marine mammals (Nevitt andd@oma, 2005; Bonadonna et al.,
2006). Kowalewsky et al., (2006) showed that harlsmals have extraordinarily high
olfactory sensitivity for DMS that could enable thé¢o identify and move to profitable

feeding grounds.

1.2.4.Fate of oceanic DMSP and DMS

From the biogenic synthesis of DMSP from phytoptanko DMS emission to
the air, there are many bio-physico-chemical preees that influence the
transformation, assimilation and degradation og¢heompounds. Figure 1.9 illustrates
these marine DMS source and sink processes anavggh Moreover, the indirect
connection between DMSP and DMS caused by the @atplof the microbial food
web (phytoplankton, zooplankton, bacteria, fungd anruses) explains the lack of
correlation between Cld and DMS data (mentioned in section 1.1.4) and cmags

prediction of DMS emissions.

The DMSP released by algae in the ocean may benaially cleaved to
release DMS or assimilated by marine organismstideéate DMSP (DMSP) is
released by algal cells through exudation or lgsie to senescence, grazing and viral
infection (Yoch, 2002; Stefels et al., 2007). Dised DMSP (DMSE) becomes
available for assimilation by other algal cellsooganisms such as bacteria and fungi as
a sulphur and/or carbon source (Bacic et al., 1898ne et al., 1999; Zubkov et al.,
2001; Van Bergeijk et al., 2003; Vila-Costa et &Q06). It is also ingested by
phytoplankton grazers with a portion usually beelgninated as DMSPor through

faecal pellet excretion and sedimentation.
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Figure 1.9 Schematic to show the evolution and cyof of DMSP and DMS in the oceanic and
atmospheric environments (from Stefels et al. 2007)n the oceanic compartment, transformation
processes are performed by biological groups: greefior phytoplankton, blue for zooplankton and

red for bacteria. The abiotic factors salinity, licht temperature and nutrients affect algal
physiology, growth and DMSP content. CCN: cloud catlensation nuclei; MSA: methylsulphonic
acid; SO;*: sulphate; DMSO dimethylsulphoxide; DOM: dissolved organic matter; MeSH:

methanethiol; H,S: hydrogen sulphide; MMPA: 3-methiolpropionate; MPA:  3-

mercaptopropionate.
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DMSP,; may be enzymatically cleaved to DMS by algal aadtérial lyases and
then emitted to the atmosphere or oxidised to DMBRAS is a volatile compound that
can transfer to the atmosphere. However, DMS mayokidized to DMSO by
photochemical or bacterial oxidation (Lee and de&1d999). Del Valle et al. (2007),
observed a biological DMSO production rate of 00033 nM day in the Sargasso Sea.
Thus, this non-volatile compound represents anracesnk for DMS. DMSO may also
be produced by microalgae and then released ieterironment as dissolved DMSO
(Simo et al., 1998; Hatton and Wilson, 2007). Ilattbase, DMSO could be produced
from intracellular oxidation of DMS or DMSP (Hattoet al., 2005). Reduction of
DMSO to DMS also exists in some aerobic and anaerdacteria and some

cyanobacteria (Lee and de Mora, 1999).

The bacterial consumption of DMSP is a DMS souroe €ink. Various bacteria
consume DMSP: free-living bacteria in waters andsédiments, epiphytes or in the
“phycosphere” that surrounds algal cells, attactee@ooplankton or associated with
marine animal guts (Yoch, 2002). The degradatioDBISP is either a cleavage to
DMS and acrylate that both may be subsequently adiegk or either sequentially
demethylated to 3-methiolpropionate (MMPA) and 3-captopropionate (3-MPA);
(Taylor and Gilchrist, 1991) or MMPA can be demethaied to methanethiol (MeSH);
(Kiene and Visscher, 1987; Kiene and Taylor, 198&ne, 1996). Kiene et al (1999)
showed that the whole range of 13 bacterial strenrnsulture as well as field samples
tested for MeSH utilisation was incorporating 49 1060% of the added MeSH
suggesting that this DMSP degradation product magor sulphur source for marine
bacteria. Four genes involved in the bacterial aggfion of DMSP have recently been
identified: dmdA encoding for a DMSP demethylase (Howard et al.,6208ddL
encoding for an enzyme that produce DMS and a&yftam DMSP (Johnston et al.,
2008), dddD which encodes for an enzyme that degrades DMSRdaljtion of a
coenzyme A releasing DMS and acryloyl CoA (Todalet 2007) anadlddP encoding
for another DMS-producing enzyme (Todd et al., 2009
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1.3.Dinoflagellates

In this section, | present the main features ofdimflagellate group including
their classification, biology with anatomic and mploologic description, plastid types
and origin, reproduction, distribution, ecologyxitaty, and their scientific applications
in palaeogeology and the food and pharmaceutidaisinies, DMSP content and DMSP
lyase activities (DLA) and the challenge of cultgidinoflagellates.

1.3.1.Generalities

Dinoflagellates are eukaryotic aquatic organismshefplankton. They are also
called Dinophyta, fromdinos' in greek meaning a whirling, rotation and refegito
their characteristic movement (section 1.)3.3They were previously known as
Pyrrhophyta from pyrrhos” meaning fire due to their bioluminescent propsrtiehe
dinoflagellate group has more than 2000 living sgge@nd the fossil records suggest
that there were as many as 4500 species in th§®@astez, 2005; Taylor et al., 2008).
The dinoflagellates already existed at the Triagalwout 240 million years ago) as
evidenced by relict resting cells with carbonaceesls. These walls contain a
diagnostic and resistant constituent, dinosporimclv keeps the cell well preserved in
marine sediments and allows their identificatioalkbwski et al., 2004). In the ocean
today, dinoflagellates are generally microscopithvai cell size between 20 and 200
(Taylor and Pollingher, 1987) though the diversifydinoflagellates ranges in cell size
from picoplanktonic species <i8n (Lopez-Garcia et al., 2001; Moon-van der Staay et
al., 2001; Lin et al., 2006) to 2 mm size mesopianic cells likeNoctiluca sp(Taylor
and Pollingher, 1987). They are mostly unicellulaut some rare species are
filamentous Dinothrix sp., Dinoclonium sp or able to form chainsA{exandrium

catenellg A. affine, A. monilaturrHsia et al., 2006).

Dinoflagellates are generally considered as algaeviere previously segregated

into phytoplankton and zooplankton by reason oir timéxed trophic behaviour. Indeed,
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all nutritional modes are represented within diagéllates. About 50 % of the group
are autotrophic (using light, GQand inorganic nutrients), others are heterotrophic
(using organic nutrients) and some mixotrophic m®eaan be both. The non-
photosynthetic trophic modes are exemplified bycsse that can be osmotrophs,
grazers, symbionts or parasitér instance, most common corals are a symbiosis
between a benthic Cnidaria and a dinoflagellatenfrthe genusSymbiodinium
(Goodson et al., 2001). Non-photosynthetic spettias are predators have developed
special organelles to capture their prey including peduncle (for prey attachment),
stomopod (injects lytic substances), a pseudoptehding in a feeding veil or pallium
to envelop and digest the prey, tentacles and f@adioles (Gaines and Taylor, 1984;
Gaines and Elbrachter, 1987).

1.3.2.Classification

The traditional classification for dinoflagellatess established by Fensome and
co-workers (1993). However, with constant progré@ssmolecular techniques and
phylogenetic methods the classification of dinodliéefes is under continuous revision.
The website algaebase (Guiry and Guiry, 2009) giyedated classification of algae
including dinoflagellates (http://www.algaebaselocgnsulted on the 29/06/2010). In
this classification, the class of Dinophyceae bgtoto the empire of Eukaryota, the
kingdom of Protozoa, the subkingdom of Biciliatiae infrakingdom of Alveolata and

the Myzozoa phylum. This class contains 18 ordsrdedailed in Table 1.2.
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Table 1.2 Taxonomic Orders of the Class of Dinophgae as described in Algaebase website
(http://www.algaebase.org/ consulted on the 29/06J20, Guiry and Guiri, 2009)

Order Authority Species
Actiniscales Sournia 6
Blastodiniales Chatton 16
Coccidiniales 11
Dinamoebales Loeblich I 1
Dinophyceae incertae sedis 14
Dinophysiales Kofoid 334
Gonyaulacales F.J.R. Taylor 392
Gymnodiniales Apstein 565
Lophodiniales J.D. Dodge 14
Noctilucales Haeckel 19
Oxyrrhinales Cavalier-Smith 1
Peridiniales Haeckel 669
Peridiniphycidae incertae 3
sedis

Phytodiniales T. Christensen 19
Prorocentrales Lemmermann 75
Pyrocystales Apstein 18
Suessiales R.A. Fensome et al. 16
Thoracosphaerales Tangen 12

1.3.3.Morphology

On the basis of external morphology there are 2iggoof dinoflagellates: the
armoured and the naked dinoflagellates. The arndoarehecate dinoflagellates have
polygonal cellulosic plates under the membraneatkxt either inside a unique or
distributed into several vesicles which form theddn These thecal plates give a rigid
structure to the cell. The number and dispositidntte plates is used for the
morphologically-based classification. The nakedathrecate dinoflagellates have some
empty vesicles under the membrane. The outermgstdaf the cell composed of the
theca (the plasma membrane and subjacent vesgilksr empty or containing plates)

and microtubules are collectively called the amgima.

Diverse cell shapes are seen in the dinoflagelldtesy can be round, oval,
polygonal or with elongated expansions like a forkan anchor as illustrated in Figure
1.10. A motile dinoflagellate bears 2 dissimilaagélla, perpendicularly inserted into

the flagella pore and other non-motile dinoflagekaare non-flagellated, ameboid,
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coccoid, palmelloid, or filamentous (Barsanti andiallieri, 2006). For motile
dinoflagellates, the longitudinal flagellum ensunpopulsion and the transversal,
helical flagellum allows rotation. The resulting tiom is helical but directional.
Dinoflagellates “swim” from 200 to 500 urit ind are the fastest motile algae with the
exception oMesodinium a symbiotic association of a ciliate and a crgptge (Raven
and Richardson, 1984). Their mobility allows thesrperform diel vertical migrations
in relatively calm waters. This confers an advaatagmpared to non-motile species in
that they might migrate to the water surface durihg day in order to efficiently
capture the light and then move down to 5 to 10emsetvhere nutrients may be more

available at night (Raven and Richardson, 1984).

Figure 1.10 Examples of dinoflagellate cell shapesScanning electron micrographs of (A)
Lingulodinium polyedrum (B) Ceratium tripos (C) Dinophysis caudata (Asma Benouna,
Plankton*Net Data Provider). Optical microscopy phdographs of (D) Prorocentrum micans (E)
Perdiniella catenella (Regina Hansen and Susan Busch, Plankton*Net DatBrovider) and (F)
Ceratocorys horrida (Alexandra, Plankton*Net Data Provider).

Two basic cell shapes exist in the dinoflagellatssmokont cells which are
composed of 2 large plates and 2 dissimilar flagieiterted apically and dinokont cells
with 2 dissimilar flagella inserted ventrally (dkistrated by Figure 1.11). A dinokont
cell is divided into two parts, an epicone and pdopne separated by a groove named
the cingulum or girdle and can be thecate or ateedaee, 1999). This is illustrated on
Figure 1.12.
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Figure 1.11 Cell morphologies (A) desmokont, (B) dokont (Smithsonian Institution, 2010).
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Figure 1.12 Detailed morphology of dinokont cellgfMacRae, 2010).

1.3.4.Anatomy

The molecular phylogeny of the dinoflagellates gl confirms their
eukaryotic position (de la Espina et al., 2005) tir atypical nucleus or dinokaryon
(previously the mesocaryon) presents a unique genorganisation with some non-
eukaryotic features. Dinoflagellates are haploid #re genome size is between 1.5 to
225 pg DNA celft (LaJeunesse et al., 2005) which is a huge amoiven gthat
eukaryotes in general have a range of 0.04 to B4 cell* and up to 40 pg DNA
cell* in plants (de la Espina et al., 2005). Even theekt values seen in the Genus
Symbiodiniun{1.5-4.8 pg DNA cell) are roughly equivalent to the human genome (3.5
pg cell*; Gregory et al., 2007; www.genomesize.com) and DfdAtent is even higher
in Prorocentrum micanandKarenia mikimotoiLaJeunesse et al., 2005). On the other
hand, the recently discovered picodinoflagellatagehthe potential to display smaller

genomes (Lin, 2006). Such high levels of DNA carekplained by a redundancy up to
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60 % of repetitive sequences (de la Espina et28D5) and by gene transfers from
endosymbiont nuclei (see section 1.3.5). DinoflagelDNA has a high G + C ratio and
exceptional bases such as 5-hydroxymethyluracildithahally, dinoflagellates are

unique in the eukaryotic group because they havdDNé-associated histones and
consequently the DNA is not packaged in nucleosoméle chromosomes. They do
have unusual basic histone-like proteins assocmiddthe DNA, but these are more
similar to bacterial DNA-binding proteins than enkatic histones. Dinoflagellate

chromosomes are permanently condensed even dumiegphase. The number of
chromosomes is highly variable between species #ota 8 in parasitic species and
from 20 to 270 in free-living species. However, théotic cycle is mostly similar to

eukaryotes except that the nuclear membrane ddespliio(de la Espina et al., 2005).

Photosynthetic dinoflagellates display a diverseeaof 5 types of chloroplasts
or plastids (detailed in section 1.3.5). Peridipliastids are the most common in existant
dinoflagellates but 4 other types have been identifthe prasinophyte-like plastid,
haptophyte-like plastid, cryptophyte-like, and dratlike plastids according to the
affiliation of their plastidial endosymbiont. Pigntecontent differs between them
(Table 1.3): chlorophyll& and c2 occur in all of them except the prasinophyte-like
plastid which contains chlorophydl andb. Chlorophyllcl is additionally present in
haptophyte-like and diatom-like plastids. The canoid group also differs with each
plastid type containing representative carotendldsed in Table 1.3). Diatom-like
plastids are differentiated by astaxanthin whilstoxanthin is the major carotenoid.
The exceptional freshwater dinoflagellafeovellia sanguineacontains a special
carotenoid assemblage of a diatom-like plastidwitit more astaxanthin than peridinin
associated with dinoxanthin, diadinoxanthin &ndarotene (Frassanito et al., 2006). In
general, a dinoflagellate species will hold onlydmnd of chloroplast, but there can be
several of these generally distributed in the gemip of the cell or under the surface, or,
occasionally plastids are aggregated in bands amenside of the cell. Plastids usually
have an individual or several internal pyrenoidsclvrare centres for C{ixation (de
Salas et al., 2008).
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Table 1.3 The pigment composition for dinoflagellats of different plastid types. The typical
carotenoids for each group are shown in bold.

Plastid Chlorophyll Carotenoids

Peridinin a, c2 B-caroteneperidinin diadinoxanthin, diathoxanthin,
dinoxanthin (Lee, 1999)

Haptophyte-like a, cl,c2 19’-hexanoyloxyfucoxanthinand or19’-
butanoyloxyfucoxanthin, fucoxanthin ,e-carotene,
B, B -carotene, diatoxanthin, diadinoxanthin, 19-
hexanoyloxyparacentrone 3-acetate, in some species
the diester of gyroxanthin
(Hansen et al., 2000; Bjornland et al., 2003; dassa

et al., 2005).
Cryptophyte-like a, c2 Alloxanthin (Meyer-Harms and Pollehne, 1998)
Diatom-like a, cl, c2 Fucoxanthin, diadinoxanthligtoxanthin, an

unidentified fucoxanthin-like xanthophyf, -
caroteney-carotene andstaxanthin (Withers et al.,
1977).

Prasinophyte-like a, b Prasinoxanthin, B —carotene (Watanabe et al., 1987;
Hackett et al., 2004a)

Dinoflagellate chloroplasts can be surrounded laesd layers of membranes.
These provide evidence of endosymbiotic eventhan they result from phagocytosis,
but the number of layers can also reduce with démwolis time. The endosymbiont
components vary between plastid types dependinip&in evolutionary history (Table
1.4). The peridinin plastid is thought to have d edgal origin (Zhang et al., 1999;
details in section 1.3.5). This plastid type is haded by 3 membranes and its genetic
information is concentrated on plasmid-like minté#s, each containing 0-3 genes and
a total of genes up to 14 (Zhang et al., 1999; Hetna., 2008). Koumandou and Howe
(2007) observed in experiments wimphidinium operculatunthat whilst the copy
number of minicircles can show little differencep(tio 4-fold) between different
minicircles at the same growth stage, the copy rarndd minicircles dramatically
increases (1-2 orders of magnitude) during thedattages of growth. The haptophyte-
like plastid is also delimited by 3 membranes batemdosymbiont nucleus has been
identified. The cryptophyte-like plastid is encldsky 2 membranes and the nucleus
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appears also absent. The diatom-like plastid isldded by only 1 membrane and the
nucleus and several organelles such as mitochqmibs@somes, and even plastids of
the endosymbiont are present suggesting a moretrecelosymbiosigSchnepf and
Elbrachter, 1988; Hackett et al., 2003; Hacketlet2004a).

Table 1.4 Anatomic features of different plastid tpes among dinoflagellate species.

Plastid type Membranes Nucleus Organelles

Peridinin 3 1-3 minicircle genes

Haptophyte-like 3 absent 3 thylakoids (Steidind&98)

Cryptophyte-like 2 absent

Diatom-like 1 nucleus Mitochondria, ribosomes,
plastids

Prasinophyte-like 2 absent Ribosomes

The dinoflagellate cytoplasm contains other ordgasehcluding mitochondria,

Golgi apparatus, endoplasmic reticulum and atypstalctures may be found in some
species such as trichocysts, a pusule and an eyggs 1999). The pusule is a saclike
element that opens into the flagellar canal artdasght to act as an osmoregulator. The
eyespot, which is responsible for phototaxis, isnposed of lipid globules with or
without a plastid remnant structure and occasigrieds a more complex structure (Lee,
1999). The trichocysts are rod-shaped organellssinasd to excrete material for
defence (Ukeles and Sweeney, 1969; Lee, 1999; dilimand Reckermann, 2002).
Grains of starch and oil can be accumulated as buktastorage in the cytoplasm
(Dodge and Crawford, 1971; Lee, 1999).
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1.3.5.Plastid evolution in plants and dinoflagellates

It is clear that different plastid types exist vitherrestrial and marine plants.
Given that the plastid is involved in sulphur metigm and potentially involved in
DMSP synthesis (as described in section 1.2.2)allsas photosynthesis, an organism’s
physiology might be strongly influenced by its pidgype. For these reasons, in this
section | will describe plastid evolution in plamatsd dinoflagellates.

The insertion of the plastid in the eukaryotic &ge was the result of the
phagocytosis of a prokaryotic alga without digestiand with its subsequent
conservation as an endosymbiont (Keeling, 2004)gdneral, endosymbiotic events
were infrequent through plant and algal evolutiout, dinoflagellates are exceptional in
their ability to gain, lose or replace their pldsti(Saldarriaga et al., 2001). Some
dinoflagellates are known to be kleptoplastidicwitas et al., 1999; Gast et al., 2007)
whereby they exhibit an intermediate stage betwienendosymbiont and its full
incorporation as a plastid. For this reason, dagdllates have attracted research
attention as a key stage for understanding theisiiqn of plastids in eukaryote
evolution. The use of new molecular techniquesdilasved comparison of the plastid
and nuclear genomes of different organisms andotingoing readjustment of the

classification of dinoflagellates.

It is now established that the plastids preserthen photosynthetic eukaryotes
today came from a first endosymbiotic event betwesneukaryote and a
cyanobacterium-like cell (McFadden, 2001; Keeli@§04). This ancestral alga gave
rise to three further groups depending on theimeigt diversification: glaucophytes,
green algae and red algae (lllustrated by Figut®)1.The glaucophyte group is still
present nowadays (Bhattacharya and Schmidt, 199%hg green algal group,
characterised by chlorophydl andb, is at the origin of land plants and a secondary
endosymbiosis event led to the green aquatic lme@gpending on the eukaryotic host,
different clades compose this lineage: euglenoid$lorarachniophytes and
dinoflagellates with a “green plastid” (Falkowski &., 2004). The red algal group,
defined with chlorophylla and c, is at the origin of red macroalga and a second
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endosymbiosis resulted in the red lineage whichudes diatoms, haptophytes,
cryptophytes, dinoflagellates and brown macroal§&ese endosymbiotic events have
ensured the transfer of photosynthetic ability frprakaryotic to eukaryotic organisms,
the spread of autotrophic behaviour and the expardfi aquatic and terrestrial primary

producers.

Focusing on dinoflagellates, the red plastid oidmein dinoflagellates are the
most common today. A tertiary endosymbiotic evdidwaed the acquisition of other
types of plastid (illustrated by Figure 1.13). Tdéfere, for example, the endosymbiosis
of a haptophyte led to a dinoflagellate with a baptte-like plastid. The peridinin
plastid from the previous endosymbiosis may be bsstin haptophyte-like plastid
containing dinoflagellates or may be kept as intafielike plastid containing
dinoflagellates. The origin of dinoflagellates wgreen or prasinophyte-like plastid was
proposed by Keeling (2004) to have come from aakegcondary endosymbiosis after

the loss of the red plastid and not from the gtewage.

Eukaryote ‘ O Cyanobacterium

| 1st endosymbiosis |

o~

Glaucophytes Green algae Red algae

| 2nd endosymbiosis | Eukaryote

| Other endosymbiotic events

-~
-7 R
- .
P Remnant
Land plants PR Plastid
///
~
o @ o O
a~ v o @
Prasinophyte- Peridinin ) ) Cryptomonad-
Dinoflagellates with :  like plastid plastid Diatom-like ke plastid Haptophyte-
plastid like plastid

Figure 1.13 Plastid evolution and diversity in thedinoflagellate group. lllustration modified from
Keeling (2004).

The identification of dinoflagellate species witbrmaperidinin plastids is recent
and only about 20 such species are known - a lomben in comparison with the

estimated 1000 photosynthetic species (Table 1.5).

52



Chapter 1 Introduction

Table 1.5 Examples of species with non-peridinin pktid types.
Plastid types Species

Prasinophyte-like plastids Lepidodinium viride, Gymnodinium chlorophorum

Haptophyte-like plastids Karenia brevis, Karenia mikimotoi, Karenia umbella,
Karlodinium micrum (K. veneficum), Karlodinium agetr,
Takayama tasmanica, Takayama helix, Gyrodiniumaura
(K. mikimotoi), Karlodinium australe

Diatom-like plastids Durinskia baltica, Durinskia capensis, Galeidiniuogatum,
Kryptoperidinium foliaceum, Peridinium quinquecorne

Cryptophyte-like plastids Dinophysis acuminata, Dinophysis acuta, Dinophysis

norvegica, Gymnodinium acidotum

During the endosymbiotic process the endosymbiadergoes several changes
to become the slave of the host (Keeling, 2004)taosd control is enabled by a massive
gene transfer from the endosymbiont nucleus tdhtdst genome (Hackett et al., 2004b).
In most cases, the endosymbiont has undergone sbamges as the degeneration or
loss of its nucleus, cytoplasm and some membrar@s the second and tertiary
endosymbiosis. Several stages of the endosymbamecsion to a plastid are found in
the different plastid types of dinoflagellates.

The peridinin plastid genome of dinoflagellates a@stremely reduced to
minicircles containing up to 14 genes (Koumandouwalet 2004; Leung and Wong,
2009) whereas plant and algal plastid genomes icoh&) to 200 genes (Zhang et al.,
1999). The minicircle genes encode the core subwiithe photosystems and rRNA,
other plastidic genes have been transferred tontideus (Hackett et al., 2004b).
Dinoflagellates have certainly developed a paréicahachinery of gene-transfer which

explains massive gene flows.

The haptophyte-like plastid dinoflagellates havengd some new haptophyte
nuclear-encoded plastid genes including RuBisC@ fobmstead of form Il which is of
proteobacterial origin and found in peridinin pldst one photosystem gene encoding
oxygen-evolving enhancer protein gsbQ, a new plastid-targeted glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene closely delatthe haptophytes and unlike
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the cytosolic form encoded by a GAPDH gene closelgted to peridinin plastids
(Takishita et al., 2004; Yoon et al., 2005). Howewome of the previous peridinin
genes are missing in the nuclear genome of theophpte-like plastid dinoflagellates.
For example a sequence of 48 nuclear encoded ¢asesot been found (Yoon et al.,
2005).

Dinoflagellates with a diatom-like plastid suggest endosymbiont that is not
completely “submissive”. This intermediate plasigd surrounded by only a single
membrane and it retains a cytoplasm with a nuclebssomes, mitochondria and
chloroplasts (Schnepf and Elbrachter, 1999; Hohgand Takano, 2006). Moreover,
the host still bears a remnant peridinin plastidd@inded by three membranes but
which is deprived of pigments. This is also calthd stigma or eyespot (Dodge and
Crawford, 1969).

Some heterotrophic dinoflagellates retain a remmdawstid. For instance, the
osmotrophs Crypthecodinium cohniiand Oxyrrhis marina contains some plastid
targeting N-terminal peptides (Sanchez-Puerta ¢t28l07; Slamovits and Keeling,
2008) and the parasitBerkinsus atlanticudears some remnant plastids with four

membranes (Teles-Grilo et al., 2007).

1.3.6.Reproduction

Asexual and sexual reproduction is used by dineflages. Asexual
reproduction is commonly used for population grawdlaploid vegetative cells divide
by binary fission and mitotic division of the nuate Some types of sexual reproduction
may be induced by nutrient deficiency (Figueroa Bnalvo, 2005) and starts with the
production of gametes that may be of different séxypes (+/-). The fusion of gametes
leads to the production of diploid hypnozygoteplanozygotes. The hypnozygote is a
resting non-motile stage, morphologically dissimildo vegetative cells and

planozygotes are motile cells, morphologically $amio vegetative cells.
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1.3.7.Distribution

Dinoflagellates are globally distributed and havelonised all aquatic
environments. Mainly marine, they generally develap coastal waters (e.g.
Alexandrium spp, Karlodinium spp. Karenia spp, Ggdinium spp, in estuaries (e.g.
Heterocapsa triquetraAlexandrium tamarense, Dinophysa€uminatd, in brackish
waters Durinskia balticg, open oceans (e.gGambierdiscus toxicysAkashiwo
sanguineain the Sargasso Sea) and in freshwaters (&gnnodinium fuscum,
Peridiniopsis berolinense, Peridinium bipes, Paridm gatunenge New dinoflagellate
species are regularly isolated and identified (daset al., 2003; de Salas et al., 2004a;
de Salas et al., 2004b; de Salas et al., 2005; Masaal., 2007). It is difficult to
determine whether they are emergent species om#vatspecies identification results

from improved scientific techniques and monitoring.

Dinoflagellates proliferate in blooms of up to°X&lls mi* (Hall et al., 2008) at
all latitudes and all coasts. They are often cdited tides” because of the deep reddish-
brown colouration of the water due to their plasligpigments. Several factors affect
the formation and expansion of dinoflagellate blsor8ome dinoflagellate species
show a geographic expansion that may have resitiedvectors such as transport with
organisms for aquaculture, transport in ballasewaf ocean vessels, natural migration
with water currents or migratory birds (Hoppenra¢h al., 2007). Moreover,
eutrophication and changing climate may favour wiluence the occurrence of
dinoflagellate blooms (Livingston, 2007; Mohamed &tesaad, 2007). The abundance
of some dinoflagellate species has increased whssirface temperature (Edwards et
al., 2006). In the NW Atlanti€eratium arcticumformed denser winter populations in
the 1990s compared to the 1960s (Johns et al.,)2B0Bie Central North Se2eratium
fusushas bloomed earlier in the season and reachecemagbundance in the period
1981-2002 compared to the period 1958-1980 (EdwandsRichardson, 2004). In the
Mediterranean Sea dinoflagellate abundance inadeasative to that of diatoms from
1997 to 2002 (Mercado et al., 2007). Finally, diagéllate blooms are more frequently
observed due to an increased effort in water mongobecause of toxin production

(see section 1.3.9)
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1.3.8.Ecology

Dinoflagellates are a key component of marine estesys. Heterotrophic
dinoflagellates constitute #3of the microzooplankton biomass (Buitenhuis etial.
presg that actively graze on diatoms and other marimggplankton (Sherr and Sherr,
2007), bacterial biomass, marine snow, other dagaflates, copepod eggs and early
naupliar stages of zooplankton (Jeong, 1999). Im tthey are eaten by other
dinoflagellates (with existence of reciprocal pitgata and cannibalism), other protists
and copepods (Jeong et al., 2007). Photosynthetaflaigellates are also grazed by
microzooplankton such as heterotrophic dinoflageieand mesozooplankton such as
copepods (Calbet et al.,, 2003; Johnson et al., )20G&nerally photosynthetic
dinoflagellates are in competition with diatoms floe same niche space including light
and nutrients (Smayda, 2002). Many dinoflagellatessd to prefer calmer waters
(Berdalet, 1992; Barlow et al., 1995) though certspecies appear adapted to more
turbulent habitats (Smayda and Reynolds, 2001; 8:a®002). Some dinoflagellate
species have several advantages which lead todbeimance such as (1) the ability to
migrate towards the illuminated surface or deepsr nutrient zone, (2) mixotrophic
feeding that allows them to grow on organic mat{Stoecker, 1999), (3) cyst
production that ensures annual bloom events amdeaggration to and colonisation of
new areas (Smayda, 2007) and (4) production of w®ndefences including
allelopathic compounds (Tillmann et al., 2008),itngx bioluminescent compounds and
DMSP that may reduce grazing (Verity and Smetad®i®6; Steinke et al., 2002b;
Wendler et al., 2002). Dinoflagellate populationaymbe limited by virus attacks.
Several viruses have been identified and their imleontrolling dinoflagellate blooms
is under investigation (Nagasaki et al., 2006)

1.3.9.Toxins and diseases

Toxic species of dinoflagellates represent a mipmf dinoflagellate diversity
with less than 60 species out of 2000 living speéiteidinger and Tangen, 1997), but

they can sometimes form Harmful Algal Blooms (HABhe production of toxins can
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sometimes have dramatic consequences on the emwsysublic health and the
economics of seafood products (Van Dolah, 2000; Rawal., 2007; Wang, 2008).
Dinoflagellates produce a large variety of toxinsliding neurotoxins and toxins that
affect the digestive system. Toxins that are assediwith human poisoning syndromes

are detailed below.

Paralytic Shellfish Poisoning (PSP) is caused by iigestion of seafood
contaminated with saxitoxins or gonyautoxins whidreate neurologic and
gastrointestinal disorders. These toxins may bloekironal activity by binding to
voltage-dependant Na channels. Depending on theiatned toxin ingested, syndromes
can range from numbness to drowsiness and throatdl fespiratory paralysis.
Causative species are members of the gengkaxandrium Gymnodinium
Pyrodinium(Van Dolah, 2000; Wang, 2008). A gonyautoxin agak has been
isolated fromAlexandrium minuturbut its mode of action has not been investigastd y
(Lim et al., 2007).

Neurolytic Shellfish Poisoning (NSP) is induced dssimilation of brevetoxins
produced byKarenia brevis These toxins selectively bind to voltage-depehdéa
channels altering Na ion fluxes and also triggeuraeCa influx. Symptoms such as
nausea, loss of motor control, muscular ache, amcbnsciousness appear after
brevetoxin exposure. Massive fish kills have besaused by these toxins but no human
mortality has been reported (Flewelling et al., 20/ang, 2008).

Diarrhetic Shellfish Poisoning (DSP) is createdtdyins such as okadaic acid
produced byProrocentrum lima, Prorocentrum belizeanuamd Dinophysis toxins.
These toxins inhibit the activity of protein phogpdses involved in cellular metabolism
and the cell cycle which affects the function oftestinal epithelia inducing
gastrointestinal problems including vomiting andrdioea. After chronic exposure
they may act as tumor promotors (Van Dolah, 200angy 2008; Blunt et al., 2009).

Pectenotoxins are produced by sev@&ilophysis sgWilkins et al., 2006) and

accumulate in the hepatopancreas of shellfish (&spt al., 2010). These toxins are

associated with DSP toxins and their mode of adsamnder investigation. The organ
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target seems to be the liver given that directaperitoneal injection in mice causes
liver congestion and bleeding (Espina et al., 2010)

Ciguatera Fish Poisoning (CFP) is an intoxicatigndsome of the Ciguatera
disease. It is caused by the maitotoxins whichiratelly produced byGambierdiscus
toxicusand therbiotransformed and bioaccumulated along the fo@inclending in the
lipidic tissues of fish. Ciguatera symptoms include series of gastrointestinal,
neurologic and cardiovascular disturbances (nung)nesversal of temperature
perception, tachycardia, hypertension, blurredovisparalysis). In rare cases it may be
fatal or cause chronic symptoms for months or ye@l®e ciguatoxins bind to Na
channels like brevetoxins but with a higher toxatgmcy. Ciguatera is a world health
problem for tropical and subtropical areas andsismated to affect 10000 - 50000
persons per year (Withers, 1982; Durand-Clemer@871Rewis, 2006; Friedman et al.,
2008).

Azaspiracid Shellfish Poisoning (AZP) is caused thye assimilation of
azaspiracids produced by the recently identifiedofiagellate Azadinium spinosum
(Tillmann et al.,, 2009). Symptoms include gastrestinal and neurologic troubles,
necrosis of organ tissues and after chronic exgofiumg tumors may be initiated.

These toxins appear to trigger Ca channels (Wab@g)2

Estuary-associated syndromes are induced by aasionilof toxins associated
with blooms of the heterotrophic dinoflagella®iesteria and cause headache, skin

lesions and respiratory irritation (Engelhaupt, 200

Yessotoxins produced rotoceratium reticulatumLingulodinium polyedrum
andGonyaulax spiniferdnave recently been isolated from dinoflagellasaiig, 2008;
Blunt et al., 2009). They are potent neurotoxiret tmight interact with Ca and Na
channels. Palytoxins and ovatoxin-a (Ciminiellakt 2008) have been identified from
the benthic specigdstreopsis sppPalytoxins may cause human iliness and death with
symptoms of ataxia, drowsiness, weakness of limd&ang, 2008), respiratory

difficulties, conjunctivitis and skin irritation @ilitelli et al., 2005).
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1.3.10.Palaeogeological interest

In common with phytoplanktonic foraminifera, diradlellates are used as
tracers for palaeoclimatic and palaeoceanograpghities (de Vernal et al.,, 1997; de
Vernal et al., 2007). Assemblages of dinoflageltatsts in sediments are identified and
provide a proxy for conditions of temperature, rggfi ice cover and seasonality that
allow reconstitution of past climatic and oceanpgia conditions. Cysts result from
the fusion of gametes and are a dormant stagesdtiinents and resists degradation
due to a resistant cell wall that contains dinospdxot all dinoflagellates are able to
form cysts; 13 to 16 % of living dinoflagellatega@stimated to produce cysts (Taylor et
al., 2008). Some cysts may also contain silicatecalcium carbonate and have
contributed to fossil limestone and chalk depositjid/endler et al., 2002). In addition
to providing information about the environment he tpast, calcareous dinoflagellates
also contribute to knowledge of the global calciayale and also provide information

of the past environment (Gussone et al., 2010).

1.3.11.Food and pharmaceutical industries

Food interest in Crypthecodinium cohnii

The omega-3 polyunsaturated fatty acids (PUFA) rargiired by the human
body as a membrane constituent because they charsynthesized directly (Richard et
al., 2008). Docosahexanoic acid (DHA, 22:6) is oh¢he most importanb-3 PUFA
along with eicosapentaenoic acid (EPA, 20:5) anliholenic acid (18:3). DHA
accumulates in membranes of several human tisswdsding reproductive, nervous
and visual tissues and the grey matter of the brHey are considered essential in
infant brain development and nutrition. DHA is alsowvolved in the
anticholesterolaemic and anti-inflammatory procasd reported to contribute to the
prevention and treatment of diseases such asamtéeriosis, arthritis, thrombosis and

variety of cancers. Food sources of DHA are fisd &sh oils which are a limited
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resource. Microalgae are considered a promisingceoand particularly non-light
limited heterotrophic species such @sypthecodinium cohni(Mendes et al., 2009).
Furthermore, this species possesses high fattycacitént (> 20 %) with predominance
of DHA (30 — 50 %) which makes it easier for DHAriigation for food supplements
and infant food manufactur€.. cohniicultures can be produced profitably in industrial
scale bioreactors with a low price carbon soutoe ¢arob pulp (Mendes et al., 2007).

Pharmacol ogically bioactive compounds in dinoflagellates

Because of their chemical diversity, dinoflageka#ee a rich source of bioactive
natural compounds with application in pharmacologye Ciguatera-responsible
maitotoxin produced bgambierdiscus toxicusauses platelet aggregation (Nakahata et
al., 1999). An extracellular polysaccharide proadlbg Gymnodinium sps a potential
anti-cancer agent due to its topoisomerase DNAbitibn activities (Umemura et al.,
2003) and also induces apoptosis of human myeleikdmia K562 cells. Other
dinoflagellate chemicals have been found with @ptmt activity (Mayer and Gustafson,
2006): amphidinoli X (Tsuda et al., 2003a), amphadii Y (Tsuda et al., 2003b) and the
polyketide lingshuiol (Huang et al., 2004) produden Amphidinium spprotoceratin
[I-1V is a polyether glycoside frorRrotoceratium cf. reticulatun@onishi et al., 2004)
and zooxanthelactone is a fatty acid producedSpmbiodinium sp(Onodera et al.,
2004).

Several other new molecules of interest have beeently identified (Blunt et
al., 2009) including several iriomoteolides and amdmolides extracted from some
Amphidinium spwhich have a cytotoxic activity to human B lympktas. Some
amphidinolactones also extracted from specieArnphidiniumhave cytotoxic activity
against some leukemia cells and epidermoid carcnoells. New zooxanthellamide
and symbiodinolide have been extracted from s&@wmnbiodiniumspecies and have
special cytotoxic and enzyme (cyclooxygenases whiehinvolved in inflammatory
response) inhibition activities respectively. A qaex spirolide has been found to be

produced byAlexandrium ostenfeldii
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All these new molecules testify to the chemicahmniess of dinoflagellates and
their unknown potential. These important findingsyide promise for the development

of new drugs and research into diseases includinges.

1.3.12.Challenge of culturing dinoflagellates

Many scientific observations led to the conclusibat some dinoflagellates are
very sensitive to turbulence and they are consitl@amongst the most fragile algal
groups (Thomas and Gibson, 1990). Attempts to gdaveflagellates can fail if the
cultures are aerated, bubbled or rotary shakergelmeral, this sensitivity can be a
limiting factor in studying dinoflagellates and heeevitably resulted in a selective
approach towards the easily-grown strains. BerdaldtEstrada (2006ummarised the
effect of turbulence on 44 dinoflagellate straitie growth of 5 strains was increased,
7 strains showed no effect, the growth of 29 stramas reduced and cell death occurred

for 3 strains includin@rypthecodinium cohnii

Water motion may cause physical and physiologi@hage such as loss of
flagella, cell lysis or growth inhibition by tramsit arrest of the cell cycle (Yeung and
Wong, 2003; Yeung et al., 2006; Camacho et al.7BDQlaveria et al., 2009b). Cells
are even more susceptible to damage during the plagke when they are in the
division process (Camacho et al., 2007b). Turbwdemay also affect more specific
physiological processes including an increase gintproduction (Juhl et al., 2001),
bioluminescence and DMSP cleavage (Wolfe et abD220

On the other hand, the recent commercial intenest.i cohnii cultures for
omega-3 fatty acid production led to the developn@nfast-growing dense cultures
bubbled with oxygen (de la Jara et al., 2003),lasks rotated by an orbital shaker
(Lopes Da Silva et al., 2006) and also in stirréordactors (Mendes et al., 2007).
Therefore this species seems to be more robustpteamously described by Berdalet
and Estrada (2006). Het al. (2007) confirmed thaf. cohniiATCC30772 was able to
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resist a certain amount of hydrodynamic force tlowgth an associated loss of
flagella. The example o€. cohnii suggests that the culture of dinoflagellates can

become feasible with perseverance and the acquisifimore knowledge.

1.3.13.DMSP and DLA in dinoflagellates

Various studies reported the DMSP content of dag#llates in cultures and
showed the contribution of dinoflagellates in DM&® DMS pool in the field (detailed
in Chapter 5). In 2007, Stefels and co-workers meoended the inclusion of the
dinoflagellate group amongst the 6 phytoplanktarugs recognised as DMS producers
for inclusion in future global ocean climate model® date, about 60 species and
strains including 5 heterotrophic species have lmelysed for their DMSP content.
DMSP concentrations are widely variable within greup with 6 orders of magnitude
difference observed in DMSP concentrations per eelume (Chapter 5). Only the
heterotrophOxyrrhis marinahas been reported with no DMSP (Keller et al.,9E98
The underlying reasons for this wide variationritracellular DMSP concentration have

not been investigated.

Several field studies reported some potential Dsfogiated with dinoflagellate
blooms and subsequent laboratory studies beganvastigate DLA in dinoflagellate
cultures. Only fifteen dinoflagellate species am@ins have been tested and reported
with associated DLA (Chapter 5).
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1.4.The major objectives of this study

The research work that | conducted for this thesis be divided into 3 parts
focusing on 3 major objectives: (1) the adaptatdbrmethods for DMSP and DMS
measurement for dinoflagellate cultures (2) theitamtd of new DMSP and DLA data
for dinoflagellate cultures and the compilation amélysis of all published DMSP and
DLA data (3) the investigation of factors affectiBiSP content in the heterotrophic

dinoflagellateCrypthecodinium cohnii

Methods for DMS and DMSP measurements have beegiapmd primarily for
field studies and large volumes of sample and reqassessment of precision and
optimisation for small volumes of cultures in lagtry studies. Moreover, Kiene and
Slezak (2006) recently criticised some methods &SP measurements. They
compared various filtration procedures and conduithat filtration may damage cells
and transfer particulate DMSP to the dissolvedtimac They recommended the use of
gentle filtration and especially gravity filtratiamhen possible. Given that dinoflagellate
cells are known to be sensitive to turbulence agithtton that may break cells, they
may be prone to damage during handling. The finatlenge of this study was to adapt
the method of DMSP and DMS measurements specifitaldinoflagellate cultures. |
began by assessing the analytical uncertaintyrarestigated the factors that may affect

results such as the sample processing time andesawipme.

The dinoflagellates are currently considered as ohehe major DMSP-
producing phytoplanktonic groups (Keller et al.328; Stefels et al., 2007) but this is
despite studies being rather sporadic and the ldngersity within the group which
encompasses species with high concentrations of D&l some that have little or no
DMSP. In addition, the release of DMS from DMSRHe oceanic pool depends in part
on the activity of algal DMSP-lyase enzyme (DLA)dayet very few studies have
reported the presence of such enzymes in dinoftegel The compilation of all the
published DMSP and DLA data for dinoflagellates wesrranted to summarise and
analyse the available knowledge and identify thenrkaowledge gaps. | also collected
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additional data of DMSP and DLA from dinoflagellataltures to enable a more in-
depth assessment of the DMSP production abilitthef phytoplankton group and its

contribution to the DMS pool and sulphur cycle.

Various studies show that DMSP has multiple biatagroles. Only a few of
these investigations have involved dinoflagellatasd even less heterotrophic
dinoflagellates. Thus, | performed a series of expents with the model heterotrophic
dinoflagellateCrypthecodinium cohniio determine how external factors may affect the

DMSP content of this species.
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Chapter 2 General methodology

In this chapter | describe the general methodokgylied for the investigation
of my thesis topic including the culturing techrégu for micro-algae and the
instruments regularly used for monitoring cultureowgth and DMS and DMSP
concentrations. | present the dinoflagellate sgesadected, their conditions of culture
and the challenge that culturing represents in ftlaigile phytoplankton group. Then |
describe the instruments | used, their principles @eir applications to my study. The
assessment and optimisation of methods for meaguBMS and DMSP in

dinoflagellate cultures is presented in the follogvchapte(Chapter 3).

2.1. Culturing techniques for dinoflagellates

2.1.1.Algal culturing conditions

Algal strains were ordered from the Provasoli-Gudl National Center for
Culture of Marine Phytoplankton (CCMP; Boothbay btar, USA), and one strain was
kindly given by Dr Debora Iglesias-Rodriguez (Naab Oceanographic Centre of
Southampton, UK). These strains have diverse gpbgraorigins such as the North
Sea, East Atlantic, West Atlantic, East Pacific @&uadarctic Oceans and consequently
require different environmental conditions for gthwA list of the dinoflagellate strains
used and their culture conditions is presentechinld 2.1.
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Table 2.1 Dinoflagellate species investigated. Ddtainclude their full names, synonyms, strain codg origin, toxicity and axenicity of the culture, and the medium, light

intensity (LI in pmol photons m? s*) and temperature (T °C) used in this study.

Chapter 2 General methodology

Latin name Synonyms Strain code| Collection site Medm LI T°C
T Alexandrium minutum Alexandrium ibericum| CCMP113 Ria de Vigo, Spain L1 154 15
AAmphidinium carterae CCMP1314 | Falmouth, USA /2 204 22
A Crypthecodinium cohnii Glenodinium cohnii CCMP316 Unknown fl2 + NPM 127 22
A Heterocapsa triquetra Peridinium triquetra | CCMP449 St Lawrence Estuary, Canadj fl2 120 15
T Karlodinium veneficum Karlodinium micrum | CCMP415 Norway, North Sea f/2 122 15
Kryptoperidinium foliaceum| Peridinium foliaceum, | CCMP1326 | La Jolla, California Bight, US L1 204 27
Glenodinium foliaceum
PTLingulodinium polyedrum| Gonyaulax polyedra | LP2810 San Diego, California, USA fl2 204 27
Polarella glacialis CCMP1138 | McMurdo Sound, Antarctica Provasoli 101 i
A Scrippsiella trochoidea Peridinium trochoideumCCMP1599 | Falmouth, USA f/2 102 15

A Axenic, Toxic and”" Potentially toxic
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The phytoplankton strains were grown in batch celtiErlenmeyer flasks of
100 ml or 250 ml volume were filled up to one thwél the volume with enriched
seawater media (different media are mentioned bieTa.1) and capped with a cotton-
filled muslin bung covered with a piece of foil. I@uwes were set in incubators (MLR-
351 Plant Growth Chamber, Sanyo, Loughborough, wider controlled conditions of
light intensity, photoperiod and temperature threguged algal growth (Figure 2.1). The
photoperiod was 14:10 light:dark cycle with an ibator level 3/5 of maximum output
of light intensity supplying 150 + 50 umol photom& s*. The phytoplankton species
were divided into 2 groups depending on their &l range of temperature. The “cold
group” was placed in an incubator at 15 °C andwtregm group” was placed in another
incubator at 22 °C. These temperatures fall inrtimge of temperatures recommended

by the algal supplier but I have not tested if theg optimal.

Figure 2.1 Example of batch cultures of algae. (A$everal cultures ofCrypthecodinium cohnii inside
an incubator. (B) Erlenmeyer flask capped with a ction bung. This culture of the heterotrophic
C. cohnii displays a pale colour due to the lack of chlorophil. (C) Example of 3 replicate cultures of
the photosynthetic speciesleterocapsa triquetra in stationary phase.

Manipulation of algal cultures requires a clean atatile environment to avoid

contamination by other organisms (bacteria, fumgher algae). In this regard, all
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manipulations were conducted inside a laminar f@abinet (Class I, Walker). This
cabinet and all items going inside were wiped With% ethanol before use. Glassware
and culture media were autoclaved at 120 °C fom#tutes. Those cultures that were
axenic were checked regularly for axenicity by ms$mopic observation of samples
stained with DAPI (see section 2.1.3 for more dg}ai

2.1.2.Medium preparation

All different media were enriched seawater. Theyenvprepared with natural
seawater collected either from the open oceannguwceanic cruises, or from coastal
waters pumped out from the North Sea by the CER&SS8tute (Lowestoft, UK) This
water was stored in the dark at 12 °C. The watertivan filtered through a 0.2 um pore
size cellulose acetate filter to eliminate potdrnti@anisms and particles. According to
the recommendations of Mclachlan (1973) to avoiecimitation in the medium, the
seawater was diluted with distilled water (2.5 %hd one drop of concentrated
hydrochloric acid (HCI) was added before autoclgviHCI is used to compensate for
the increase of pH due to the loss of Q&fDring the heating process (120 °C during 30
minutes). Also, the nutrients were added asepyicdiveral hours after cooling down.
Several media were made up for the panel of spermsn: f/2, L1, Provasoli, f/2 +
NPM. All these medium recipes are based on the C@\pes (Wilson, 2009).

2.1.2.1.f/2 medium

The f/2 formulation (Table 2.2) is commonly used phytoplankton (Guillard
and Ryther, 1962; Guillard, 1975). The denominati@means that concentrations are
divided by 2 compared to the original formula. TResmula contains macronutrients
including nitrogen and phosphorus and micronutsesiich as a trace metals and
vitamins at concentrations that ensure algal groWthicate is a component of /2 but
was omitted since it is not required for dinofldged growth.
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Table 2.2 Components of f/2 medium without silicateThe proportions are listed for the stock
solution preparation, the volume of the solution usd and the final concentrations obtained in the
medium (dH,O means distilled water).

Compounds Stock Quantity in 1 L of Medium molar
solution medium concentration
g/L dH,0 M
f/2 Medium
NaNO; 75 1 ml 8.83 x 10
NaH,PO, H,O 5 1ml 3.63x 19
Trace metals solution 1ml
Vitamin solution 1ml
Trace metals
Fe/EDTA 6.25
CuSQ 7H,0 9.8 1 mi 4 x 18
Na,MoO, 2H,0O 6.3 1 mi 3x18
ZnSQ, 7H,0 22 1 ml 8 x 18
CoCh 6H,0 10 1ml 5x 16
MnCl, 4H,0 180 1 mi 9 x 10
Vitamin solution
Vitamin B12 1 1ml 2 x 10°
(cyanocobalamin)
Biotin 0.1 10 ml 4 %198
Thiamine HCI 200 mg 6 x 10

Trace metals include iron, copper, molybdenum, ,zeubalt and manganese.

These elements are essential for algae by patiiegpén enzymatic and cytochrome

reactions but become toxic if introduced aboveaae concentration (Reynolds, 2006).

Vitamins consist of cobalamin (vitamin B12), bioand thiamine. Some algae from all

lineages (including dinoflagellates) are not aldesynthesize some of these vitamins

and are called auxotrophs. Because bacteria mgyysthese vitamins it was initially

difficult to develop axenic cultures (Croft et &005; Reynolds, 2006).
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2.1.2.2.L1 medium

L1 medium (Table 2.3) differs from the f/2 formudat by the addition of trace
elements. Selenium, nickel, vanadium and chromivenaalded to the f formulation.
These metals are metabolised by certain microosgaiand used as enzyme
components (Madigan et al., 2003). Some organidras have a higher demand of

nutrients should be grown in this richer mediunmeathan f/2.

Table 2.3 Trace metals of L1 medium

Compounds Stock Quantity in 1 L of Medium molar
solution trace metal solution concentration
g/L dH,0O M
FeCk-6H,0 3.15¢ 1.17 x 10
NaEDTA 2H,0 4.36 g 1.17 x 0
CuSQ -5H,0 2.45 0.25 mL 1x 10
Na,Mo0, -2H,0 19.9 3mL 9x 19
ZnSQ,-7H,0 22 1mL 8 x 16
CoCl -6H,0 10 1mL 5 x 18
MnCl,-4H,0 180 1 mL 9 x 10
H,SeQ 1.3 1mL 1x 16
NiSO, -6H,0 2.7 1mL 1x18
NagVO, 1.84 1 mL 1x18
K,CrO, 1.94 1 mL 1x18

2.1.2.3. Provasoli medium

Provasoli medium is derived from /2 with additioh15 ml L of an alkaline
soil extract (Provasoli et al., 1957). Soil extraets prepared with soil collected in the
grounds of the University in an area containingertilizer or pesticides. This soil was
diluted with two parts of distilled water and tisislution was made alkaline with NaOH
(2 - 3 g L) before autoclaving for 2 hours. After cooling dgwhe mixture was filtered
and the extract was 50—fold diluted with distillegter. The soil extract supplies
organic substances which allows the culture of sahgae unable to grow in only
mineral enriched medium such as the Antarctic dagaflate Polarella glacialis
However, the key active compounds remain unknowatduhe complexity of the soil

chemistry.
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2.1.2.4. /2 + NPM medium

The derivative f/2 + NPM medium (Table 2.4) consaam extra organic solution
necessary for the culture of heterotrophic or mixghic organisms (Guillard, 1960). |
used this medium for culturing the heterotrophiwoflagellateCrypthecodinium cohnii
f/2 components supply a mineral source of nutriewilable for mixotrophs and also
metals and vitamins for mixotrophs and heterotrofti® organic solution contains an
organic source of carbon and nitrogen. Acetatecisate and glucose are potential
carbon sources. Peptone, bacto-tryptone (enzyrdegest of casein) and yeast extract

are potential nitrogen sources, supplying peptadesamino-acids.

Table 2.4 Organic solution of f/2 + NPM. This solibn was added as 100 ml in 900 ml of f/2
medium.

Compounds Quantity in 1L of
organic solution
Sodium acetate 1g
Glucose 60
(di-) sodium succinate 6 39
Peptone 49
Bacto-tryptone 1lg
Yeast extract 0.1¢g
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2.1.3.DAPI staining

DAPI staining is a simple method to check algatural axenicity. DAPI (4',6-
diamidino-2-phenylindole, Figure 2.2) is a fluoromme commonly used to stain DNA.
This fluorochrome binds to minor grooves of dousilieended DNA and intercalates
between adenosine and thymine bases (Kapuscirg®®,) 1When excited with UV light
(360 nm), this stable complex fluoresces by engttafue light (450 nm). Observation
of stained DNA by fluorescence microscopy givesearcview of bacterial presence or

absence among algal cells (Porter and Feig, 1980).

rl\llH
C—NH,
Figure 2.2 DAPI structure (http:// sigmaaldrich.com)

H

e
HN—C N ‘

To avoid bacterial contamination during the stagnprocess, | used 0.2 um
filtered reagents and rinsing seawater. Also, lfggared all manipulations wearing
protective clothes in a fume cupboard to preventdhfeom the carcinogenic properties

of this dye.

The culture sample (1-5 ml) was fixed with a reaetinixture of lugol (3 pl mt
of aqueous Kl 10 % w/v and iodine 5 % wi/v) and falim (50 pl/ml of 20 % aqueous
formaldehyde with 100 gt hexamine) that keeps cells more intact than lugdy
(Sherr et al., 1993; Sherr and Sherr, 1993). Thedium thiosulphate (1 pul/ml of a 3 %
solution stored in the fridge) was added to disgolbe iodine colouration that would
reduce the DAPI fluorescence and finally, DAPI @Dml* of 1mg mi* solution,
Sigma-Aldrich, D9542) was added. The culture sampés left to react with the
chemicals for at least 5 minutes. The stained samwpals filtered by means of a water
vacuum pump through 2 filters: a 0.2 pum pore blpokycarbonate filter of 25 mm
diameter supported by a 0.45 um pore nitrate as@ibacking filter. The filters were
then rinsed with sterile seawater. The black fitars collected and deposited on a slide
bearing a drop of immersion oil for adherence. Tilter was covered by a second drop
of oil immersion and a cover slip. Slides were exed under the microscope (BX40,

Olympus, Essex, UK) at 100-fold magnification olbijge with epifluorescence light
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and a UV light filter. The dinoflagellate cells dresce with intense blue colour (Figure
2.3). If bacteria are present, the black filter Kzgound appears cloudy at low
magnification (20-fold) and bacteria are visiblelweélongated blue shapes at high (100-

fold) magnification (illustrated in Figure 2.3).

Figure 2.3 Comparison of axenic (A and B) and nonenic (C and D) cultures of dinoflagellates
stained with DAPI and observed with an epifluoresagt microscope. Axenic culture of (A)
Crypthecodinium cohnii and (B) Heterocapsa triquetra observed at the 100-fold magnification
objective. Samples were taken at the end of the espments in order to check the axenicity. Only
algal cells fluoresce, absence of bacteria is praveby no fluorescing background. Bacterial
contamination of Crypthecodinium cohnii culture (C) At 20-fold magnification objective, the
fluorescent algal cells appear superimposed on aotidy background. (D) At 100-fold magnification
bacteria appear as elongated sticks.
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2.1.4.Handling and sampling techniques for dinoflagellatecultures

Dinoflagellates are amongst the most fragile phigioiton group and are
subject to cell breakage when agitated or manipdlat laboratory culture (detailed in
section 1.3.12). In this study, special attenticaswgiven to the culture handling and

sampling techniques to reduce the physiologicalatgof cells.

To minimise disturbing dinoflagellate physiologylttires were grown in batch
mode without agitation. Onlg€rypthecodinium cohnitultures were agitated once a day

to avoid aggregate formation due to the produatioextra-cellular polysaccharides.

Prior to sampling, flasks were manually agitated darder to collect a
homogenous sample, representative of the culture flasks were gently swirled 2 to 3
times and sampled straight away. For each flaskpbagy 1 culture aliquot was taken
and used for the measurement of several param@&teessampling of 1 culture aliquot
rather than 1 sample for each parameter measuraeuintes the turbulence and stress
applied to the culture flask. Cultures were kepsmle of the incubator for the shortest
time possible to minimise the effect of differemve#onmental conditions of light and
temperature. For the polar speciadarella glacialis the culture was carried between

the incubator and the safety cabinet using a caotootaining ice packs.
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2.2. Analytical instrumentation and techniques

This section describes the techniques used to cieaise the cultures and the
parameterisation includes the cell counts, celur, chlorophylla, CHN content,
DMS and DMSP content.

2.2.1.Particle counter for cell density and cell volume raasurements

Cell density may be measured by counting cells draemocytometer placed
under a microscope or using a particle counterdahsamatically counts a large number
of cells. The use of the particle counter whickess laborious and less time consuming
was favoured. However, | compared the 2 methodastess the use of the particle
counter for dinoflagellate cells that have a clwsspherical shape.

A particle counter (Coulter Multisizer 3, BeckmaHjgh Wycombe, UK),
equipped with a 100 um aperture tube, was used doitar the following growth
parameters: cell density (cell M) total cell volume (pler L™ that is equivalent to

10° pun? ml™) and volume per cell (un

The Coulter particle counter principle is based tbe displacement of an
electrolyte volume by a particle passing betweea electrodes. The changing flow
leads to a change in the impedance that is tramsibinto a pulse proportional to the
particle volume. The measurement of several putsagyiven volume is equivalent to a
measure of the particle concentration in the samflee particle volume is
automatically converted to particle diameter bycakdtions set for spherical particles.
The change in impedance cannot convey additiof@rnration of shape and colours.

In general, | diluted 1 ml of culture sample in 0 of filtered seawater as the
electrolyte. The dilution avoids saturating theceledes and could be increased for
dense cultures in stationary phase, for instarg®©00.2 ml of culture sample could be
added. The cell density is the integral of the p&lalained on the computer interface (an
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example is shown on Figure 2.4). Limits of the paek taken outside of the peak area
and are kept constant for a species. The totalvoklime (CV) was read similarly to the
cell density. The volume of the cell was deriveohirthe reading of the mean cell size
displayed by the statistics of the software theicutating the spherical volume
associated. Indeed, the software displays the raeanvalue derived from the particle
volume obtained for an assumed spherical parfidte. size value is not representative
for dinoflagellate cells which are not exactly rdushaped, but the calculation of the
volume gives a correct representative dimensiorepeddent of the dinoflagellate

shape.

Differential Number (Average) (Background subtracted)
i 1Hitriq_16Sep__003 #avS

Number ( per mL)

0- T B - T T T
3 4 5 6 78 10 20 30 40 50 60
Particle Diameter (m)
LC=9.917 ym UC=29.79 ym {54919 per mL}

Figure 2.4 Example of cell density result obtainedith the particle counter for the measurement of
Heterocapsa triquetra culture. The reading of the cell density is takeetween a lower and upper
limit of particle diameter on both sides of the pek. (here, 54919 cell mt).

To assess the use of the particle counter for igeflate cultures, | have
compared cell density measurements performed with garticle counter and the
counting with a haemocytometer under the microsd@&10, Olympus, Essex, UK).
Using the haemocytometer, the method was to cotmaeihocytometer cells on 5 slides
and to calculate the average. Four different dihgiof aHeterocapsa triquetraulture
(25, 50, 75, 100 %) were counted with the 2 methodsssess how the particle counter
measurements respond to a range of low to highdegiity. The results are shown in

Figure 2.5.
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Figure 2.5 Comparison of cell density results obtaed using the particle counter ¢) and the
haemocytometer 6). Four dilutions of Heterocapsa triquetra culture sample were determined (25,
50, 75 and 100 % culture). Ris the correlation coefficient associated with théinear regression of
the culture dilution and the cell density measuredvith the particle counter.

The use of particle counter and haemocytometer gamesimilar values of cell
density. The linear response of the particle cauntes better than the haemocytometer.
The use of the particle counter was therefore faatsry for dinoflagellates with a
similar shape tdHeterocapsa triquetrgalmost spherical shape, like a diamond) and
allowed fast measurements of total cell volume atume per cell. All other
dinoflagellate species investigated in this studyena similar shape tH. triquetra
round to oval shape. Given that many experimentge hbaeen performed with
Crypthecodinium cohniiwhich also has a similar shape kb triquetra | tested
C. cohniifor linearity of response using the particle ceuntn Figure 2.6, 3 samples of
a denseC. cohnii culture were prepared at 3 dilutions (100, 50 a8d%) and show

satisfactory linearity of the measurement with gpgcies.

4 4E+05

E 3E+05 )

© <78
2E+05 | T

2 8

c s

g 1E+05 - e

= g"'/

Q

O 0E+00 T T T T T

0 20 40 60 80 100
% of culture in dilution

Figure 2.6 Linearity response of cell density measements performed with the particle counter
using different dilutions (20, 50 and 100 %) of 3amples of a dens€rypthecodinium cohnii culture.
For the 3 samples, the linear regression of the dute dilution and the cell density measured using
the particle counter gave a correlation coefficienR?=0.99.
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To assess the precision of the particle countdgok 5 measurements of a
H. triquetra culture sample in exponential growth phase ancutatied the uncertainties
(Table 2.5, formulas are detailed in section 2.2.%9ptained a RSD of 2.2 and 2.3 %
for cell density and total cell volume (CV) respeely and a precision,pof 2.7 and
3.9 %. These values showed that the uncertaintheoimeasurement with the particle

counter was low.

Table 2.5 Calculation of uncertainties ¢, and p,) for the measurement of cell density and total ckl
volume (CV) based on 5 replicate measurements ofthtriquetra sample.

Replicates of measurement  Cell density (cell M  Total CV (UL e L)

1 35559 89.3
2 37092 93.0
3 36579 92.1
4 35523 88.8
5 37114 93.3
Average 36373 91.3
Ox 789.6 2.10
Px 980.2 3.54

2.2.2.Gas Chromatography for DMS and DMSP measurements

Gas chromatography is a technique of analyticahu$tey used to separate,
identify and quantify gaseous compounds. A gasrohtograph (Schimadzu GC-2010,
Milton Keynes, UK) was used for DMS and DMSP meamgnts. It was equipped
with a fused-silica capillary column 30 m x 0.53 n@R-SIL 5CB (Varian, Oxford,
UK). According to the supplier, this column is apprate for a large panel of
compounds including sulphur compounds and sepanai@sly by boiling point.
A flame photometric detector (FPD) was used dueit$o sensitivity to sulphur
compounds. A mix of hydrogen (60 ml rinand air (70 ml mitt) supplied the flame
which burned the sulphur compounds subsequentlftiagha light signal. Helium was
used as neutral carrier gas (28 or 35 ml ior DMS and DMSP methods,

respectively) to convey the sample injected throiinghcolumn.

When DMS is released by the column at a specifie tcalled the retention time
(RT), DMS is perceived by the FPD which emits analgamplified by photomultiplier

tubes and transmitted to the computer. A peak appmathe computer interface and
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when this peak is higher than the background noigbe chromatograph, the peak is
automatically integrated by the software. An exanpt peak obtained is shown on
Figure 2.7. The RT and the shape of the peak (shath narrow with maximum
possible height) are dependent on the gas chromaply (GC) settings including
column temperature, gas flow rate and temperaitre.GC settings used in this study
are described for each method (purge and trap eadspace analyses) in the following
section 2.2.3.1. In the optimum range of the detedhe response is non-linear but
approximates a square root function. Therefore stiware roots of peak areas (SQRT
PA) are used for the DMS quantification by comparisvith a concentration range of
standards. The chromatograph was calibrated usimgnercially available DMSP that
is converted to DMS by cold hydrolysis (Centre fanalysis, Spectroscopy and
Synthesis, University of Groningen laboratoriesg Wetherlands). The linear range of

the FPD for sulphur compounds is limited to 3 osd#rmagnitude.

10,000 PeakMax : 37,436
30 [Chromatogram FetTime 2813 Imien 93,532

3.0

2.0

0.04

1.50 175 2.0 225 250 275min

Figure 2.7 Example of GC chromatogram for a DMSP saple. The peak has a Retention Time
(RT) of 2.05 min and the peak area is automaticallyntegrated by the software (delimited by the
red line and arrows).

DMSP (not volatile) needs to be converted to DMBrpto measurement and
total DMSP is about 100-fold higher in concentratin cultures than DMSThus, there
are considerations of sample preparation, sampéeasid calibration range. To measure
DMS in cultures, | used a “purge-and-trap” methdudch involves extraction of almost
all the gas from a liquid sample and cryogenic eotr@tion in a sample loop. For
DMSP measurements in cultures, | performed the emion to DMS by chemical
cleavage of DMSP to DMS and acrylate with a strdrage (NaOH). DMSP was

measured by gas chromatography using the headspat®d. The calculation of
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DMSP concentration was based on the 1:1 ratio isfdchemical conversion (equation
1); (Challenger and Simpson, 1948; Cantoni and Asade 1956; Ackman et al., 1966).

(CH3),S'CH,CH,COO — CHSCH + CH=CHCOO + H (1)
DMSP DMS Acrylate

These methods of sample preparations are detailx ifollowing section.

2.2.2.1 Purge-and-trap method

This method was based on that developed by Twehex., (1990)to allow
measurement of DMS at a low concentration levelialty in seawater field samples.
As indicated in the name, the first step considtpurging a liquid sample with a
purging gas in order to extract, in a second 9IS that concentrates in a cryogenic

trap before injecting it into the GC. Figure 2.8 illtedes the purge-and-trap system.

d
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Figure 2.8 Diagram of the purge-and-trap system. lis composed of (a) sample injection port, (b)
glass purge tube, (c) glass wool-containing waterap, (d) counter flow Perma Pure gas drier, (e)
manual six-port sample stream switching valve, (fln-house cold trap consisting of: (g) Dewar flask
with liquid nitrogen, (h) heating resistor and (i) temperature probe, (j) trap temperature controller,
(k) flow meter, (I) GC. Two nitrogen inputs are coning in the system: N 1 is the purging gas that
carries DMS along the system; N2 is the drier flow of the Perma Pure gas drier. e rates of these
two flows are checked by the flow meter.
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The procedure was to introduce the filtered culsample through the injection
port (a) into the purge tube (b) which received plieging gas (nitrogen, oxygen-free
grade, purified through an activated charcoal rliltdarough a fine glass frit which
generated streams of small bubbles. Using an eledgaurge tube increased the path
lengthfor nitrogen bubbles and enhanced the purgingieffay. The top of the purge
tube was connected by 1/8-inch-o.d. PTFE (polyiewweoethylene) tubing to a series
of water traps in order to remove water vapour fibmn gas extract, thus avoiding ice
formation and blockages in the cryogenic trap The first water trap (c) was a glass
wool-containing glass tube followed by a gas dfér MD-050, Perma Pure) as a
second trap. The gas drier was composed of a Nafiembrane of 72 inches length
which was permeable to water vapour and not DM8: wiater vapour was rapidly
removed by a counterflow of NN, 2, 150 ml mif). The sample gas extract passed
through the cold trap (f, 25 cm 1Y8inch PTFE tubing wound in a double loop
maintained at — 150 °C £ 5 °C) where DMS was acdtat@t and N passed to the flow
meter (k). The cold trap was suspended in the Ipaagsof a Dewar flask containing
liquid nitrogen and the temperature was regulatgdabsimple feed-back system
consisting of a temperature sensor (i) attachetedrap, a resistor (h) immersed in the
liquid N, and an electronic control box (j, designed andtbat UEA). If the
temperature of the headspace rose above -150 eCredistor generated heat and
increased vapour pressure of the liquid uwitil the headspace achieved the target
temperature. This technique was used to avoid idkeaf trapping oxygen at lower
temperature which, if injected into the detectan change the flame characteristics and
sensitivity. The sample purging lasted for sevaradutes to allow the accumulation of
DMS in the cold trap. | determined that 10 minutépurging were required for a 5 ml
filtered sample with a purge flow rate of 60 ml fi(detailed in chapter 3, section
3.5.3.1). The cold loop was promptly heated in ibgilwater while the sample was
flushed by the He carrier gas into the GC (I) bytslwng a six-port valve (e). The gas
flow settings of the purge and trap system and@Gl@ settings associated with this
method are detailed in Table 2.6.
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Table 2.6 GC and flow settings used for the purgena trap system.

GC components  Temperature Gas Flow Pressure
(°C) (ml min™)
Injector 200 Helium Total flow 28.4 45.6 kPa
Purge flow 3
Column 60
Detector 250 Hydrogen 60
Air 70
Purge and Trap components
Purging flow Nitrogen 60
Drying flow (Nafion drier) Nitrogen 150

Standards were prepared in 5 ml gas tight glads elased with a screw cap
and a Teflon septum. DMSP stocks were preparedilbtioth of purchased DMSP in
distilled water to a concentration of u§ S mI* and stored at -20 °C. The stocks were
then defrosted and diluted again with distilled evato solutions of concentrations
ranging from 0.004 to 0.046y S mi'. Several DMSP standards were prepared by
adding DMSP solutions, distilled water up to 4 midal ml of 10 M NaOH. The
mixture was left overnight in the dark to react.ckastandard concentration was
prepared in duplicate and all standards coveredreentration range from 0.002 -
0.294 pmol [* that was broader than the span of sample contemsaThe detection
limit was 0.002 pmol ' based on the lowest concentration used in my regidn.
Concentrations measured were well above this detetimit. Standards were injected

into the purge tube using a 5 ml disposable syringe

The method was assessed by checking the linedrityeacalibration curve and
by calculating the uncertainty of 5 standard regis. | obtained excellent linearity
using this method as shown in Figure 2.8<(R. Also | obtained very good precision
with 5 standards replicates (RSD = 3.2 % a9 %).

80000
< 60000 | y=43375¢-1006
< R?=1.00
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Figure 2.9 Example of calibration curve obtained wth the purge and trap method. (SQRT PA =
square root of the peak area) for duplicate DMS stadards ranging from 0.01 to 1.47 nmoles. The
linear regression curve is shown with its correlatin coefficient R.
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DMS was measured in the aqueous fraction of cidtubesample preparation
system for small volumes (< 2ml) was built. The BB system (Syringe pump -
Sample loop - Purge and Trap, Figure 2.10) was teséitter and introduce the culture
sample into the purge and trap system. The aim twasntroduce precise and

reproducible sample volumes.

I
Syringe
pump £ > Purge tube
connected to
the purge and
N—1
trap system
N2 %,
Filter holder 0?

with a filter 0°
Y .

*Waste sample
outlet

Figure 2.10 S-S-PT system: Syringe pump - Sampledp - Purge and trap system used for sample
preparation (filtration and injection into purge tu be) before DMS measurement.

From a culture aliquot, 5 ml of sample was takenwiin a 5 ml disposable
syringe fitted with a stopcock and placed on thengg pump (KDS220, Linton
Instrumentation, Diss, United Kingdom). The pumpswset to a filtration speed of
14 ml min! (maximum speed available for this syringe voluae) observed that rapid
filtration minimised the conversion of DMSP to DM&apter 3, section 3.5.1.2.3 and
3.5.3.2). Only 4.7 ml of the sample was filterechtmid stressing the cells as | observed
that a gradient of DMS was generated over thafitin (chapter 3, section 3.5.3.2). The
filtration was through a filter holder (Swinnex, INpore, Watord, UK) containing a
25 mm diameter glass-fibre filter (Whatman, GF/R)is filter holder was connected to
a sample loop which ensured accurate delivery @llssample volumes. The sample
loop was made out of Idnch of PTFE tubing and was connected to a six-palve.
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After loading, the sample was flushed into the puigbe. Loops of different volumes
were used (0.2, 0.5 and 2 ml).

2.2.2.2 Headspace method for DMSP

This method has been developed by Steinke et 2000) to measure DMS
production by DMSP lyase and has been adaptedisnstbdy for measuring DMSP.
This technique allows measurement of elevated carateons of DMSP (DMS up to
80 pumol L) in a liquid sample made alkaline by NaOH additibiquid samples are
equilibrated with a headspace of air and the pamtitoefficient for DMS is controlled

by temperature.

For total DMSP (DMSk= particulate + dissolved DMSP + DMS), 1 ml of
culture was directly introduced into a 5 ml viahtaining 2 ml of 0.75 M NaOH. The
vial was immediately closed with a screw cap andieflon septum, then agitated.
Samples were left in the dark to react (> 12 h) emald be stored at that stage in the
dark for two weeks. Prior to the analyses, sampiesstandards were put overnight (12
h) on a heating block set at 30 °C to allow DMSdquilibrate between the liquid and
gas phase. Eighty ul of the headspace was sampiddimected into the gas
chromatograph by means of an autosampler (Multipggpsampler MPS, Gerstel,
Mulheim an der Ruhr, Germany) composed of an auficraem equipped with a 100 pl
heated glass syringe. The GC settings appliedhigrmethod are described in Table
2.7.

Table 2.7 Description of the GC settings associatedth the headspace method

GC Temperature Gas Flow Pressure
components (°C) (ml min™)
Injector 200 Helium Total flow 34.7  68.5 kPa
Purge flow 3
Column 120
Detector 250 Hydrogen 60
Air 70
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A concentration range of duplicate DMSP standards wsed to calibrate the
GC and calculate the DMSP concentration of the ganijhe standards were prepared
as described in Steinke et al. (2000) by addingog df DMSP stock solution into the
cap of the vial. The vial, containing 3 ml of 0.5M&AOH, was closed and agitated. The
samples and the standards had the same headspageevand final NaOH

concentration. An example of a calibration curvehewn in Figure 2.11.
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Figure 2.11 Example of calibration obtained for hedspace method of DMSP measurement by gas
chromatography. (SQRT PA= square root of the peakra).

The uncertainty of this method was RSD= 1.8 % and @.2 % for standards
(n=5) and RSD= 1.3 % andy p= 1.6 % forH. triquetra samples (n=5). When
normalising DMSP to cell number or total CV, thecertainty was RSD= 2.5 % and
2.6 % respectively and$l.6 %.

2.2.2.3 . Headspace method forn vitro DMSP lyase activities

The method was based on the description from Stegtkal., (2000). One
hundred ml of dinoflagellate culture was sampledid to late exponential phase. The
culture sample was filtered through a 2 um pore gialycarbonate filter of 47 mm
diameter. The speed of filtration was gently immavwby means of a hand vacuum
pump (< 15 cm Hg). The filter was folded 3 timesl @t into pieces of a suitable size
to fit into a 1.8 ml sterile cryogenic vial (crydte, Thermo Scientific Nunc) containing
1.7 ml of 300 mM tris buffer in 500 mM NaCl and aslied to pH 8.2 with concentrated
HCI. The sample was sonicated (sonicator Microsa2000, Misonix, Farmingdale,
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USA) at 5 W, 5 pulses of 5 s with 10 s intervaletsure cell extraction without heating
and enzyme damage. The cryogenic vial containiagetizyme extract was snap-frozen
in liquid nitrogen and stored at — 80 °C for latralysis. This cold storage after
extraction does not affect the DMSP lyase acti{@teinke et al., 2000).

Prior to measurement of DMSP lyase activity, theyeme extract was defrosted
and kept cold in ice. Then, 295 ul of enzyme extwas introduced into 2 ml glass
vials closed with a screw cap and a Teflon sepflime. vials were incubated at 30 °C on
a heating block in agreement with the standard &atpre recommended to perform an
enzyme assay (International Union of Biochemistt965). Fifteen ul of the vial
headspace was auto-sampled at 10 to 15 minuteatddyefore and after the addition of
5 ul 1.2 mM DMSP stock solution. Two samples wexkeh before the addition of
DMSP to obtain the baseline activity. Then, DMSReymusly purged for 30 minutes
to reduce the amount of free DMS) was added bydhapnjecting the DMSP with a
Gilson pipette and immediately closing and agitatime vial. DMS production was then
monitored over time by performing 4 sequential measents. To determine the
DMSP lyase activity, DMS production was comparetieen vials containing enzyme
extract and vials containing tris buffer (295 [pth receiving DMSP addition. An

example of the data obtained is shown in Figur@.2.1
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® Buffer A
10 4 = Buffelr B : y=0.25x - 0.70
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Figure 2.12 Example of DMS production measured irLingulodinium polyedrum extract samples
(L. poly) and in tris buffer (Buffer). A and B are duplicate samples of the algal cell extract. The
dotted line shows the addition of DMS at time 0.
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DMS production rate was calculated from the slommegated by all the
sampling points after DMSP addition, corrected Hgss rate (+ 6 %) due to the DMS
loss of the pierced septum of the vial and corcebethe DMS production measured in
the buffer vials that represent the DMSP abioteachge as applied by Steinke et al.
(2000). The gas chromatography system was calibrasng duplicate standards
prepared by mixing 300 ul NaOH with a drop of DM&Bck solution in the 2 ml vials
and covering a concentration range of 0.10 - 30Ipirifo An example of a calibration
curve is shown in Figure 2.13. The detection liofithe assay was based on the average
DMS production detected in buffers of 7.34 nM h
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Figure 2.13 Example of calibration curve obtained § gas chromatography for DMSP lyase
measurements for duplicate DMSP standars rangingém 0.1 to 30 umol L. The linear regression
curve is shown with its correlation coefficient B. (SQRT PA= square root of the peak area)
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2.2.3.Fluorometer andin vitro determination of chlorophyll a by acetone
extraction and acidification method

A fluorometer measures the fluorescence emitted pigments such as
chlorophyll. When excited with low wavelengths afjth energy light (blue light at ~
450 nm) the chlorophyll fluoresces by emitting lengvavelengths of lower energy
light (red light at 680 nm). The fluorescence isgmlly proportional to the chlorophyll
a (Chla) concentration, if no other pigment interfereshvttie signal. The AU-10 Field
Turner Designs fluorometer was equipped with a 49-amp, an excitation filter of

340 - 500 nm and an emission filter > 650 nm.

The method of chlorophyll extraction from cells bgetone and acidification
was applied, according to the methods describdédngons et al (1984). Phaeophytin is
a natural degradation product of Ghl(i.e. loss of the Mg ion), present in variable
amounts and can interfere with the fluorescenceasigf Chla (structure of Chh is
shown in Figure 2.14). In order to correct for thaeckground fluorescence, the sample
is acidified, to convert any Clal to phaeophytin. The equations (4 and 5 detailtd)la
used for calculating the Clad concentrations incorporate correction for the ioag
phaeophytin contribution.

Figure 2.14 Chemical structure of chlorophylla.

For the sample preparation, 5 ml of culture welterkd by gravity through a
GF/F filter of 25 mm of diameter on a glass filibat unit. The use of a filter holder

without a fritted glass filter support allowed fagtavity filtration of a couple of
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minutes. The filter was folded in half, wrappedarl and snap-frozen in liquid nitrogen
prior to storage in a freezer at — 80 °C. Thisagerprevents the degradation by light
and heat without significant chlorophyll loss fgr to a month, as recommended by the
Method 445.0 Revision 1.2 from the U.S. EnvironmaéRtrotection Agency (Arar E. J.
and Collins G. B., 1997)

The following steps of Chd extraction from cells were performed in a low tigh
environment to prevent chlorophyll degradation. Tilter was introduced into a 20 ml
glass vial, closed with a screw cap, then 10 md®®6 acetone (prepared by mixing
analytical grade acetone with distilled water) wadeled. These steps were repeated for
each filter and the set of vials was covered withdnd placed in a fridge at 4 °C in the
dark to achieve the chlorophyll extraction durin® t® 24 hours. During this period,
vials were manually agitated several times to inaprthe extraction. About 9 ml of
extract were poured into a borosilicatde for fluorescence reading. The fluorescence
was measured before and after acidification withidps of 8 % HCI. The chlorophydl

concentration was calculated according to equai(farsons T.R. et al., 1984):

Chlorophyllain mg/L = 5 x (Y/Y-1) (U-A)v/V (2) |

Where,

Fo = mean (CHd concentration / U) for chlorophyll standards
Y =mean (U / A) for chlorophyll standards

U = fluorescence before acidification

A = fluorescence after acidification

v = volume of extract (ml)

V = volume of culture (ml)

The fluorometer was calibrated with a range of pOh¢ a solutions of known
concentrations (0.006 - 0.227 mg)Lon the day of the sample analyses. These standard
solutions were prepared from a stock solution ahd L of Chl a extracted from
Anacystis nidulansCyanophyceae (Sigma-Aldrich, C6144) and diluted 9t %
acetone. Prior to the standard preparation, theerdration of the stock solution was

checked with a spectrophotometer (Lambda 25, Pé&ikirer) and the average value of
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the results obtained from calculations of the StoN.E.S.C.O., 1966) and Lorenzen
methods (Lorenzen, 1967), equations 3 and 4, we. us

Scor Chla =11.6(U665) — 0.14(U630) — 1.31(U645) (3)
Lorenzen Chh = 26.7(U665-A665) (4)

Where U is the absorbance of the solution andtAasabsorbance after acidification
with 2 drops of 8 % concentrated HCI (which is eqient to 2.88 % chloride).

An example of fluorometer calibration is illustrdtan Figure 2.15. The
fluorometer has a linear response to a range ofaldthndards measured before and
after acidification. The average ratio U/A is usedthe calculation as detailed in
equation 2. The fluorescence measurements on dgelfate species showed a RSD
that ranged between 14 and 55 % (n=9); (see chagtermore details).
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Figure 2.15 Example of linear response of the fluemeter for fluorescence measurements of non-
acidified and acidified Chl a standards. The average ratio U/A is used in the taulation of sample
Chl a concentrations.
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2.2.4.Elemental analyser and CHN measurement

The elemental analyser (CE440, Exeter Analyticalyéhtry, UK) was used to
determine the C and N composition of a culture danmipvas interested in using the C
and N content as another culture characteristidrd@fland Keller, 1994; Menden-Deuer
and Lessard, 2000) and to express DMSP concemirggo C units. These data are
particularly useful for modelling studies.

The analysis was performed on cells harvested lbgtion and dried. In this
regard, 2 ml of culture were filtered through aefil holder (Swinnex, Millipore,
Watord, UK) containing a 13 mm diameter GF/F fil{g¢hatman, GF/F), previously
combusted at 450 °C for 4 hours in a muffle furnatke gentle filtration was
performed using a hand vacuum pump (< 5 cm Hg). fliter was folded in half,
wrapped in foil and rapidly cooled in liquid nitrexg prior to storage at — 80 °C. The
samples were stored for less than a month befakysing a set of samples. Two days
before analysis, the samples and blank filters veered at 35 °C for 48 hours then

placed in nickel capsules, previously combustetD80 °C for 1 h.

Figure 2.16 is a schematic diagram of the companeinthe instrument. To start
the analyses, the samples were placed into anampder where they were purged
continuously with helium which is used as a cargas through the analytical system.
The first sample fell into a combustion chambeedtgd with pure oxygen, inside a
high temperature furnace at 928 °C. These conditlead to the combustion of the
sample into elements (C, H, N)he gas mixture was carried through oxidation ratgye
that transform C into CO H to O and N to NO,. The oxidation reagents also
removed other unwanted elements like phosphorusgéas and sulphur. Then the gas
sample passed in a copper column which reduceditragen oxides to nitrogen and
eliminated the surplus of oxygen.
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Autosampler
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Figure 2.16 Schematic diagram of the CHN elementalnalyser (CE440, Exeter Analytical).

The gas sample was pulsed into the mixing chamiatr énsured constant
pressure, temperature and homogeneity of the sanipke gas stream then flowed
through a series of 3 thermal conductivity detect@CD). First, a water absorption
trap was connected to a TCD which detected therveatetent of the gas stream before
and after it passed through the water trap. Sitgjlar CQ trap connected to another
TCD resulted in C detection. Finally N was detedigca TCD which compared the gas
stream containing N and He with another flow ofgtte as reference. The detection
signal is proportional to the concentration of comgnts in the sample and this
concentration is calculated from standards. Théyaeaawas adjusted with 10 standards
of 2 mg of acetanilide (§1sNO) which were measured at the beginning of thearuh
at intervals between samples. The sample measutemeane blank corrected with
analysis of pre-combusted, blank filters. The RSL) ©btained for the C and N
measurements ranged between 7 and 32 % (n=9)C(smg#er 4 for detalils).
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2.2.5.Uncertainty analyses

For the analytical methods that were used commibmbugh my study (particle
counter, purge-and-trap and GC , headspace analyskessC), | have assessed the
precision of the measurements using 5 replicatestafndards or oHeterocapsa
triquetra culture samples in exponential phase. The uncgytavas calculated in two
ways (equation 1): the standard deviation of threpa o) also reported as the relative
standard deviation (RSD) and the precisior) (pbtained by using thé-statistic
derivation for small numbers (< 30) of samples éun 5, Beckwith T.G. et al. 1993).

X £ py P = to.ozsy (0x/ VN) (5)

Where x is the average of the restlts the value read out from the student
distribution for a probability of 0.025 or 95% calénce and a degree of freedom

equivalent to n — 1 where n is the number of sample

The uncertainty of a result involving the measureimef 2 parameters was
calculated with the formula of error propagatiomuation 6, Lichten 1999). For
instance, the DMSP value (z) expressed per celumel includes the errors of

measurement for both DMSP (x) and cell volume (y).

z=xly R = Py =V IO * (RdX)° + 1Y) (6)
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Chapter 3 Testing and optimising the methodology for DMSP and
DMS measurement in dinoflagellate cultures

Abstract

| have performed a series of experimentdleterocapsa triquetrdatch cultures to
optimise the measurement of DMSP and DMS in digeflate cultures. | found that
DMSP concentrations were increasing during theggeriod and at the end of the
exponential growth phase. The sampling time foiherr experiments was, therefore,
established to be at the mid-time of the photogeaiod at mid-exponential phase to
enable the determination of the effect of the expental treatment. | assessed the mass
balance of measurements of total DMSP (DMS#d the sum of its individual

fractions (DMSR, DMSPR; and DMS) and found that measurement of DM&&ve 25

% more than the sum of the parts. As DM8Rs the major fraction, | investigated the
method of DMSP measurement with a special focus on the filtratr@thods. Overall,
the use of a hand vacuum pump, an automated sypunge and gravity filtration did

not show significant difference in DM$PBoncentration. When using the syringe pump,
DMSR, concentrations were increased and the analytrea@ntainty reduced by setting
the highest delivery speed. DMSReasurements showed a better analytical uncertaint
than DMSRB measurements and no significant difference withSByconcentrations,
which supports the use of DM$RBSs a surrogate of intracellular DMSP. DMS
measurement was also optimised with the use afythege pump at high delivery

speed and a sample loop to inject the constantmlof samples. The analytical
uncertainty of culture samples were rather highantthe standards but the study
showed that shortening the filtrations and usisgnall volume resulted in lower DMS

concentrations.
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3.1.Introduction

Prior to investigating scientific questions on DM&Rd DMS production by
dinoflagellates, the first issue was to assessamtithise the methods applied for the
measurement of these parameters. Intracellular DM3#s0 called particulate DMSP
(DMSP,). The fraction of DMSP released into the culturedmm by cell lysis and
exudation is called dissolved DMSP (DM Ht can then lead to the DMS formation
by enzymatic cleavage. Some DMS may also poteyntiml contained by cells: it was
initially thought that the DMSP lyase was segregdtem its substrate DMSP in the
cell (Wolfe and Steinke, 1996) but more recentlyn@a et al. (2002) have hypothesised
that this enzyme could produce intracellular DM&ré{ total DMSP (DMSH includes
DMSR,, DMSR; and DMS (Figure 3.1) and differs from the notatiaMSR that can be

found in other studies and which excludes DMS.

Figure 3.1 lllustration of the DMSP; fractions in a phytoplankton culture.

The methods used to measure these parameters estee tind optimised for
dinoflagellate cultures. Several sources of varratnay influence the result such as the
biology of the organism and sample preparation.

The biology of the organism involves changes in thetabolic processes
throughout the diel cycle and the life time of tirganism and the population. The diel
cycle determines a circadian rhythm in photosymthetinoflagellates such as
Lingulodinium polyedrum(Roenneberg and Merrow, 2001) with growth occurring
during the light period and cell division at thedesf the dark period (Wong and Kwok,

2005). Diel vertical migrations (Raven and Richargs1984) are also performed by
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dinoflagellates. To test whether the diel cycle ldoaffect the DMSP content of the
photosynthetic dinoflagellateHeterocapsa triquetra DMSR, concentrations were
monitored over 14 h of the photoperiod. Over the lime of a phytoplankton
population, the physiology of the organism may d®amwith ageing and nutrient
limitation. To determine whether the growth stagéshe population would affect the
DMSP content of dinoflagellates, DMSEoncentrations were monitoredHh triquetra

cultures over 12 days. By identifying these potntiiological variations in DMSP
concentrations) aimed to determine the sampling conditions thaubd limit these

variations when comparing different experimentaatments.

Dinoflagellates are fastidious organisms known eosbnsitive to agitation and
prone to cell damage (Berdalet and Estrada, 2006 consequences on the
measurement of compounds such as DMSP and DMS igelbknown and need to be
considered. Kiene and Slezg006) pointed out that the effect of filtratiorepsure on
DMSP; release due to cell breakage could lead to overason of this parameter. This
finding implies that DMSPwould be lost by the cell and transferred to tissalved
fraction. Therefore, DMSPwould potentially be underestimated. On the othend,
mechanical stress such as turbulence may trigganaease in intracellular DMSP
concentration in dinoflagellates (Llaveria et aD09a). Therefore, the filtration process
may affect DMSP measurement by increasing or lowgettis result. For these reasons
several filtration systems and protocols were itigaged for DMSP and DMS

measurements.

| have conducted a series of experiments on batitbres of the dinoflagellate
speciesHeterocapsa triquetrato determine the potential sources of variatiom an
imprecision in DMSP and DMS measurements, with dima of optimising method

assay for their measurement.
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3.2.Heterocapsa triquetra as a laboratory model

Heterocapsa triquetras a photosynthetic and bloom-forming dinoflagela
commonly found in the world in estuaries and cdast@ers (Litaker et al., 2002).
H. triquetra is easily cultured and has become one of the nmogestigated
dinoflagellates in laboratory work, especially irolecular studies (McEwan et al.,
2008). This species is included in a genome segougmeoject in Canaddd. triquetra
may be considered as a laboratory model for phatbsyic dinoflagellates due to its
growing ability in laboratory cultures, geographitistribution and the available

knowledge. It is a thecate species with a basiokdint shape like a diamond (Figure
3.2).

Figure 3.2 Heterocapsa triquetra cells in exponential growth phase observed undehé microscope
at several magnification objectives 40-fold and 10fbld and phase contrast; the cell length was
22 pm according to microscope measurements.

The following experiments presented in this chapeare been conducted with
H. triquetra as an example of dinoflagellate behaviour and aesp to the sample
preparation and analytical techniques used for Dmt®l DMSP measurements.
Heterocapsa triquetr& CMP 449 was kept axenically and was grown inlbatdtures
at 15 °C under 150 + §0mol photons i s*with a 14:10 light:dark cycle.
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3.3. Statistical analyses

Statistical analyses were conducted to compareassdss the use of several
techniques applied to DMSP and DMS measurementenGhat | observed that DMSP

values are not normally distributed, | used norapaatric tests.

The non-parametric Mann-Whitndy test (SPSS package, version 16.0) was
performed to determine if 2 datasets were staaibyicdifferent (P<0.05) or similar
(P>0.05). This test was applied to compare the DM&Res obtained with 2 different
methods such as 2 different volumes of culture one2hods of filtration. The Mann-
WhitneyU test was also performed for comparing 2 methoddgasfdard preparation for
DMSPr measurements and for comparing DM &Rd DMSR values.

The non-parametric Kruskal-Wallis test (SPSS paekagersion 16.0) was
conducted for determination of the significant eliince between a group of several
datasets and identifying the effect of a variablgdr. In this study, this test was applied
for assessing the effect of growth on DM$Bncentrations and also for the comparison

of DMSR, data obtained at various delivery speeds of thegg pump.

The Spearman test (SPSS package, version 16.0pevBsmed to establish or
exclude a potential correlation between 2 pararsetech as DMSP concentrations and

the duration of the photoperiod.

The analytical uncertainty of a method was reprieseby the relative standard
deviation (RSD) associated with the average of re¢veplicates. The comparison of
RSD obtained for different methods was appliedsseas the method that gives the best
reproducibility (lowest RSD).
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3.4.Biological variation of DMSP concentrations

In order to enable comparison of DMSP concentratidaring an experiment
and between experiments, it was important to astabf there was variability
associated with different stages of the light cyaled growth. The results of the

following experiments were used to determine thinmom times of sampling.

3.4.1.Variation of DMSP concentration over the photoperia

To investigate the diel pattern of DMSP concertratin H. triquetra the
DMSR, concentration was monitored during the 14 hourglubtoperiod. The first
sample was taken just before the start of the lighte. The second sample was 1 hour
later and the following samples were taken eveny hours. The following parameters
were monitored: DMSPand total cell volume. DMSHAneasurements were performed
by gently filtering 2 ml of culture (the selectiai the sample volume is detailed in
section 3.5.1.2.1) with a hand vacuum pump (<5 agh flhe DMSR per cell volume
concentrations, which aran equivalent of concentration per biomass, arevshio
Figure 3.3. The DMSP samples are measured using the headspace metldod an

analysed by gas chromatography using a range of®M&ndards (section 2.2.2.2).
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Figure 3.3 Effect of 14 h light exposure on DMSPconcentration per cell volume (in mM equivalent
to mmol LeY) in a Heterocapsa triquetra culture. Averages are derived from 3 replicate saples

and range bars show minimum and maximum values. Theashed line is the linear regression of
these 2 parameters and the correlation coefficierR? is shown.
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The DMSR concentration showed an increase (277 to 350 mihaatimum,
27 % increase) with increasing duration of lighpesure and these 2 parameters were
significantly correlated (P<0.01, Spearman test). dgreement with previous
observations and hypothesis of Merzouk et al., 420the DMSR concentrations of
photosynthetic dinoflagellates showed a variatiaterothe photoperiod. Potentially
acting as an antioxidant, DMSP could be involvedrduthe light cycle to protect cell
damage from the oxidative photosynthetic produligloxyl radicals, singlet oxygen
and other reactive oxygen species; Sunda et &2)26lowever, whilst Merzouk et al.,
(2004) found maximum DMSFconcentrations occurring at midday in field saraple
observed here, that DMSP seemed to accumulatetlowgyhotoperiod. The difference
between field and laboratory observations mightibe to the fact that light intensity is
constant in the laboratory incubator whereas irunahtconditions the light intensity
reaches its maximum at midday. On the other hamththar photo-protective
compound, UV absorbent mycosporin-like amino abMéA) accumulates in culture of
the dinoflagellateScrippsiella sweeneyagith a maximum concentration in the middle
of the light period (Taira et al., 2004). In cultarof the coccolithophorEmiliania
huxleyi, DMSP concentrations also show a diel cycle withximam occurring at the
end of the dark period and decreasing over the pghiod (Bucciarelli et al., 2007).
The diel cycle of DMSP appear to differ among ppldakton species.

According to these results, experiments which imgpfor instance, one sample
per day over several days should have a samplng that remains constant (at the
same time for each day) to limit any effect of diatiability. Therefore, | established,
for the following experiments, to sample the cudgiat the mid-time of the photoperiod,

at 7 hours after the start of the photoperiod.

3.4.2.Variation of DMSP concentration over growth stages

The variation of DMSPconcentrations was also investigated during tioevtr
of H. triquetra The culture was sampled every three days, durtndays. The DMSP

total cell volume and cell density were monitorddMSP, measurements were
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performed as previously described. Figure 3.4 staata for the growth parameters and

DMSP concentrations.
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Figure 3.4 Growth and DMSR, content of Heterocapsa triquetra over 12 days. (A) Total cell volume,
cell density and DMSR concentrations in culture. (B) DMSR concentrations per cell volume and
per cell. Cell density and total cell volume were easured from 1 culture aliquot sampled once
every 3 days. DMSR values are averages derived from 3 replicate sanmgd; range bars show
minimum and maximum values. The dashed line separas the exponential growth phase from the
onset of the stationary growth phase based on theayth rate reduction.

H. triquetra culture grew exponentially during the first 6 ddgem 1.4x1d to
9.6x1d cell mi* (25 to 153uLce L™Y) then the growth slowed down towards the
stationary phase to reach a maximum cell densit®.4%1G cell mI* (407 uLcen L )
after 12 days (Figure 3.4 A). DMgEoncentrations in the culture increased similayly
the total cell volume and the cell density. The CRjBer cell volume values appeared
to increase at the end of the exponential phaggi(&i3.4 B). A significant difference
was observed between the DMSP concentration pérvoélime at the different
sampling times from 0 to 12 days (P<0.05, Kruska@HW test) and hence, there is a
significant effect of the growth on the DMg€oncentration per cell volume (from 159
to 256 mM so 61 % increase over the growth). TheSBj\per cell seems to slightly

increase from 0 to 6 days during the exponentiavgn phase and significant difference
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was obtained for the DMGRoncentrations per cell between the exponentiavtir
phase (0 - 6 days) and the onset of the statiograwth phase (9 - 12 days); (P<0.05,
Mann-WhitneyU test).

Additionally, other experiments on the heterotraphidinoflagellate
Crypthecodinium cohniihave shown some substantial variations of the DMSP
concentrations over the growth stages (presenteGhapter 6). Given that DMSP
concentrations vary over growth stages, | decidguetform the sampling of the culture
at the same growth stage to allow comparison betweaperiments. | choose the mid-
exponential phase of growth as it is usually usedavoid the effect of nutrient
limitation and ageing population, as for examplectimpare the DMSP content of

several species.
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3.5.Effect of the methods of sample preparation on DMSPand DMS

concentrations

At the beginning of my laboratory work with dingjellates, | measured the
total DMSP in cultures (DMSfp and all the fractions DMSPDMSR; and DMS to
assess if there was a mass balance. At that tiM& Deasurements were performed on
the filtrate collected from 2 ml of culture passbadbugh a 25 mm diameter glass-fibre
filter (Whatman, GF/F) by using a hand vacuum pymu exceeding <5 cm Hg) and
directly poured into the purge tube of the purgd tmap system. For DMSR-DMS
measurements, 1 ml of NaOH was added to anothetélof sample obtained similarly
to the DMS sample and the DM$SW®alue was calculated by subtraction of the DMS
value. The DMSP and DMSR measurements were done as previously described
(section 2.2.2.2 and 3.4.1). Figure 3.5 gives a&g@roverview of the DMSP pool and

fractions and the analytical methods applied fefrtmeasurements.

-
g8 & 86

DMSP; DMSP, E"gi% DMS
( DMS ]
¥ ) ¥

[ Headspace analysis - GC ] Purge and
Trap - GC

DMSP, = DMSP, + DMSP, + DMS

Figure 3.5 Summary of the techniques applied to theneasurement of DMSR and its fractions. GC
indicates the use of gas chromatography. DMSHs measured on the liquid culture sample, DMSP
is analysed from the filter which has collected theells and DMSRE and DMS are measured in the
filtrate.
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On 2 successive days, | performed sampling of aumulof Heterocapsa
triquetra in exponential phase. Each day | took 3 samplem fthis culture and
measured the 4 parameters DMSPMSR,, DMSR; and DMS in each of the 3 samples.

Figure 3.6 shows the data normalised to cell volume
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Figure 3.6 Concentrations per cell volume of DMSPand its fractions DMSPR,, DMSP; and DMS
measured in a sample oHeterocapsa triquetra culture in exponential phase. Results are preserde
on 2 panels because of the broad span of the dat&)(DMSPy, DMSP,, DMSP,. (B) DMSP; and
DMS. Data are average values from 3 replicate samgd and range bars show minimum and
maximum values.

According to these results, it appeared that the sfl the fractions was not
equal to but lower than the DM$Pneasurements and that a fraction of about 24 to
27 % was missing. Given that DMgRas 70 - 74% of DMSpPfor the H. triquetra
culture in exponential phase whereas DM&Rd DMS were only 2 — 3% and 0.1 -
0.2 % of DMSR, respectively, it was more likely that the missfraction would come

from the DMSRB measurement.

In this regard, | first focussed my attention ostiteg and improving the DMSP
measurement and essentially in the filtration pssoghich was the critical step in the
sample preparation that could produce underesomgtiene and Slezak, 2006) and
imprecision. Therefore, | investigated several peiers influencing the filtration
pressure such as: the sample volume of culturemigods of filtration such as the
hand vacuum pump, the syringe pump with a rangdebtvery speeds and filtration by

gravity.
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3.5.1.Optimisation of the DMSP, measurement

3.5.1.1.DMSP, measurement of standards

Given that culture samples contained a filter tedsf the presence of a filter in
the standards was affecting the DMS@ncentrations. Some duplicate standards were
prepared by adding the DMSP stock solution on ilker ffolding it and introducing it
in the vial containing NaOH similar to sample pneggi@n. The comparison of these 2

methods is presented in Figure 3.7.
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Figure 3.7 Comparison between DMSPstandards without filter (DMSP, 1) and containing a filter
(DMSP, 2). (A) Calibration curves for the 2 sets of starards, both curves are superimposed. (B)
Least-squares regression obtained for these 2 seifsstandards. SQRT PA means the square root of
the peak area obtained on the chromatogram.

The results showed similar values obtained forcdération curve with the 2
methods tested (P>0.05, Mann-Whitrigytest). The filters had therefore no effect on
the DMSP measurement and the use of filters wasaessary for further DMSP

standard preparation.

3.5.1.2.DMSP, measurement of culture samples

For preparation of culture samples, the samplefiltased using a hand vacuum

pump not exceeding 5 cm Hg. The filter was folded!iand put in the top part of the
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vial with no direct contact with NaOH to avoid DM&lease in the open vial. The vial
was closed with a gas tight cap, agitated and dtasepreviously described, for later

analyses.

3.5.1.2.1. Effect of the sample volume when filtarg by means of a hand
vacuum pump on DMSR, concentrations

To assess the effect of the sample volume | filtekreml, 2 ml, 3 ml, 4 ml and
5 ml of culture using the hand vacuum pump. Eaamnditon was repeated 3 times.
DMSP concentrations obtained for each sample volamaehown in Figure 3.8.
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Figure 3.8 Effect of the volume of filtered cultureon DMSP, measurement inHeterocapsa triquetra
culture (A) DMSP, concentration in the culture, (B) per cell, (C) pecell volume (CV). The column
height represents the average (n=3 except n=2 fohe filtered volume of 2 ml) and range bars
display the minimum and maximum values. The dashetine shows the least -squares regression of
the DMSP, concentrations to the volume of sample filtered ahthe correlation coefficient R is
shown.
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The filtration duration lasted between 1 and 3 rtesuwith longer periods for
larger volumes. There was a significant correlabetween the DMSRconcentration in
the culture and the volume of the sample filterB&(Q.01, Spearman test). Similar
correlation was obtained for DMgMormalised per cell and per cell volume. The
DMSR, values decrease with increasing volume of culfibered. The larger volumes
(4 - 5 ml) showed significant difference with thmalest volume of 1 ml (6 and 8 %
respectively, P=0.05, Mann-Whitné&ytest) and suggestive difference with a volume of
2 ml (9 and 11 % respectively, P<0.10; Table 3.1).

Table 3.1 Probability (P) of significant differencebetween DMSR per cell values obtained for 2
volumes of filtration obtained with the non-parametic Mann-Whitney U test. < 0.05 indicates
significantly different DMSP, values.

Volume compared (ml) 1-2 2-3 2-4 2-5 1-4 -8
Probability (P) 0.564 0.248 0.083 0.083 0.05 0.05

The volume of culture filtered had an effect on DRM&oncentration. The load
of numerous cells aggregating on the filter mayseablockage and more pressure is
required to allow the filtration. A larger volumeens to reduce the DMSP value
probably due to a DMSP loss (i.e. if cells are dgeda they may release DMSP into the
dissolved fraction) as suggested by Kiene and 8l€2@06). |, therefore, favoured the
use of smaller volumes and selected the volume raf for the following experiments
in this project rather than 1 ml to allow detectableasurement of low density samples

or potentially low DMSP producing-species.

In this experiment the use of the hand vacuum pgave a good reproducibility
of DMSR, measurement with a relative standard deviatiorD)R&tween 0.4 and 5 %
(n=3). However, these values vary within and acresperiments (in another
experiment shown previously in Figure 3.3, the R§dead between 2 and 11 %). |
tested other filtration systems to see how it waffdct DMSP concentrations.
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3.5.1.2.2. Comparison of filtration using an electcal pump and a hand
vacuum pump

The effect of the filtration system was tested bgmparing DMSE
concentrations obtained using the hand vacuum pampan electrical pump set to a
comparable low pressure (5 cm Hg). For each fiiratnethod, 3 replicates of culture
sample were filtered and analysed for DNS#@ncentrations. Results are shown in

Figure 3.9
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Figure 3.9 Comparison of DMSR concentrations per cell volume obtained using 2 flerent
filtration methods (A) hand vacuum pump and (B) anelectrical pump at a similar pressure for a
sample volume of 2 ml oHeterocapsa triquetra culture. Averages (n=3) are shown by the column
height and error bars show minimum and maximum vales.

The DMSP value obtained with the electrical pums wignificantly lower than
the value obtained with the hand vacuum pump (5 ifferdnce, P= 0.05, Mann-
Whitney U test). In this experiment the DM§iheasurement gave a RSD of 1.3 %
when using a hand vacuum pump and 2.9 % when tisenglectrical pump. According
to these results, the hand vacuum pump gave ahiM&P concentration with better

precision whereas the use of the electrical puntpritabenefit.
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3.5.1.2.3. Comparison of filtration with a syringepump using various
speeds of filtration

An automated syringe pump (KDS220, Linton Instrutagan, Diss, United
Kingdom) allows consistent delivery speed and cqueetly identical filtration
pressure on each culture replicate. | tested yelglispeeds of 0.5, 1, 2, 4 and 7 ml min
! on 2 ml aliquots of culture using 2.5 ml plastjcisges. The culture sample, in late
exponential growth phase at a cell density of 807>kl mI*, was directly sucked up
with the syringe up to 2 ml and placed on the ggipump. The effect of the syringe
pump on the DMSP values was compared with the Lilfedand vacuum pump which
filters at a speed of 1 to 2 ml minThe DMSP concentrations obtained are shown in

Figure 3.10.
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Figure 3.10 Effect of delivery speeds (from 0.5 t@ ml min™) of the syringe pump (grey symbols)
compared with the use of the hand vacuum pump (bl&csymbol on the Y axis) on the DMSP
values. The volume ofHeterocapsa triquetra culture sample was 2 ml. Syringes of 2.5 ml volume
were used with the syringe pump. Shown are averagmlues with range of data (n=3).

Delivery speeds between 0.5 and 7 ml Tshowed similar DMSPvalues
(P>0.05, Kruskal-Wallis test). The variation betweeplicate samples (RSD 4 — 17 %)
appeared in some cases larger than the variatitmebe the delivery speeds (RSD
13.9 %). Therefore, the use of the syringe pumpedivery speeds between 0.5 and
7ml min! did not reduce the variation between replicate plesn However, a
significantly higher DMSPvalue (16 % difference, P=0.05, Mann-Whitri¢yest) was
obtained using the syringe pump at the highesvelglispeed of 7 ml mihcompared to
the result obtained using the hand vacuum pumpwandh suggests that less DMSP

may have been lost in the dissolved fraction.

109



Chapter 3 Testing and optimising the methodology

To test if the use of higher delivery speeds (> [7min™) had any effect on
DMSR, values, larger syringe volumes needed to be useé the speed range of the
pump was dependant on the syringe volume. Plagtinges of 10 ml volume were
used to investigate the delivery speeds betweera@d520 ml miit. To obtain an
accurate volume in the syringe, the sample of callto exponential growth phase at
3.0 x1d cell mI* was taken up with a Gilson pipette and injectem ithe syringe
blocked with a stopcock. The samples were filtestti analysed for DM$P

concentrations which are shown in Figure 3.11.
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Figure 3.11 Effect of 8 delivery speeds of the syige pump on the DMSR values using the 10 ml
syringes and 2 ml culture sample oHeterocapsa triquetra culture at at 3x1¢ cell mI™. Shown are
average values with ranges of data (n=3 except nf@ 2.5 and 5 ml min™).

Again in this experiment, no significant differesceere obtained between the
delivery speeds tested (P>0.05, Kruskal-Wallis, tégjure 3.11) on a culture sample of
Heterocapsa triquetraulture. The RSD obtained was between 6 and 19ith tive

smallest RSD for a delivery speed of 20 ml thin

A similar test was repeated for 4 delivery speesisigia higher cell density
culture, in late exponential phase at 10.5%&6ll mI*, to test how more elevated
biomass would have an effect on the filtration 8MSP, measurement (Figure 3.12).
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Figure 3.12 Effect of 4 delivery speeds of the syige pump on DMSPp per cell volume for 2 ml of a
culture at a cell density of 10.5x1bcell mI*. Shown are average values with ranges of data (ns3

110



Chapter 3 Testing and optimising the methodology

At a cell density of 10.5xf0cell mI*, the same variability was obtained for
sample replicates (RSD of 4 - 20 %) with the snsaNariability found at 20 ml mih
The DMSR concentration increased with the increase of tliwely speed used for the

filtration (significant correlation, P<0.05, Speamtest).

| compared the DMSRconcentrations obtained for the delivery speed€515,
20 ml min* at low and high cell density f. triquetra culture (Figure 3.11 and Figure
3.12, respectively). No significant difference wdsained for the delivery speeds of 5,
10 and 15 ml mif (P>0.05 Mann-WhitneyU tests for each speed), however,
significant difference was observed for the deljvepeed of 20 ml mih (P<0.05
Mann-WhitneyU test). Therefore the DM$@Roncentration per cell volume was higher
in H. triquetraculture of 10.5x1bcell mI* (194 mM, 11 % higher) than in a culture of
3.0 x1d cell mI* (174 mM) when the samples were filtered at 20 rim"mHowever, it
was only possible to observe this difference if theation between replicate samples

was minimised as appeared to be the case at 20milahdelivery speed.

| tested, in a different way, how elevated biomassild have an effect on the
filtration and DMSRB measurement by increasing the sample volume tb $he effect
of 4 different delivery speeds on DMs¥alues was tested for a 5 ml sample of culture

at a cell density of 3.5xf@ell mI*. The results are shown in Figure 3.13.
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Figure 3.13 Effect of 4 delivery speeds of the syige pump on the DMSR concentrations per cell
volume for 5 ml of culture at a cell density of &x10" cell ml™.

Similar concentrations were obtained for 10, 15 &@d ml min* (P>0.05,
Kruskal-Wallis test) and significantly lower DMSPrcentrations were obtained at
5 ml min* (P<0.01, Mann-Whitney test). The DMSPpconcentration and the delivery
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speed are again positively correlated (P<0.05, r@mma test). The analytical
uncertainty was from 4 to 12 % with the smallest being at 5 ml mif.

When comparing all the results obtained for theeflvdry speeds from 5 to
20 ml min in the 3 previous experiments (Figures 3.11, &A@ 3.13), no significant
difference in DMSP concentrations was obtained between experimer@.(B>Mann-
Whitney U test) and no difference appeared between the Wedglspeeds tested
(P>0.05, Kruskal-Wallis test). However, significartrrelation was found between the
DMSR, concentrations per cell volume and the deliveespof the filtration (P<0.05,
Spearman test).

With the use of the syringe pump, DMSEBoncentrations increased with
increase in delivery speed. For a culture at higleérdensity (8 - 10 xX0cell m), the
lowest variability between replicates was obtaiatthe highest delivery speed of 20 ml
min. This delivery speed also allowed the observatibsignificantly higher DMSP
concentration in cultures of higher cell densitgrtrcultures of lower cell density and
which was hidden by the large variability of replies when using the hand vacuum
pump. The use of a higher sample volume such as$ &idmot show any benefit in
comparison with the experiment using a 2 ml sanaplé supported the idea that low
delivery speeds such as 5 ml firshould be avoided given that it resulted in

significantly lower DMSR concentrations.

In conclusion, higher delivery speeds needed tdabeured when using the
syringe pump for DMSP measurements since the DMSREoncentrations were
increased and a better precision of the measurewasgenerally observed (4 - 9 % at
20 ml minY). Therefore, | decided to set the syringe pumghatmaximum available
speed depending on the syringe type which was 1dimt for a 5 ml syringe and 7 ml

min™ for a 2.5 ml syringe.
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3.5.1.2.4.Comparison of filtration by gravity with other filtration
methods

Gravity filtration was recommended by Kiene andz&le (2006) to avoid
potential breakage of cells and DMSP transfer fritw@ particulate to the dissolved
fraction of the culture. Initially, gravity filtr&dn did not work since there was too much
back pressure from the glass frit, supporting therf | finally used a glass filter holder
without a glass frit which enabled the filtratiop gravity. Other processes of filtration
were performed including filtration using the syg@pump (with a 2.5 ml syringe at
7 ml min*) and the hand vacuum pump. Two cell densitiesutifie (4.6x10cell mr*
and 25x16 cell mI*) were tested for this experiment in order to as$éstriquetra
responses to the different filtration methods agpliFor each cell density, 3 replicates
of 2 ml culture sample were filtered and analysHae results of the experiment are
given in Figure 3.14
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Figure 3.14 Effect of 3 filtration systems on DMSP concentrations per cell volume of culture

samples at low and high cell densities (4.6x1@ell mI* and 25x1d cell mI™* respectively). (A)
Filtration by gravity, (B) syringe pump at 7 ml min™, (C) hand vacuum pump.

The syringe pump gave the best reproducibilityh&f mmeasurements, with the
smallest RSD of 4 - 5 % at the 2 cell densitiesamparison with 8 - 9 % and 9 — 10 %
for the gravity filtration method and the use oé thand vacuum pump, respectively.
The 3 filtration methods showed no difference in B concentrations at high cell
density (P>0.05, Kruskal-Wallis test). At low celensity gravity filtration showed
significantly higher DMSP than when using the sgerpump (P=0.05). However there
was no significant difference between the graviltyation method and the use of the
hand vacuum pump (P>0.05, Mann-Whitrigytest) and between the use of the hand
vacuum pump and the syringe pump (P>0.05, ManniWiU test). Therefore, the
benefit of using the gravity filtration method wast obvious and did not need to be
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especially used for DMSPmeasurements in dinoflagellates as might have been
expected according to the recommendations of Kiand Slezak (2006). In this
experiment, the use of the syringe pump did nad kaa higher DMSP concentration

than the use of the vacuum pump in contrast todbelt observed in Figure 3.10.

The difference between DMgRalues obtained for low and high cell density
might be due to different physiological conditionslowever, the response of
H. triquetra cells to the filtration methods, in terms of arigigl uncertainty, is similar
for the 2 different growth stages (i.e. similar R@Dlow and high cell densities).
Therefore, the growth stage of the culture had fieceon the precision of DMSP
measurement but could affect the value of DMSP eotmation. On the other hand, the

choice of filtration method affected the precisaftthe measurement.

3.5.1.2.5. Conclusion on the effect of the filtratin methods on DMSR
measurement

Several filtration methods were tested with the aingselecting the method that
would produce the smallest analytical uncertaintyl ghe highest DMSPvalue.
Between the 3 methods, including the hand vacuumppuhe syringe pump and
gravity filtration, no general significant differe@ was obtained for DM$P
concentration. The DMSHneasurement was thus not increased by the useyaffahe
filtration methods and the analytical uncertainpp@ared lower in some cases for the

use of the syringe pump.

As | observed that DMSRconcentration varied over growth stages | compared
the effect of the use of the hand vacuum pump aadsyringe pump on the DM§P
concentrations in culture of similar cell densitfEsv cell density in exponential phase).
Table 3.2 shows the summary of the results obtamess several experiments

presented previously in this chapter.
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Table 3.2 Comparison of DMSR concentrations and RSD obtained between filtratiorusing the
syringe pump and the hand vacuum pump for a low céblensity culture of Heterocapsa triquetra.

Filtration method Experiment Culture cell ~ Average DMSR, RSD
density mM (n=3) (n=3)
x10¢ cell mrt
Syringe pump (2.5-20 ml min Fig 3.11 3 160 - 184 6-19
Syringe pump 20 ml mih Fig 3.11 3 174 6
Syringe pump (5-20 ml mib Fig 3.13 35 148 - 195 4-12
Syringe pump 20 ml mih Fig 3.13 3.5 195 9.1
Syringe pump (7 ml mif) Fig 3.14 4.6 193 4
Hand vacuum pump (growth Fig 3.4 B 4.2 159 1.2
stages)
Hand vacuum pump Fig 3.14 4.6 214 9
SUMMARY
Hand vacuum pump 4.2 ;4.6 159; 214 1.2-9
Syringe pump 3-46 148 - 195 4-19
Syringe pump 20 ml min* 3,35 174 ;195 6,9

Both filtration methods produced similar range df1SR, concentrations: 159 —
214, 148 - 195 mM for the hand vacuum pump andsiege pump, respectively. The
analytical uncertainty appeared in these casesimegertant with the hand vacuum
pump (1.2 - 9 %) than the syringe pump (4 — 19 Bhg same conclusion is true for all
experiments presented in this chapter (RSD of A4 % for the hand vacuum pump
and 4 - 20 % with the syringe pump). The rathegdarange of variability has the
potential to hide crucial differences in DMSPBoncentrations as for example, over
growth stages. The variation between replicatesleggno be reduced by using the
highest delivery speeds available on the syringempuAt delivery speed of 20 ml min
the range of DMSP concentration obtained and tla¢yacal uncertainty were reduced
(174 - 195 mM, 6 - 9 % RSD) and the analytical utaety was in the same range

obtained using the hand vacuum pump.

Finally, given that the DMSPmeasurement was not obviously successfully
improved by using other filtration methqdsnvestigated the DMSHneasurement as a
surrogate of the intracellular DMSP. Previous measents showed that DM§Was
the major fraction of DMSP(70 — 74 %, Figure 3.6) and that the analyticaleutainty
for DMSPr measurement was 1.3 % (n=5) fd triquetra samples of culture in
exponential phase (3x1Ccell mi'; see chapter 2 section 2.2.2.2). Therefore, the
analytical uncertainty for DMSPmeasurement was better than the uncertainty aatain
for DMSB, measurement. The absence of a filtration stependMSR measurement

ensured a better replication of samples. Redudiagahalytical uncertainty was crucial
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to improve the likelihood of determining variatioh DMSP in different experimental
conditions. The absence of filtration also redutwsal time of sample preparation and
enabled successive sampling at short intervals,wiald not be possible for DMGP
measurements (as performed in chapter 6, secttoB)6Moreover, DMSPrepresented
the total production of DMSP and derivatives bytpplankton cells in the culture. The
DMSPr measurement was also used by Keller et al. (Kell@88/1989; Keller et al.,
1989a; Keller et al., 1989b) for measuring the DM&iatent of 123 phytoplankton
strains and by Yost et al. (2009), who observedsmgmificant difference between
DMSPr and DMSR concentrations in 5 strains of the dinoflagell&gmbiodinium

microadriaticumin exponential growth phase.
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3.5.2.Adaptation of the headspace method for DMSPmeasurement

3.5.2.1.DMSP; measurement for standards

The method for measuring DM$RDMSPR, + DMSR; + DMS) was adapted
from the headspace method similar to the protamoDMSR, measurement but without
filtering the sample. This method was thereforevemment for DMSR analyses since
the concentrations fall in a similar range to DM&Rd DLA measurements (Steinke et
al., 2000). As previously described (chapter 2 isacf2.2.2.2) the standards for
calibrating the gas chromatograph were made uptibgducing 3 ml of 0.5 M NaOH in
a 5 ml glass vial, then adding a drop of DMSP {5 4ul) solution under the cap of the
vial and closing and agitating the vial. DMS$amples were prepared in order to obtain
the same final NaOH concentration. In this way, Ilofnculture was rapidly added to
2 ml of 0.75 M NaOH in a 5 ml glass vial and imnadly closed with a gas tight cap
to avoid DMS loss. The samples and standards vedtre¢o react in the dark for later

analyses.

Similar to the standards, the DMSBamples were prepared to end up with a
final concentration of 0.5 M NaOH, a total liquidlume of 3 ml and an identical
headspace volume of 2 ml. However, DMS&Rmples contained 1 ml of phytoplankton
culture grown in enriched seawater which mightrate pH of the sample and which
contained salts that might also alter the transfeDMS to the gaseous phase in
comparison with the distilled water used to prepheestandards. Henry’s law constant
(Hc= concentration in the air/ concentration in@vabf DMS is higher in seawater than
in distilled water, for the same conditions of tesrgiure (0.069 and 0.056, respectively,
measured by Wong and Wang, 1997), i.e. DMS is $edgble in seawater than in
distilled water.

For testing if the addition of 1 ml of culture grown seawater was affecting the
DMSP cleavage into DMS or the DMS partitioning tmetair and liquid phases, |
prepared a range of standards by adding 1 ml ofatea to 2 ml of 0.75 M NaOH in
the 5 ml glass vial before adding a drop of DMSRitsmn under the cap. | compared
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those standards to the standards made up by imirgd@ ml of 0.5 M NaOH and the
DMSP solution as described above. Each standardpvegeared in duplicate. Results

are shown in Figure 3.15.
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Figure 3.15 Comparison of standards prepared with HOH diluted in distilled water (DW) and
prepared with one third of seawater (SW) to simulag¢ the culture sample preparation. SQRT PA
means the square root of the peak area obtained dhe chromatogram. (A) Calibration curves for
standards prepared with DW and SW, both curves aresuperimposed. (B) Regression of the 2 sets
of standards (DW, SW).

The standards made up with a third of seawatehénNaOH solution led to
comparable peak areas to those obtained for s@dsmdaade up with NaOH diluted in
distilled water (P>0.05, Mann-Whitney test, and R of 1.0 for the least squares
regression of peak areas for both standards pitemar&igure 3.15 B). This difference
in the preparation did not alter the chemical céegevof DMSP by NaOH and did not
affect the DMS transfer to the air phase of thelydical vial. However, a white

precipitate appeared when the seawater was added.

The standards used for calibrating the GC are peelphy adding a drop of
DMSP solution under the cap of the vial, subseduettsed and agitated. This method
avoided mixing the DMSP solution and the NaOH whihe vial was open and
prevented any DMS loss. For DMS&amples, the culture was directly added in the via
containing NaOH and rapidly closed. To test if g@mple preparation for DMS$SP
measurement produced a DMS loss | prepared 5 stintby adding 1 ml of DMSP
solution in 2 ml of 0.75 M NaOH (called DMSP 2)cdmpared these standards with
standards prepared by putting a drop of DMSP soiutinder the cap and closing the
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vial containing the NaOH solution (DMSP 1). Eachnstard was made in duplicate.

Results are given in Figure 3.16.
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Figure 3.16 Comparison of standards prepared by pting a drop of DMSP solution under the cap
of the vial containing the NaOH solution and closig the vial (DMSP 1) and standards prepared by
addition of 1 ml of DMSP solution in 2 ml of 0.75 MNaOH similarly to the culture sample (DMSP
2). The square root of the peak area (SQRT PA) ishé equivalent DMSP value read on the
chromatogram.

The 2 sets of standards gave similar values of pesés for the range of DMSP
concentrations prepared (P>0.05, Mann-Whitkkyest). Moreover, the least-squares
regression of the peak areas obtained with botihadstof standard preparation gave a
correlation coefficient of 0.99 (Figure 3.16 B) whisupported the result that these 2
methods (DMSP 1 and 2) gave similar results. Tloeeefgiven that culture samples are
prepared similarly to the standards DMSP 2, noisigimt DMS loss appeared to occur

when using this method.

The analytical uncertainty of the DM$Pheasurements was 1.8 % (n=5) for

standards and 1.3 % (n=5) fdr triquetrasamples in exponential growth phase.

3.5.2.2.DMSP; measurement for culture samples

Given that DMSP concentrations vary over the growth | investigatemiv
DMSPr and DMSR both varied over the growth ddeterocapsa triquetrao test if
DMSPr was a good surrogate of intracellular DMSP (FigBr&7). The culture was
sampled every 3 days, over 12 days. Culture alggab2 ml were filtered using a hand
vacuum pump and analysed for DMS&hd 1 ml aliquots were directly mixed with
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NaOH and analysed for DM$PResults obtained for the measurements of these 2
parameters are presented in Figure 3.17.
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Figure 3.17 DMSR and DMSP, concentrations in Heterocapsa triquetra culture over time. (A)
DMSP per litre of culture. (B) DMSP per cell volume Shown are average values and range bars
give minimum and maximum values (n=3, except n=2 fMMSP; data at t=0 and t=12). When not
visible, range bars are smaller than symbol size.

DMSR, and DMSR concentrations in the culture were not signifibadtfferent
(P>0.05, Mann-Whitney test) and showed similar increases over time. D)Visfel
DMSPr concentrations per cell volume showed the samergétrend over time with
an increase between days 3 and 6 and a slight adecrafter day 6. No significant
difference was observed between the DN $Rduction and the DMSRproduction
over time (P>0.05, Mann-Whitney test; the productions were calculated as the
difference of DMSP concentrations between one gatat and the next one over the
period of time). Between 3 and 12 days, DM®Rs 77 to 85 % of the DMSRraction.
The RSD obtained for DMSPmeasurements (0.6 - 5.2 %) were smaller than those
obtained for DMSP measurements (1.1 - 16.4 %). With a better amallytincertainty
and not significantly different values, DMSReems to be a good surrogate of the

intracellular DMSP concentration.
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3.5.3.Optimisation of DMS measurement

3.5.3.1.DMS measurement of standards

The purge and trap method was applied to DMS measemt as it was initially
developed (details in Chapter 2 section 2.2.2.ki¢ purge efficiency (i.e. the amount of
DMS extracted) depends on the volume of the ligthd,purge flow rate and the time of
purging. The volume was fixed at 5 ml, to fall imetsensitivity range of the GC,
according to preliminary tests. The time required gurging DMS out of the solution
with a purge flow rate of 60 ml mihwas tested.

A 5 ml solution was introduced in the purge tubeshbgcessively adding 1 ml of
DMSP solution, 3 ml of distilled water, 1 ml of M NaOH and then rapidly closing
the purge tube. In order to determine the time ssary for purging, the amount of
DMS purged out was monitored over 45 minutes bg-start purging the same sample.
The square root of the peak area (SQRT PA) shoavsalue of the DMS peak obtained
by the GC for a defined period of purging (Figuré8. The percentage of extracted
DMS is calculated as the cumulative SQRT PAatvier the cumulative SQRT PA at
45 minutes of purging.
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Figure 3.18 Purge efficiency of the purge and tragystem containing a total liquid volume of 5 ml
that includes 1 ml of DMSP standard solution (16.241g S mI*) and monitored during 45 minutes.
The symbol ©) indicates the extracted DMS expressed as a cumtilee percentage of the final DMS
peak areas at 45 minutes and the symbot) shows the square root of the peak area read ongh
chromatogram.
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The SQRT PA decreased abruptly up to 6 minutesuoipg, as the DMS
concentration decreased in the purge tube. The lativeipercentage increased to 89 %
after 4 minutes of purging, 93 % after 6 minuted & % after 10 minutes. | thus,
decided to establish 10 minutes as purging protfmca 5 ml solution of both standards

and samples.

Given that DMS is less soluble in seawater thatilléid water, | tested whether
there was a difference between standards prepate@wnl of distilled water and 3 ml
of seawater. Results are given in Figure 3.19.
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Figure 3.19 Comparison of the purge efficiency usmdistilled water (DW) and using seawater (SW)
in the standard preparation. (A) Cumulative squareroot of the peak areas (SQRT PA) obtained
after 6 periods of purging. (B) The symbols {e) indicate the extracted DMS expressed as a
cumulative percentage of the final DMS amount at 15minutes and the symbols f{m) show the
square root of the peak area read on the chromatogm.

The use of seawater led to slightly higher DMS ealuFigure 3.19 A)
compared to those obtained with distilled water hat significant difference was
observed (P>0.05, Mann-Whitney test). The seawater may contain a DMS

background that could explain the slightly highevi® values observed or the purging
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in seawater may yield more DMS at the beginningweleer, at 10 minutes of purging
the cumulative percentage of DMS appeared similién distilled water or seawater
(Figure 3.19 B). Because distilled water is alwayailable in the laboratory and is less
likely to contain DMS background, | decided to udistiled water in the DMS

standards and in filtered samples to make up thenato 5 ml.

Given that for DMSP measurements DMSP is left for 24 hours to reath wi
NaOH, | decided to do the same with the DMS stat&ldrprepared DMS standards in
5 ml glass vials closed with a screw cap and aoheflepta and left them 24 hours to
react in the dark before performing DMS measureméas described in Chapter 2
section 2.2.2.1). The analytical uncertainty for ®Mtandards was 3.2 % and was
slightly higher than the analytical uncertainty BMSP standards (1.3 %). This
difference is likely to result from the coupling thfe purge and trap system and the gas
chromatography for DMS standard analyses wherelgsgas chromatography is used

for analyses of DMSfstandards.

3.5.3.2.DMS measurements of culture samples

The sample preparation for DMS measurement iruclsamples differs from
that of standards, by the addition of a filtrat&tep and a successive transfer into the
purge tube. Because the syringe pump showed a betdytical uncertainty in several
experiments for filtration of replicate samples DMSP, measurement, | used this
system for DMS measurements. The syringe, placeth@mpump, was connected to a
filter holder which was connected to a sample |t dispensed the exact volume of
filtrate into the purge and trap system (S-S-PTiesys Syringe pump - Sample loop -
Purge and Trap, described in 2.2.2.1). | determithedanalytical uncertainty of this
system by performing DMS measurements of replicigandards andH. triquetra
replicate samples. Table 3.3 shows the averagehen®SD of the square root of the

peak areas.
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Table 3.3 DMS measurement in standardseand Heterocapsa triquetra samples using the S-S-PT
system (Syringe pump-Sample loop-Purge and trap). i erage of the square root of the peak area is
shown as the result of the measurement and the r¢iee standard deviation (RSD) represents the
analytical uncertainty of the method for (n) measuements.

S-S-PT system Test  Average of RSD n
SQRT PA %

Standards (2 ml at 0.73 ng Sl 1948 2 3

Heterocapsa triquetraample 1 715 25

(2 ml analysed) 2 874 33

The analytical uncertainty of the S-S-PT system \eas for standards (2 %,
n=3), however, the uncertainty for DMS measurentehteterocapsa triquetraamples
was rather high (25 and 33 %). Several factors mmbduce this variability: the
culture flask agitation before sampling, the fiitba process (e.g. delivery speed of the
pump, duration of filtration, filter, cell densitysample volume) and the degree of
potential DMS production from dissolved DMSP by DRIyaseactivity given that this
enzyme may be produced Bl triquetra(Niki et al., 2000)

To test if there was any production of DMS in thigdte of culture sample, |
filtered a large volume of culture (20 ml) from kgtic syringe (20 and 60 ml) through
a filter holder (Swinnex, Millipore, Watord, UK) ntaining a 25 mm diameter glass-
fibre filter (Whatman, GF/F) connected to a glagsngie (20 and 50 ml) using the
syringe pump set at 14 ml minl eliminated the air in the glass syringe andaidticed
a 2 ml aliquot of filtrate in the sample loop. Témmple was then purged and analysed
for DMS. Then, the measurement was repeated tware i@t 15 minute intervals to see
if there was any change in DMS value and potetM production in the filtrate over
time. This experiment was performed once with aquak of a culture not agitated
before sampling and then repeated with the santareu{18 ml) agitated before each
sampling to see if DMS measurement was affectethbyswirling of the flask (i.e. if
the DMS transfer to the air was increased by maagdhtion). The experiment was
repeated for a larger volume of culture (38 mljiegdermine if the sample volume has an
effect on DMS measurement. Table 3.4 shows theageeand the RSD of SQRT PA
obtained and Figure 3.20 shows the DMS values édabver time.
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Table 3.4 Tests of filtrate stability, agitation efect and sample volume on DMS measurement in
H. triquetra sample. Average of the square root of the peak ameis shown as the result of the
measurement and the relative standard deviation (R3) represents the analytical uncertainty of the
method for (n) measurements.

Large filtrate kept in a glass syringe. Average of RSD n

For each filtrate, 3 aliquots of 2 ml were analysed SQRT PA %

20 m filtrate (Flask was not swirled before samgl) 4238 2 3

18 ml filtrate. (Usual swirl of the flask). 5426 6 3

38 ml filtrate. (Usual swirl of the flask). 10166 19 3
15000

0 20 ml / Flask not swirled
12000 | @18 ml/ Flask swirled
m 38 ml / Flask swirled

9000
6000
3000
0

0 15 30
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Figure 3.20 Effect of resting time of the filtrate,volume of the filtrate and swirl of the flask on IMS
measurement fromHeterocapsa triquetra culture samples. For each filtrate (18, 20 and 3&l) 3
aliquots of 2 ml were injected in the purge tube ath analysed at about 15 minute intervals. Only the
first filtrate (20 ml) was obtained from a non-swided culture.

For a 20 ml or 18 ml filtrate, whether the flasksaagitated or not, the RSD of
the DMS measurement was low (2 and 6 %) and nal tappeared over time for the 3
replicates of filtrate aliquot. These results sggdleat the DMS concentration remained
stable in the filtrate between the measurementbief aliquots of culture and that no
DMS appeared to be produced after the filtrationtrtf sample. Consequently, the
variability between replicates in DMS measuremeatld not come from DMS
production in the filtrate. Therefore, the variggiin DMS measurement is more likely
to come from the filtration step rather than froospfiltration processes acting on the
filtrate. The averages of DMS values were signiftba different (P=0.05, Mann-
WhitneyU test) with higher DMS values for swirled flask P®&4for 18 ml filtrate) than
non-swirled flask (4238 for 20 ml filtrate). Theoe¢ the agitation of the flask seemed
to increase (28 %) the DMS value. For a filtratedotible volume (38 ml), larger RSD
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of 19 % and double DMS value of SQRT PA (square fothe peak area) was
obtained even if only 2 ml aliquot of filtrate wasalysed (P<0.05, Mann-Whitn&y
test). In this case, the result implies that the PWalue obtained was affected by the
volume of the filtrate (as found for DM§Pneasurement in section 3.5.1.2.1) or the

time of filtration which increased with the samptdume (discussed below).

To test if the filtration process was generatingradient of DMS production as
cells accumulated on the filter, |1 stop-startedefihng a 20 ml culture sample (in
stationary phase). This provided 3 aliquots ofureltsample (2 ml), at different stages
of the filtration, for DMS analysis. For comparisdnmeasured the DMS content of
another 20 ml sample of the same culture, filtedgml in one go and taking the

ending aliquot of filtration. Table 3.5 shows th@RST PA obtained for each filtrate.

Table 3.5 DMS measurements performed on two 20 masples ofH. triquetra, one sample filtered
in 3 parts by stop-start filtering the culture and 1 sample filtered entirely in one go.

SQRTPA | RSD% | n
1* sample, 20 ml culture sample, 4.7 ml filtered 3rhes 13502 33 3
Filtrate 1 8787
Filtrate 2 13975
Filtrate 3 17743
2" sample, 20 ml culture sample, 17 ml filtered 21981 1
continuously

The SQRT PA obtained for each of the successitratiibn aliquots (Filtrate 1,
2 and 3) of the %L culture sample increased (33 % RSD). This resditated that DMS
was not homogenous in the filtrate and that theentioe cells accumulated on the filter,
the more DMS was released in the filtrate. Thedfiion of the second culture sample
(17 ml) which was filtered continuously gave a l@gkalue (21981) than all the DMS
values obtained for theS'lsample. Therefore, a gradient of DMS appeared twer
filtration of the sample, i.e. the filtration press triggered DMS release from cells.
Consequently, the time that cells are left in tyrgngle during filtration may also affect
the DMS release. |, hence, decided to perform DM&asurements with only small
sample volumes (4.7 ml when using the syringe puamal) high delivery speed of the

syringe.
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To investigate the effect of the filtration method DMS measurement, the
gravity filtration was also tested. Two ml of cuktuwvere filtered through a 3 0m pore
cellulose nitrate filter of 25 mm of diameter (Itreed that these filters became wet
faster than GF/F filters and could shorten thedfiibn) on a glass filtration unit. The
filtrate was collected in a 2 ml disposable tube dnml of filtrate was analysed for
DMS measurement. Table 3.6 shows the average @@RT PA and RSD for samples
taken without agitating the flask and after agiati

Table 3.6 DMS measurements performed after gravityiltration of 2 ml of H. triquetra sample.
Three replicate samples were taken without swirlingthe flasks and 3 others were taken after
swirling the flask. The duration of filtration is shown for each replicate.

Gravity filtration of 2ml sample. Duration of SQRT PA RSD n
Analysis of 1 ml filtrate. filtration %
Without swirling flask 04:00 4352
05:15 5838
02:30 1294
Average 3828 61 3
Usual swirl of the flask 04:00 3973
03:10 2974
02:10 1547
Average 2831 43 3

The analytical uncertainty was not improved by thisthod (RSD of 43 - 61 %).
The DMS values obtained for non-agitated sampla® wegher than the values of the
agitated samples (26 % difference) but no significhfference was observed (P>0.05,
Mann-WhitneyU test). By contrast with previous observation dignificant increase
of DMS value when the flask was agitated (Tablg,3mthis experiment the agitation
of the flask appeared to reduce the DMS value addndt lead to a significant
difference. The effect of the agitation of the Kasn DMS measurement is rather
complex and cannot be predicted with the resultsiobd here. Nevertheless, the
agitation of the flask should be generally limitéor dinoflagellate culture and

sampling.
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However, the duration of filtration for these replies was recorded (Table 3.6)
and the duration and DMS values were significaotigrelated (P<0.01, Spearman test)
and the least-squares regression of these 2 paengetve a high correlation coefficient
R?=0.97 (Figure 3.21). The DMS values thus, increasiéil the time of filtration.
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Figure 3.21 Regression of DMS values (SQRT PA fogaare root of the peak area obtained from
the chromatogram) and the duration of filtration.

The duration of filtration is the main parameteieeafing the variability of the
DMS measurement in the method of gravity filtratiomo allow comparable
measurements during experiments, similar volumesuttfire samples will be used for
filtration (5 ml). The syringe pump will be set high speed (14 ml mihfor 5 ml
syringe) to shorten the filtration step and avaidréasing DMS value. Moreover, the

sample loop ensures injecting the same portiohefittrate for all replicates.
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3.6.Conclusion

Similar to other phytoplankton species such Bsiiliania huxleyj the
intracellular DMSP concentration of photosynthetigoflagellates varies with the diel
cycle. In this study, | showed for the first tinfeat the DMSRconcentration varied over
the light cycle in the dinoflagellate specieleterocapsa triquetragrown in batch
cultures and that DMSRaccumulated over the photoperiod. | also deterdhthat the
DMSP, concentration fluctuates over the growth of thieba&ulture, with an increase at
the end of the exponential growth phase. For commmarwithin an experiment or
between several experiments, | decided to perf@mpsing of the cultures at the mid-
time of the photoperiod and at mid-exponential ph#&s exclude these potential
biological variations.

It is the first time that the accuracy of the mekhdor DMSP and DMS
measurements was assessed by measuring all thierfsaof the DMSP pool (DMSP
DMSPR,, DMSR; and DMS). For the model species of dinoflagellateterocapsa
triquetra, |1 found that a fraction of about a quarter of DRfSvas missing. Given that
DMSR, was the major fraction of DMSPI investigated the method for DM§P
measurement by testing several methods of filtnatio one experiment, the use of the
automated syringe pump lead to higher DM$Bncentrations than the hand vacuum
pump but in another experiment, no difference amgzeahen using the syringe pump,
the hand vacuum pump and the filtration by gravitgwever, the method of filtration
using the syringe pump was optimised by using tighdst delivery speed available
given that | observed that this speed was posjtivarrelated with the DMSP
concentration obtained and reduced the analytinakiainty. Moreover this method

was also applied for DMS measurement.

Given that DMSR measurement was not obviously improved by the afse
different filtration methods, | favoured the useDNM SR as a surrogate of intracellular
DMSP. Therefore, | assessed the method of DM8Pasurement and determined that
the direct addition of 1ml of phytoplankton culture 2 ml of 0.75 NaOH was not
affecting the DMSP cleavage or the DMS partitioninghe air and liquid phases in
comparison with the method of standard preparatiboreover the variation of DMSP
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over the growth was similar for DMg$Rnd DMSR and the analytical uncertainty was

lower for DMSH than DMSRB measurements.

| also investigated the method for DMS measureraadtobtained an analytical
uncertainty of 3.2 % (n=5) for the method of staddpreparation. | used a SSPT
system (syringe pump, sample loop and purge amj foa optimising the analytical
uncertainty of the culture samples, however, th® R&s much higher (33 %) than for
the standards (2 %)l found that DMS concentrations can be affectedswyling the
flask and were reduced by shortening the time lohfion and decreasing the sample
volume. Consequently, | decided to limit as muclpassible the flask agitation before
the sampling and to use small culture volume (5 anll high delivery speed of the

syringe (14 ml mift) for DMS measurement.
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Chapter 4 DMSP content and DLA in batch cultures of nine
dinoflagellate species

Abstract

Dinoflagellates are recognised as one of the n@jgtoplankton groups producing
DMSP, the precursor of the sulphur trace gas dipt&itphide (DMS) which has the
potential to cool the climate. In order to incretds® DMSP data base for this group |
measured DMSP content, DMSP lyase activity (DLAYpbon, nitrogen and Chlin 9
dinoflagellate cultures (8 phototrophic and 1 ha&tfephic strain). Culture growth rates
ranged from 0.11 to 1.82 dayvith the highest value being observed for the
heterotroph. Cell volume varied between 454 and284nT and C and N content were
proportional to the cell volume. However, DMSP @mnitdid not correlate with cell
volume and | observed 2 orders of magnitude vdriglim DMSP content and detected
DLA in 5 of the 9 species. The dataset includeditseDMSP measurements for a
dinoflagellate from the Antarctic and a speciehwidiatom-like plastids. Lower DMSP
concentrations were found in athecate species amb#agellate that harbours
haptophyte-like plastids. These data should hel@tds including the dinoflagellates as
a separate group in future global climate modedkiging those that explicitly include
DMSP production.
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4.1.Introduction

Dimethylsulphide (DMS) is derived from the degradiatof the phytoplankton
metabolite dimethylsulphoniopropionate (DMSP)sltriansferred from the ocean to the
atmosphere by sea-to-air exchange and rapidly sesdio form sulphate aerosols that
can serve as cloud condensation nuclei (CCN). Thesesols and CCN increase the
albedo and reduce the amount of solar radiationhieg the Earth’s surface. These
effects are more substantial in areas remote fromrapogenic influence where
industrial aerosols are dominant. Charlson and orkers, (1987) proposed the
“CLAW hypothesis”, a potential control feed back bigae on climate through the
sulphur cycle as initially suggested by Shaw (1988)this conceptual model they
suggested that in an ocean warming scenario algagdweduce solar radiation via
increased DMS emissions, thus counteracting th&liwvarming. The validity of the
CLAW hypothesis continues to be a topic that attraonsiderable debate (e.g. Chapter
1, section 1.1.3).

Modelling DMS production and its effect on climasea real challenge due to
the complexity of the biological and physical preses involved (Stefels et al., 2007).
The biological processes are initiated with DMSPdpiction by various marine
phytoplankton, the primary issues being which sggeaind groups synthesise DMSP, in
what amounts and under what conditions. SubsegueDtVISP is released to the
environment by cell lysis due to senescence, ggaaimd viral infection. Much of this
dissolved DMSP is assimilated or catabolised bytdsac without the production of
DMS or exported via sedimentation of grazer fagulets. Nonetheless, a portion of

the DMSP is converted to DMS by the action of baat@and algal enzymes.

Here, we focus on marine dinoflagellates which m@ognised as one of the
major DMSP-producing phytoplankton groups (Steé&tlal., 2007). Dinoflagellates are
common in aquatic ecosystems, benthic environmants sea-ice. They are a very
diverse group with free-living, symbiotic and patiasepresentatives. It is thought that
about 50 % of the 2000 or so living dinoflagellafgecies are photosynthetic, whilst
others are heterotrophic and some have both mumaltimodes. Some of the earliest
DMSP and DMS production studies focussed on cudtuod the osmotrophic
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dinoflagellate Gyrodinium cohniiwhich is now known asCrypthecodinium cohnii
(Ishida, 1968). The later work of Keller et al. 8891989; 1989a; 1989b) highlighted
the wide variability in DMSP concentration betwesinoflagellates. To date about 40
dinoflagellate species have been tested for DMSReot, 9 species have also been
assessed for DMSP lyase activity and data fromouarifield studies suggests that
dinoflagellates may make a significant contributtormarine DMS production (Gibson
et al., 1996; Steinke et al., 2002a; Franklin gt2409).

Here, | present DMSP content and DMSP lyase agtidata for 9 diverse
dinoflagellate species with associated C, N and &imeasurements. My overall aim
was to increase the database available for desgrdmd modelling the contribution of

this important phytoplankton group to DMSP and DptSduction.
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4.2.Materials and Methods

4.2.1.Dinoflagellate cultures

Within the constraints of the range of culturesdiigaobtainable from culture
collections, | selected 9 diverse dinoflagellatecses for this study. Eight cultures were
purchased from the Provasoli-Guillard National @enfor Culture of Marine
Phytoplankton (Bigelow Laboratory for Ocean Sciend@oothbay Harbor, USA) and
Lingulodinium polyedrumLP2810 was kindly provided by Dr Débora Iglesias-
Rodriguez (National Oceanography Centre, SouthamptdK). Among the 9
dinoflagellate species, 4 photosynthetic specidstgrocapsa triquetraCCMP449
Scrippsiella trochoidea CCMP1599 Amphidinium carterae CCMP1314 and
Lingulodinium polyedrumLP2810) and 1 heterotrophic specigSryfpthecodinium
cohnii CCMP316) were chosen because they are relativehnmon species and allow
for some comparison with published values for DM&phtent and DMSP lyase
activity. In addition, | selectedlexandrium minutun(CCMP113) a photosynthetic
species which has been studied only in field sasnpled a representative from polar
watersPolarella glacialis(CCMP1138). The dinoflagellate group is uniquehaving
species that harbour a range of different plastmes, so to cover this | also used
Kryptoperidinium foliaceum(CCMP1326) which harbours diatom-like plastids and
Karlodinium veneficum{CCMP4151) with its haptophyte-like plastids. Diagellate
cells are also diverse in their morphology with somells having an armour of
cellulosic plates or being naked. Among these gsecB are naked or athecate

(A. carteraeP. glacialisandK. veneficuhand others are armoured or thecate.

4.2.2.Culture conditions

Basic information for the 9 dinoflagellate specesd the growth conditions

used are given in Table 4.1. Enriched seawater anwdre prepared as recommended
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by the culture collection or originator. Growth ditions were at or close to their
recommendations and were not optimised for maxinguowth. For all experiments,
triplicate batch cultures were grown in incubatfiyi R-351 Plant Growth Chamber,
Sanyo, Loughborough, UK) with a light: dark cycleld:10 hours. Four of the species
were axenic and axenicity was checked at the ergholfi experiment by microscopic

observation of samples stained with DAPI (detaiteslection 2.1.3).
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Table 4.1 A summary of the dinoflagellate speciesvestigated. Names, origin, toxicity, axenicity andulture conditions (LI is light intensity in pmol photons m? s* and
T is temperature in °C) are described. Three specieare athecate A. carterae, P. glacialis and K. veneficum), others are thecate K. foliaceum contains diatom-like
plastids, K. veneficum has haptophyte-like plastids and others have peridin plastids except the heterotrophC. cohnii which is thought to have a remnant plastid.

Latin name Synonyms Strain code Collection site Meédm LI T°C

T Alexandrium minutum Alexandrium ibericum CCMP113 Ria de Vigo, Spain L1 156 15

A Amphidinium carterae CCMP1314  Falmouth, MA, USA fl2 204 22

A Crypthecodinium cohnii Glenaodinium cohnii CCMP316 Unknown fl2 + NPM 127 22
Gyrodinium cohnii

AHeterocapsa triquetra Peridinium triquetra CCMP449 St Lawrence Estuary, Canada f/2 120 15

TKarlodinium veneficum Karlodinium micrum CCMPA415 Norway, North Sea f/2 122 15

Kryptoperidinium foliaceum Peridinium foliaceum, CCMP1326 La Jolla, California Bight, L1 204 22
Glenodinium foliaceum USA

PTLingulodinium polyedrum Gonyaulax polyedra LP2810 San Diego, California, USA fl2 204 22

Polarella glacialis CCMP1138 McMurdo Sound, Antarctica Provasoli 101 4

AScrippsiella trochoidea Peridinium trochoideum CCMP1599  Falmouth, MA, USA /2 102 15

* Media were prepared as described in chapter 2

A Axenic, Toxic and”" Potentially toxic
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4.2.3.Experimental approach

Three replicate cultures were grown for each sgedieiplicate samples were
taken for DMSP, C, N and Clal analyses in early to mid-exponential phase based o
cell density increase and in a range of total gelume between 20 and 60 gjL™
given that cell volume varied substantially betwespecies. Average and relative
standard deviation (RSD) from all samples (n=9) gixen for each parameter in the
results. All parameters were measured following riethods described in Chapter 2.
The total DMSP (DMSP which includes particulate and dissolved DMSPsdDMS,
was measured as an approximation of intracellulsdiSP (Keller et al., 1989a; Yost
and Mitchelmore, 2009).

For in vitro DMSP lyase activity (DLA) measurements, the c@sumwere
sampled in mid-to late exponential phase at a to&l volume between 40 and
100 pleen L™ These higher cell densities were more favourfilsleletection of enzyme
activity. The culture was concentrated by gentltefing 100 ml through a 2.0 um
polycarbonate filter and collecting the filter (diét¢d in section 2.2.2.3.). Culture
extracts were prepared from the filter by sonigatim buffer and duplicate
measurements were performed on each culture extraiztiled in section 2.2.2.3.). The
average and standard deviation of 3 replicate mdtare shown in the results. The
detection limit of the assay was based on the gee@MS production detected in
buffers of 7.34 nM H.

For monitoring culture growth, cell density (cell ) total cell volume (plen
L equivalent to 1®pn® ml™) and the mean cell volume (fnwere monitored daily,
or less frequently depending upon the growth rdteeaxh individual species. The
growth rate was calculated using the formula [jin&#/InN1)/to-t;] where N and N
were the cell densities recorded at timeartd . For the main sampling time where
additional measurements of DMSP were performedgtbeith rate was calculated as
an average of two growth rates calculated for #wod preceding {ttp) and following

(t>-t1) the main sampling timeaft
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4.2.4.Data analysis

The normality of the data was assessed by perfgrriiolmogorov-Smirnov
and Shapiro-Wilk tests (using SPSS, version 1&0jne data were normalised by 19g
transformation prior to regression analysis. Theb@a to volume relationship and
nitrogen to volume relationship were determinedhimdel | regression as described by
Menden-Deuer and Lessard (2000). The least-squezgsession analyses were
performed using Microsoft Office Excel, version 30&nd the statistical significance of
regressions were tested by ANOVA. The correlatibtwm variables was tested with
Pearson tests for normal variables and the nomyerec Spearman test for non-normal
variables (SPSS, version 16.0). The non-param&aon-WhitneyU test was also
applied for the comparison of two independent gsoogp non-normal data (SPSS,

version 16.0).
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4.3.Results

Growth curves for the nine dinoflagellate species shown in Figure 4.1.
Growth rates varied between 0.11 and 1.82'dajth an average RSD of 8 %. The
average growth rate for phototrophic species wag @ay' (Table 4.2). The polar
speciesP. glacialis grew the slowest at 0.11 daynd A. carteraewas the fastest
growing phototrophic species at 0.72 daffhe heterotrophic speci€ cohnii grew
faster than any of the phototrophic species at H&g'. These growth rates are
comparable to dinoflagellate growth rates previpusported in the literature (e.g. 0.16
- 1.28 day}, Tang 1996).

The mean cell volume was extremely variable betvsgmties (Table 4.2) with
a 4-fold difference between the smallest (454%fion A. cartera@ and the biggest
species (18439 pior L. polyedrun). The 3 athecate specigs. Carterae, P. glacialis
andK. veneficul were the smallest of the group (454-680°urithese cell volumes
fall in the range reported for dinoflagellates bemden-Deuer and Lessard (2000). The
average 6 % RSD for the cell volume measurementsedsured with a Coulter
Multisizer 3 particle counter compares favourablghw22-56 % RSD values derived
from microscopy data (Verity et al., 1992; MendeeadBr and Lessard, 2000).

The dinoflagellate cells contained on average 1#23801.3 pg C cefland 277
+ 445.2 pg N celt (Table 4.2). The average concentrations on avoilime basis were
0.330 + 0.2515 pg C prhand 0.067 + 0.0410 pg N [iinThe RSD of the C and N
measurements per cell and per cell volume were Eh@a20 % respectivel. cohnii
contained higher C and N concentrations than plotbstic species. The C and N
concentrations per cell volume were compared foe tihecate and athecate
dinoflagellates, but no significant difference wasnd (Mann-WhitneyJ test, P>0.05).
The C: N ratio varied between 3.6 and 6.3 (Tali?¢. 4.
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Figure 4.1 Growth curves for 9 dinoflagellate spees. The data are presented in terms of cell density cell mI™* (o) and cell volume in uni ml™(o). The average value
for 3 replicate cultures is given with range bars ¢ show the minimum and maximum values. Exponentiatrendlines are shown for the cell density curves \h
correlation coefficients to support how the data pmts follow an exponential increase. The last datpoints may be excluded from the trendline when iténcorporation
reduces the correlation coefficient due to the endg of exponential phase. Samples were taken for dgais during the exponential phase as indicated bie rectangles
and the growth rate (i in day') and cell volume (Vol) for this sampling point areindicated. Species are ordered from left to righin increasing growth rate order.
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Table 4.2 Growth rate, mean cell volume, C, N and i@ a concentrations measured in 9 dinoflagellate speceThe C:N ratio was calculated with C and N expresed per
litre of culture. Averages (£ relative standard deiation) obtained from 9 culture samples are givenCrypthecodinium cohnii is a heterotrophic species so Chh
measurements were not possible and the average vesufor the phototrophs exclude this species.

Species Growth rate Volume C N C:N Chla
(day ) (um®) (pgcell)  (pgpm®  (pgcel  (pg pm?) ratio (fgcell®  (fg um?)

H. triquetra 0.34(0.11) 18790.03) 3440.14) 0.1730.13) 55(0.10) 0.0280.09) 6.30.15) 28730.31) 1.45(0.30)
S.trochoidea  0.24(0.06)  33390.11)  6490.23) 0.1630.19) 1530.31) 0.03§0.28) 4.30.30)  24240.52) 0.61(0.50)
A.carterae  0.72(0.02) 4540.04)  1390.18) 0.30%0.20) 31(0.12) 0.0660.14) 4.50.19)  23110.16) 4.94(0.18)
A. minutum 0.20(0.07) 27120.07) 7450.11) 0.25%0.21) 160(0.11) 0.0540.20) 4.7(0.07) 33090.17) 1.11(0.24)
C. cohnii 1.82(0.09) 17260.05) 20510.22) 0.9870.24) 3520.23) 0.1690.24) 5.80.15) - - -
P.glacialis  0.11(0.16) 6580.11)  1990.18)  0.2850.21) 37(0.12) 0.0540.17) 5.50.21)  10050.54) 1.43(0.55)
K. foliaceum  0.23(0.08) 33890.05) 10370.17) 0.26Qq0.18) 2250.14) 0.0570.15) 4.60.17) 1477%0.14) 3.71(0.15)
L. polyedrum 0.52(0.08) 184390.04) 576(Q0.32) 0.3080.30) 14290.29) 0.0760.27) 4.000.25) 573520.37) 3.07(0.35)
K. veneficum  0.24(0.07) 680(0.01)  1760.18)  0.2440.13) 48(0.27) 0.0670.27) 3.60.32) 18790.18) 2.60(0.18)
Averages
Phototrophs ~ 0.32(0.62)  39441.52) 11311.68) 0.24§0.22) 2671.78) 0.0550.29) 4.7(0.18) 1074(q1.80) 2.37(0.63)
All species  0.49(1.09) 36971.53) 12331.46) 0.3300.76) 277(1.61) 0.0670.61) 4.80.18) - - - -
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Least-squares regression analyses ofltvsgnsformed C per cell amounts to the
mean cell volume (Figure 4.2) showed a significaationship (P<0.01, Table 4.3)
between these variables. The correlation was alggpasted by the Pearson test
(P<0.01). The N per cell values showed similar tr@teships with cell volume.

Therefore the C and N content may be predicted fitmequations listed in Table 4.3.
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Figure 4.2 (A) Least-squares regression of Iggtransformed cell carbon (©) and cell nitrogen ) to
cell volume for the 8 autotrophic dinoflagellatesData for the heterotroph C. cohnii are shown by

the black symbols @m) and inclusion or exclusion of these leads to thegression equations shown
in Table 4.3. (B) Visualisation of the same data wiout log,o transformation.

Table 4.3 Regression analyses for lggtransformed carbon and nitrogen to cell volume dad. For
each analysis, the intercept (a) and the slope (®ith their 95% confidence intervals (Cl) of the
resulting equation[ Log;, C (pg cell®) =a + (b x Log, Vol (um?)] are listed with the square of the

correlation coefficient (r%), the number of data points (n) and the probabiliy (P) associated with the

regression.

a 95%ClI b 95%ClI re n P
Logio C per cell
Autotrophs -0.572 1.182 0.997 0.355 0.97 8<0.01
All species -0.445 2.847 0.981 0.858 0.81 9<0.001
Logio N per cell
Autotrophs -1.321 1.743 1.023 0.524 0.94 8<0.001
All species -1.213 2.729 1.009 0.822 0.81 9<0.001
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The Chla content ranged from 1005 fg ¢&in P. glacialisto 57352 fg celt in
L. polyedrumwith an average of 10740 + 19344.5 fg ¢elfhese values are close to the
190 - 23000 fg cefl range reported for 35 dinoflagellate species (Tah@96).
Expressed on a per cell volume basis &hbncentrations ranged from 0.61 fg fim
S. trochoideao 4.94 pg prf in A. carteraewith an average of 2.37 + 1.481 pg iim
Chlorophyll data showed an RSD between replicat&® &0 which was larger than for
other parameters but of the same order observether phytoplankton culture studies
(e.g. Steinke et al., 1998).

| adopted the method of DM$Pused here because | found the model
dinoflagellateHeterocapsa triquetravas quite sensitive to filtration and this techugq
gave more consistent data. With this method, therame RSD obtained here for 9
dinoflagellate species was 14 % per cell and 16€e¥cpll volume on average (Table
4.4) which is lower than the RSD of 52 % given @MSPr analysis by Yost et al
(2009). DMSR concentrations per cell volume ranged from 11 mNK.veneficunto
364 mM inH. triqguetraand the average was 174 + 142.8 mM (Table 4.4 Gwwups
of species can be distinguished: (A) minutum, A. carterae, S. trochoideand
H. triguetra had DMSP concentrations between 290 and 364 mbhgly above the
average; (2K. veneficum, L. polyedrum, K. foliaceum, P. glasiand C. cohniihad
medium to low DMSP concentrations ranging from @1163 mM. | also found that
thecate species contained significantly higher DM®Rcentrations per cell volume
than athecate species (Mann-Whitngyest, P<0.05). Given that the athecate species
had a smaller cell volume than thecate speciestédethe correlation between the cell
volume and the DMSP content but no significant @lation was obtained between the
cell volume and DMSP concentration per cell volu(Bpearman test, P>0.05). For
correlation between cell volume and DMSP per cefiasite conclusions were obtained
with different statistical tests. These two pararetwere significantly correlated
(P<0.05) with a Spearman’s test, not significacthyrelated (P>0.05) but suggestively
correlated (P=0.097 <0.10) with Pearson’s test gusilata normalised by leg
transformation and the least-squares regressiomwaasignificant (P>0.05; regression
illustrated in Figure 4.3).
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Table 4.4 DMSP data for 9 dinoflagellate species.NIGP; is expressed per total cell volume (CV), per celher carbon, per nitrogen and per chlorophylla. (C)DMSP:C
indicates the DMSP-carbon to C ratio and (S)DMSP:Nndicates the DMSP-sulphur to N ratio. Values are anged in decreasing order of DMSP per cell volume.
Averages (z relative standard deviation) obtainedrbm 9 culture samples are given. Phototrophs incluglall species except the heterotropB@rypthecodinium cohnii.

Species DMSP::CV DMSR:cell DMSP;:C DMSP::N DMSP::.Chla (C)DMSP:C (S)DMSP:N
(mM) (pmol cell  (mmolmol™)  (mmol mol")  (mmol g% (%) gg’

H. triquetra 364 (0.06)  0.719(0.07) 25.1(0.13)  184.5(0.09) 250 (0.30)  12.6(0.16)  0.422(0.13)
S. trochoidea 326 (0.13)  1.300(0.19) 24.0(0.16)  119.3(0.26)  536(0.49)  12.0(0.30)  0.273(0.37)
A. carterae 300 (0.12)  0.140(0.09) 12.1(0.18)  63.8(0.11) 61 (0.16) 6.0(0.20)  0.146(0.15)
A. minutum 290 (0.20)  0.861(0.10) 13.9(0.06) 75.4(0.05) 260 (0.14) 6.9(0.15)  0.173(0.15)
C. cohnii 103 (0.24)  0.213(0.22) 1.2(0.13) 8.5(0.14) - - 0.6 (0.31)  0.019(0.32)
P. glacialis 94 (0.12)  0.066(0.05) 4.0(0.18)  25.3(0.12) 66 (0.54) 2.0(0.19)  0.058(0.13)
K. foliaceum 56 (0.13)  0.223(0.12) 2.6(0.15) 13.8(0.12) 15 (0.12) 1.3(0.21)  0.032(0.19)
L. polyedrum 23 (0.32)  0.426(0.33) 0.9(0.30) 4.2(0.27) 7 (0.36) 0.4(0.46)  0.010(0.44)
K. veneficum 11 (0.09)  0.008(0.09) 0.5(0.19) 2.3(0.27) 4 (0.19) 0.3(0.20)  0.005(0.28)
Averages
Phototrophs 183 (0.82)  0.468(0.97) 10.4(0.97) 61.1(1.05) 150 (1.25) 5.2(0.97)  0.14(1.05)
All species 174 (0.82)  0.440(0.99) 9.4(1.05) 55.2(1.14) - - 4.7(1.05)  0.13(1.14)
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DMSP; per cell varied between 0.008 pmol @eith K. veneficunmand 1.3 pmol
cel* in S. trochoideawith an average of 0.44 0.434 pmol cell. Because the cell
volume was highly variable between species, the BM@&lues expressed per cell

volume and per cell did not give the same speai@sro
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Figure 4.3 Least squares regression of (A) DMSP peell to cell volume (B) logptransformed data.

The DMSR per C and per N values followed a similar patterdDMSP: per
cell volume values because the C and N contents pasitively correlated with the cell
volume. The DMSPper C quotas ranged from 0.5 to 25.1 mmoltweith an average
of 9.4 + 9.89 mmol ma! (Table 4.4). The DMSPper N values ranged from 2.3 to
184.5 mmol mof with an average of 55.2 + 62.75 mmol fholUsing the DMSP
values as an approximation of the intracellular BV ge C in DMSP would represent
between 0.3 and 12.6 % of the total cell C acrbss group of dinoflagellates. The
sulphur in DMSP to N ratio (S(DMSP):N, Table 4.#hich is a key parameter for
DMS models, ranged from 0.005 to 0.42 wgth an average of 0.13 + 0.144 4.g

DMSP: Chl a ranged from 4 mmol Yin K. veneficumto 536 mmol  in
S. trochoideawith an average of 150 + 187.6 mmdl.ghe DMSR:Chl a ratio showed
a similar species order to the DMSPBer cell volume apart fronA\. carterae and

S. trochoideavhich had high and low Clal concentration per cell volume respectively.

Five of the 9 dinoflagellate species presente@aable DMSP lyase activity
with DMS production ranging from 15.7 to 1180.5 ri in culture extracts (Table
4.5). The highest DMSP lyase activity was foundhi@A. minutumculture (1180.5 nM

h™). This activity was about twice that observedtfarA. carteraeculture, 5 and 7-fold
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higher than inC. cohniiand L. polyedrumcultures. DMSP lyase activity was barely
detectable irS. trochoideg15.7 nM H) slightly above the detection limit (7.3 nM'*j
and no activity was detected with this assay methodH. triquetra, P.glacialis,

K. foliaceum and K. veneficum.

Table 4.51n vitro DMSP lyase activity (DLA) for 9 dinoflagellate speies. DMS production is
expressed per litre of culture, per cell and per t@l cell volume (CV). Averages (+ relative standard
deviation) obtained from 3 replicate cultures areisted. BDL means Below Detection Limit.

Species DLA DLA: cell DLA: CV

(nM h™) (fmol cell* h'?) (mmol L™ hY)
H. triquetra BDL BDL BDL
S. trochoidea 15.7 (0.30) 0.61 (0.37) 0.15 (0.34)
A. carterae 613.0 (0.02) 3.07 (0.08) 6.70 (0.06)
A. minutum 1180.5 (0.07) 59.73 (0.07) 22.56 (0.10)
C. cohnii 239.8 (0.17) 7.27 (0.27) 2.86 (0.33)
P. glacialis BDL BDL BDL
K. foliaceum BDL BDL BDL
L. polyedrum 164.8 (0.10) 0.80 (0.16) 1.75 (0.14)
K. veneficum BDL BDL BDL
Averages
Phototrophs 493.5 (1.06) 16.05 (1.81) 7.79 (1.31)
All species 442.8 (1.06) 14.30 (1.79) 6.80 (1.34)

The variability among the 9 species obtained fahegaarameter is summarised
and visualised in the box and whisker plots showirigure 4.4 and Figure 4.5. The
C:N ratio showed little variation between specidsgire 4.4). The C and N
concentrations showed little variation per cellurok and variation per cell over 2
orders of magnitude. This difference arises from \thriation in cell volume that also
spreads over 2 orders of magnitude. The varialoBPMSP concentrations expressed
per cell volume, per cell, per C, N and Ghlextended over 2 orders of magnitude
(Figure 4.5). The DMSP lyase activity showed samteioof variability per cell and

slightly less per cell volume.
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Figure 4.4 Box and whisker plots showing the spreadf the data (error bar), the T and 3¢ quartile
range (box) and the median value (horizontal bar) lotained for each parameter measured for 9
dinoflagellate species. The symbolo] denotes excluded outlier data referring toLingulodinium
polyedrum. (A) Cellular contents of C, N, Chla, DMSP, expressed in pg celland the volume of the
cell in um®. (B) Concentrations of C, N, Chla, DMSP per cell volume in pg prit and the C:N ratio.
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Figure 4.5 Box and whisker plots showing the spreadf the data (error bar), the T and 3¢ quartile
range (box) and the median value (horizontal bar) latained for (A) DMSP and (B) DMSP lyase
activity (DLA) measured for 9 dinoflagellate specis. The symbol ¢) denotes excluded outlier data
referring to Scrippsiella trochoidea. DMSP is expressed per cell volume (CV) in mM, pecell in
pmol cell*, per carbon in mmol mol*, per nitrogen in mmol mol* and per Chlain mmol g*. DLA is
expressed per cell in fmol ceft h™* and per total CV in mmol Leg* h™
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4.4 Discussion

In order to compare the DMSP levels found in ddfdrphytoplankton groups
and with a view to providing values for inclusiom @cosystem and global climate
models, it is necessary to express DMSP data mstef C, N and Ché (Stefels et al.,
2007). Menden-Deuer and Lessard (2000) developedgaation to estimate carbon
content from cellular volume using a database ofdB¥bflagellate species. DMSP
values expressed per C often come from estimataseddrom such equations and only
rarely from real measurements. DMSP values frond fistudies are sometimes
expressed in terms of readily available @htlata. Whilst it is difficult to apportion
Chla to specific phytoplankton in the field, it is attractive parameter for modelling
studies as a proxy for phytoplankton biomass arwhie of the ready availability of
satellite Chla data. In this study, my approach was to measuesettparameters

directly.

4.4.1.C and N content

The C and N contents as well as the C:N ratio {&6) obtained in my study
are close to the 3.44 - 6.45 range for 20 dinoflates published by Menden-Deuer and
Lessard (2000). Verity et al., (1992) obtained ghkr range of C:N values from 5.1 to
8.8 for 3 phototrophic dinoflagellates. Meksumpuiale(1994) obtained a C:N ratio of
6.8 and 7.6 inAlexandrium catenelland Scrippsiella trochoideaespectively. They
also noticed that this ratio varied with growth getaby increasing at the early
exponential phase, then decreasing and increaglam at the stationary phase in
A. catenella and increasing during the exponential phase anctedsing at the
stationary phase i8. trochoideaThese variations might explain some of the vaitgb
between studies. Turning to the basic Redfieldorathich defines the elemental
composition of marine phytoplankton as 106:16:1 GoN:P, the C:N ratio would be
6.625. | found that the photosynthetic species giba/ C:N ratio of 4.7 = 0.84, slightly
lower than the Redfield ratio.
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Whilst C. cohniishowed a higher C concentration per cell volum@3D pg pum
% than the phototrophic species measured hereggeesf 0.248 + 0.0539), its carbon
quota of 2051 pg C céllfits well within the range of 223 - 35349 pg ceflublished
for other heterotrophic species (Menden-Deuer agskard, 2000). The N content of
this species (352 pg cé)l was also higher compared to that of the photbsyitt
species and higher than values obtained in ancthety (48.43; 89.09 pg céll
Menden-Deuer and Lessard, 2000) but I am not awdreany further data for

comparison.

The C content measured n polyedrum(5760 pg celt) was 6 times higher
than the 990 pg céllvalue reported by Mullin et al. (1966) despite igmcell volumes
of 18439um® and 16800 prrespectively. It is not clear whether these déferes
reflect the potential for variation between the snatrains of this species.

In agreement with the results of Menden-Deuer aggbard (2000), | observed a
significant positive relationship between cell voleland C and N content. | obtained an
equation to predict the C content from the meahvadime [Logo, C = -0.445 + (0.981
x Logio Vol)] which is similar to the equation that thegleulated [Log, C = -0.353 +
(0.864 x Logo Vol)] on the basis of all previous published vaudvoreover in
agreement with their findings, | found no signifitadifference in C and N

concentrations between thecate and athecate dijetifites.

4.4.2.DMSP and DMSP lyase activity

All the dinoflagellates included in this study puogéd DMSP. However, in
common with a previous study by Keller et al., (Q@Bconsiderable variability was
observed. In contrast with coccolithophores whesegaificant correlation between cell
volume and DMSP cell quotas has been found (Frandgdi al., 2010), no obvious
correlation was found for these 9 dinoflagellatecsps. The significant correlation
obtained with non parametric test between cell maand DMSP cell quotas for the 9
dinoflagellate species was not confirmed by thempetric test using lagtransformed
data. However, thecate species contained signtficdngher DMSP concentrations
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than athecate species. No relationship betweermpitbgence or absence of cellulosic
plates and DMSP content has been described préyiduse collection of more data is

warranted to clarify these relationships.

H. triquetra, S. trochoidea, A. carteraand A. minutumshowed high DMSP
concentrations (290 - 364 mM) that are comparalile ar higher than those reported
for the well-studied prymnesiophytEsniliania huxleyi(50 - 304 mM from for example
Franklin et al., 2010; Harada, 2007; Keller, 19889; Keller et al., 1989a; Steinke et
al., 1998; van Rijssel and Gieskes, 2002; Wolfalgt1997) andPhaeocystis sp.71 -
260 mM from Keller et al., 1989a and Stefels andh VBoekel 1993). These
dinoflagellates are common bloom-forming specied thay act as strong sources of

DMS in coastal waters especially during bloom esent

| compared the DMSP and DMSP lyase activity dataiobd in this study with
data available in the literature and the values sanmmarised in Table 4.6. In the

following section | consider each of the speciegsgtigated in turn.

Heterocapsa triquetrais found in estuaries and coastal waters worldwide
(Tomas, 1997; Litaker et al., 2002) and has dewslops a model photosynthetic
dinoflagellate species for laboratory experimentgbtained similar DMSP content
values forH. triquetraCCMP449 to those for strain NIES (Niki et al., 200@ble 4.6).
These strains were isolated from different geogmapbnes (Japan Bay for NIES and
the Canadian St Lawrence Estuary for CCMP449) airednot clear whether they were
cultured in different temperature and light corafis, though the same medium was
used. Niki et al. (2000) detected substantial DM@&se activity in this species
suggesting that it would also directly contribubetihe DMS pool in the sea, but | was
unable to detect any DLA in CCMP449.
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Table 4.6 Comparison of DMSP and DMSP lyase actiyit(DLA) results from this study and published data.Data are given for DMSP per cell volume (CV), DMSker
cell, DLA per cell and DLA per CV. DMSP values expessed in pg ceft were converted to mol celft units using a DMSP molecular weight of 134.2 g. () indicates
that DLA was not detected. (NT) indicates that DLAwas not tested.

Species /Strain Data DMSP : CV DMSP : cell DLA: cél DLA: CV
source (mM) (pmol cell’)  (fmol cell* h™)  (mmol L h™)

H. triquetre

CCMP449 This study 364 0.719 ND ND

NIES-7 Niki et al., (2000) 300 0.6 30 20

S. trochoide

CCMP1599 This study 326 1.3 0.61 0.15

CCAP1134/1 Hatton and Wilson (2007) 169 0.329 NT NT

CCMP1131 Keller et gl(1989a) 350 2.861 NT NT

NIES-369 Niki et al., (2000) 600 1.3 18 8

A. carterac

CCMP1314 This study 300 0.140 3.07 6.70

CCAP1102/1 Hatton and Wilson (2007) 57 0.0147 NT NT

CCMP1314 Spiese et al. (2009) 109 - NT NT

X Harada (2007) 288 0.0977 4488 13260

CCMP1314 Harada (2007) 326 0.133 1.48 3.61

CCMP1314 Keller (1988/1989) 377 0.144 NT NT

A. minutur

CCMP113 This study 290 0.861 59.73 22.56

Field sample Jean et al., (2005) 3388 14.2 NT NT

C. cohni

CCMP316 This study 103 0.213 7.27 2.86

CCMP316 Keller et al, (1989a) 377 0.341 NT NT

L. pclyedrurr

Lp2810 This study 23 0.435 0.80 1.75

CCMP1738 Harada (2007) 13 0.119 102.6 11.52

CCAP1121/2 Hatton and Wilson (2007) 5 0.0545 NT NT
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Scrippsiella trochoided a common, cosmopolitan neriaad estuarine species
(Tomas, 1997). The DMSP content 8f trochoideahas been measured in several
studies and shows intra-specific variation in tege 169 - 600 mM (Table 4.6). Here,
DMSP inS. trochoideaCCMP1599 (326 mM, grown at 15 °© C) is in the midadiehe
range previously observed and close to the valperted for CCMP1131 (350 mM)
which was grown at 20° C. | detected DLA of 0.6 bfell* h'in S. trochoideaulture
extracts which was lower than the 18 fmol ¢eil* obtained by direct measurement of
in vivo assay on a culture sample of the other strain N&5performed by Niki et al.,
(2000). This difference is likely to result frometluse of different analytical methods
but does not exclude a potential intra-specific iaklity between strains of

S. trochoidea

Amphidinium carterag@s a common species in temperate and tropical ravate
(Tomas, 1997)Published values foh. carteraeinclude 3 other studies on CCMP314
and the data suggest intra-specific variation in $3Mcontent in the range of 57 —
377 mM (Table 4.6)A. carteraeCCMP1314 is also a potential DMS producer due to
the presence of DMSP lyase activity. | obtained DtfA3.07 fmol cel h* which is
rather close to the 1.48 fmol ctlh? value forin vitro activity for the same strain
reported by Harada (2007). DLA values for what wsumned to be a different strain of
A. carterae(strain X, 4488 fmol cefl h'; Harada, 2007) suggests wide intra-specific

variation in DLA.

Alexandrium minutumis a toxic species that can cause paralytic siellf
poisoning (PSP) after consumption of contaminatsfaod. It is globally distributed
due to a recent expansion and blooms have been freaent in recent decades
(McCauley et al., 2009)Jean et al. (2005) isolated a small numbeh.ahinutumcells
(<80) in a field sample from the Mediterranean Sed found the DMSP content to be
3388 mM and 14.2 pmol céil(Table 4.6). This is the highest DMSP level repdror
any phytoplankton. Usind\. minutumCCMP113 originally isolated on the Atlantic
coast of Spain, | found 10-fold lower DMSP but m#iveless this is a substantial DMSP
concentration. Moreover the DMSP lyase activity. {89fmol cell* h'%) associated with

this species makes it a potential DMS producer.
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Crypthecodinium cohnis a brackish to marine heterotrophic dinoflagelldat
is usually associated with decomposing temperatletrapical seaweeds (Tomas, 1997;
Mendes et al., 2009€. cohniiCCMP316 showed a lower DMSP content than previous
results (Table 4.6). However, | have seen condideraariation in DMSP content
during different growth phases and depending omiemit availability (reported in
Chapter 6 and Chapter . cohniiis a fast growing species and | took care to noonit
growth and perform analysis during the exponergia@se. This might account for the
higher values reported by Keller and co-workers8@e. The DMSP lyase activity of
C. cohniiwas previously detected by Kadota and Ishida (1®&8 was not quantified.
In this study, | reported for the first tima vitro DLA measurements ii€. cohnii
culture extracts. The heterotrophic specf@scohnii synthesized a medium range

concentration of DMSP and DMSP lyase activity dangst is a potential DMS producer.

Polarella glacialisis a bipolar species found in Antarctic sea-icéineaakes
and Canadian Arctic seawater (Montresor et al.9188ntresor et al., 2003; Thomson
et al., 2004; Rengefors et al., 2008). Dinoflageiahave been suggested to be a major
source of DMSP in Antarctic coastal waters (Gibsoml., 1996) and this species was
reported as dominant in the phytoplankton communitntarctic fast ice (Thomson et
al., 2006).P. glacialis is the first polar dinoflagellate tested for DM$Bntent. A
medium DMSP concentration was obtained in thisiggg®4 mM and 0.066 pmol cell
1) and no DMSP lyase activity was detected.

Kryptoperidinium foliaceumis an estuarine species that holds a diatom
endosymbiont (Withers and Haxo, 1975; Chesnick let H97) and the first
dinoflagellate harbouring diatom-like plastids ass& for DMSP content. A medium to
low DMSP concentration was contained by this st mM and 0.223 pmol cé)l
and no DMSP lyase activity was detected.

Lingulodinium polyedrumis a neritic species present in warm waters from
temperate to tropical regions and is generally iclaned as a non-toxic dinoflagellate
(Lewis and Hallett, 1997; Tomas, 1997). Sulfoniunmpounds other than DMSP such
as gonyauline and gonyol have been identified i;1species and may contribute to the
total DMSP pool thereby overestimating DMSP coneditn (Nakamura et al., 1996).
L. polyedrumLP2810 showed a lower DMSP content (23 mM) thdreospecies but
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slightly higher than value obtained for other stsai(5 - 13 mM, Table 4.6).
L. polyedrum LP2810 showed some DMSP lyase activity but witkivdo DMS
production compared with the strain CCMP1738 (Hay&907).

Karlodinium veneficums an ichtyotoxic species that is common in teragger
estuarine waters (Bachvaroff et al., 2009) andpesentative of dinoflagellates that
have haptophyte-like plastids. This species diguay low DMSP content and no DLA
was detected with my assay conditions. A few dagdllates with haptophyte-like
plastids have been tested for DMSP and DMSP lyeisétst and they also showed low
DMSP content (18 mM irKarenia brevisfrom Harada, 2007, 0.65 and 0.36 mM in
Karenia mikimotoifrom Keller et al., 1989a). Harada (2007) alsoeditd DLA in

Karenia brevis

DMSP-carbon represented a variable fraction otaked cellular carbon. | found
that in species containing significant amounts &3P H. triquetra, S. trochoidea,
A. carterae, A. minutunDMSP was a major component of the total cellakbon (6 -
13 %). These results are in agreement with theutalons of Matrai and Keller (1994)
which showed 12 — 20 % values for 2 dinoflagellatagh the calculations of Stefels et
al. (2007) based on 32 dinoflagellate species ()la¥d with the value of 8 %
calculated by Archer et al., (2002a) from previpublished data and used in a model
predicting the DMSP conversion into DMS in a phyamiton bloom. In species that
produce smaller amounts of DMSKK. {eneficum, L. polyedrum, K. foliaceum
P. glacialis and C. cohni), DMSP contributed less to the cellular carbon|p@d3 -
2%). The DMSP to C ratio was also variable betwsgecies. | obtained a DMSP:C
average value of 0.0094 mol rmo(n=9) that was lower than the 0.022 mol thol
calculated by Stefels et al., (2007) from 32 DMS$Blhed values converted to C units
using the Menden-Deuer and Lessard (2000) equationgeneral, the range of
dinoflagellate species used here appear to haverIDMSP contents than the 32 values
considered by Stefels et al. (2007) and thus, [dWEP:C quotas.

The DMSP:Chla ratio is often quoted in field data but seldomegivalongside
culture measurements. The DMSP:Ghlaverage obtained here was 150 mmdl g
(Table 4.4) and is provided to allow comparisorhwield data and provide values for

modellers. It is in agreement with the 111 mnibleglculated by Stefels et al (2007) for
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32 dinoflagellate species. The DMSP:Ghtange of 4 to 536 mmol'g(Table 4.4) |
obtained in this study was a little broader thae W#alues reported for mixed field
populations (40 - 280 mmolgin Belviso et al. 2000 andLee et al., 2009). On the
other hand, dinoflagellate cultures have a highadSP:Chl a ratio than other
taxonomic groups like diatoms (2 — 97 mmd) gand Phaeocystis pouchetijll —
134 mmol §) measured in their natural environment (field datdewed by Matrai and
Vernet, 1997). For comparison with laboratory ddiapflagellate cultures also have a
higher DMSP:Chh ratio thanEmiliania huxleyicultures (40 and 85 mol mbivhich is
equivalent to 45 and 95 mmol‘gBucciarelli et al., 2007). The higher DMSP:Ghl
ratio of dinoflagellates may result from their law€hl a content. Tang et al., (1996)
found a 55 % lower Chla content per C unit than in other taxa (diatoms,
prymnesiophytes and chrysophytes). In this contexdthods are being developed to
allow identification of some phytoplankton groupsrh satellite data (Alvain et al.,
2005; Alvain et al., 2008), so this might allow tipeediction of phytoplankton-

associated DMSP concentrations in the field inftivare.

The DMSP lyase activity measured in these dinoflagecultures varied from
0.61 - 59.73 fmol cefl h* (Table 4.5), which is comparable with the rangsevbed for
strains ofEmiliania huxleyi(0.12 - 750 fmol ceft h™ ; Steinke et al., 1998 ). However,
| measured DLA at pH 8.2 which is close to the ratenvironment of phytoplankton,
but | did not optimise the pH for maximal enzyméhaty as Steinke et al., (1998) did.
pH optima of 6 to 6.5 and 6.0 have been reported ObA in C. cohnii and
Alexandriumcultures respectively (Kadota and Ishida, 1968;f@/et al., 2002). On the
other hand, Yost et al., (2009) found that a pH.6f was best for DLA measurements
with the dinoflagellateSymbiodinium microadriaticunand Harada (2007) obtained
stronger DLA with a pH of 8 to 8.5 for dinoflagebkeacultures. Given the comparison of
DLA from different studies may be distorted by tige of different pH conditions, |
recommend the first use of a close to seawatergHuture phytoplankton screening
studies that would represent the activity of exdertyases. Little is known on
intracellular activity and sub-cellular localisatimf DMSP lyases and dinoflagellate
cells generally have a pH similar to that of thaveater of 8 (Dason and Colman, 2004)
whereas other phytoplankton species may have a awile intracellular pH from 5 to
8 (Raven and Smith, 1980; Wheeler and Hellebust11®I1. J. Merrett et al., 1996).
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Among the 5 species which displayed DMSP lyaseviigti3 were axenic. The
presence of bacteria iA. minutumand K. foliaceum cultures means that | cannot
exclude the potential for bacterial DMSP lyase \tgtiin these cultures. For DLA
measurement in this study, the preparation of éhelar extract started with a filtration
(2.0 um pore filter) which should exclude most tmetted bacteria and reduce the
bacterial population. Attached bacteria represerly @ small fraction of the total
bacterial population associated with healthy phigiokton (Smith et al., 1995) and are
unlikely to be the major source of DMSP in the gsddoreover, Wolfe et al. (2002)
observed similar DMSP lyase activities in axenicd anon-axenic strains of
Alexandrium ldeally, confirmation of the origin of the enzytaactivity would
necessitate testing axenic cultures of the samaestrHowever, in the field, DLA will
always be associated with the whole microbial comitguand not the dinoflagellates

alone.

4.4.3.Input for models

Various scientists have used diagnostic (empiricaddels to simulate global
DMS emission based on remote sensing data suchl@®ghyll a, mixed layer depth
and solar radiation (Simo and Dachs, 2002; Valdnd Simo, 2007). They have been
successful in realistically predicting the DMS esiog® in comparison with observed
DMS concentrations and have even reproduced the Bd&&Sonality (Simo and Dachs,
2002; Halloran et al., 201@nd particular DMS patterns including the DMS summe
paradox of high DMS and low Chlconcentrations in low latitudes (Vallina and Simo,
2007). Moreover a strong positive correlation bemvéhe solar radiation dose and the
DMS concentrations in the upper mixed layer at @bgl scale has been established
(Vallina and Simo, 2007). However, these diagnostiodels appear limited in
simulating DMS predictions in areas such as shedsequatorial and Antarctic regions
(Halloran et al., 2010). This is not surprisingegivthat Chla and DMS are not directly
connected (see section 1.1.4) and that there iergyna lack of correlation between
these two parameters in field data (Holligan et187; Watanabe et al., 1995; Uher et
al., 2000).
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Prognostic (mechanistic) models have been develofmedimprove the
description of the underlying ecosystem proces$ed tontrol DMSP and DMS
production. The approach has generally been to leoapisting ecological models
which implement the nutrient-phytoplankton-zooplamk food chain to DMSP and
DMS production. In Gabric et al. (1993; 1999) andofgp et al. (2007), the
phytoplankton component is described as a whole ted DMSP production is
parameterised by the factor ¢ = S(DMSP):N). They factors of 0.3 (Gabric et al.,
1993) and 0.358 (Cropp et al.,, 2007) were basedlimited data for a few
phytoplankton species or measurements of a spedhietic phytoplankton population
(y=0.04 and 0.2, Gabric et al., 1999). For the begttediction of DMSP concentrations
for different phytoplankton populations and aredactors are needed for bigger set of
culture and field measurements. Here, | reporttamdil values for this factor (average
vy = 0.13) for the 9 dinoflagellate species studi€dble 4.4). As yet these types of
model do not take the taxonomic variability in pptankton cell DMSP content into
account, but this would be necessary to repredemtphytoplankton diversity and

succession.

The phytoplankton module of DMS models has progedsy implementing
DMSP quotas for different phytoplankton groups. 1896, van den Berg and co-
workers succeeded in representing the DMS producimd variation in the southern
North Sea by including 6 phytoplankton groups: 3vbich produced DMSP: diatoms,
non-grazed flagellatesPhaeocysts)s and grazed flagellates. The other parameters
needed for gradual improvement of models are thsergsion of the conversion of
DMSP to DMS, exudation rates (Laroche et al., 1993ISP lyase activity (van den
Berg et al., 1996), bacterial cleavage and micrplaostkton grazing (Archer et al.,
2002a). Then, in 2005 Le Quéré and co-workers pmegpoa model which
compartmentalises the phytoplankton into 10 Plamkteunctional Types (PFT)
including phytoplankton and zooplankton classifetording to their biogeochemical
roles (e.g. coccolithophores as calcifiers, diatoass silicifiers). In this scheme
autotrophic dinoflagellates are placed in the “rdixghytoplankton” PFT group. The
parameterisation of this group is based on a DMS$foduction value of 12 mmol niol
Lwhich is the same as that used for the “DMS prodtiagoup. My measurement for 8
phototrophic dinoflagellates gave an average of 18.10.06 mmol mot which

supports their estimation. On the other hand, theoteophic dinoflagellates are
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considered in this PFT as inefficient DMS produckrsking DMSP lyase activity,
having no direct impact on the S cycle and no @efiniogeochemical role. However, 5
of the 9 species tested here showed substantial DiM&e activity. Moreover some
dinoflagellate species may contain DMSP in comgdarahd higher concentrations than
Phaeocystisvhich they included in the “DMS producers” group“&miliania” which

is not included but recognised as affecting the D&§Sle. In view of my results, |
suggest that dinoflagellates should be describedfasent DMSP and DMS producers.
The phytoplankton groups implemented in models Ehoimclude a separate
dinoflagellate group or include a defined grougimioflagellate species (which contain
substantial amounts of DMSP) inside a DMS prodgeceup. Moreover, DMS cleavage
by DMSP lyase could be further implemented for galeitoplankton group. Similar to
mechanistic models that have been developed fon fopoduction by dinoflagellates
(John and Flynn, 2002), simple models could be ldgeel for DMSP and DMS
production by dinoflagellate species in coastahanehere dinoflagellates periodically

form blooms.

A DMS model has been tested by Vogt et al., (201i€@) the implementation of
5 PFT from Le Quéré et al., (2005) including coitbophores, diatoms, nanoflagellates
(No-fixers, DMS producers represented mainly Wghaeocystis and mixed
phytoplankton represented by autotrophic dinoflage$ and chrysophytes) micro- and
meso-zooplankton for the prediction of DMSP product This model was successful
in predicting mean DMS concentrations and seadgnali mid and high latitudes
comparable to observed data. The model-data agrgeimereasonably good with
correlations obtained of 0.47 and 0.62 for the I€eaind Andreae (2000) database and
the Global Surface Sea database (http://saga.pmaalgov/dms/). However, this model
underestimated chlorophyll concentrations in vagiaweas including the Arctic, North
Atlantic and most upwelling regions, and undereated DMS concentrations in the
Southern Ocean, equatorial Pacific and NortherntiNétlantic. These limitations
might be reduced by further developing the biolagiwomponent of the DMS model
with all the phytoplankton groups described by &tekt al. (2007) as main DMSP-
containing species. This will be possible by insreg the database of DMSP:C data of
the key phytoplankton groups and the other spespesific data needed for the various
parameters of the model, for example: grazing,velga by free DMSP-lyase and

photolysis (as described in Vogt et al., 2010).
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Heterotrophic dinoflagellates are thought to repn¢sabout 50 % of the living
dinoflagellates i.e. about 1000 species. A few loétephs have been shown to contain
DMSP includingCrypthecodinium cohniiPfiesteria piscicida, Pfiesteria shumwayae
(Miller and Belas, 2004) andProtoperidinium pellucidunfJean et al., 2005). | found
that the DMSP:C ratio o€. cohnii was substantially lower than for photosynthetic
species due to its higher C content (Table 4.2amloleT4.4).The capacity of DMSP
production in heterotrophic dinoflagellates wargaftrther investigation with a bigger
set of species because they may be a large soubdd®P and DMS which needs to be
better defined and potentially parameterised in etsd
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4.5.Conclusion

| have reported here supplementary data for C, IN,aZDMSP content and
DMSP lyase activity of 9 dinoflagellate speciesaddress these data to modellers in

order to implement the dinoflagellate group in fetdMS model investigations.

| confirmed that dinoflagellates have a low growdle as previously described
except in the case dfrypthecodinium cohniian osmotrophic species that grows
rapidly on a medium containing glucose as the dantirC source. | also verified the
relationship between cell volume and C and N cdnpeoposed for dinoflagellates by

adding new species to the available dataset.

Wide variability in cell volume and Chd content was evident among the 9
species. DMSP content varied over 2 orders of ntagaiwith some species containing
similar DMSP concentrations to those observed & wrll-studied DMSP-producers
Phaeocystis and Emiliania. Athecate dinoflagellates and species that harbour
haptophyte-like plastids tended to have lower DM&®hcentrations than other
dinoflagellate species. Comparison with publishathduggests that there is a potential
for intra- and inter-specific variation in DMSP @amtrations and DMSP lyase activity.
It is possible that contrasting dinoflagellate seecwith for example 12 % or 0.3 % of
total carbon content as DMSP, may not be using niegabolite in the same way.
Further research to elucidate the multifunctionaler of this compound for
dinoflagellates and other types of phytoplanktomvésranted and might explain some

of the inter-specific variability observed.

Dinoflagellates are a complex group to parameteng@MSP and DMS models
due to their extreme biological diversity and tharge variability in DMSP
concentrations. A compilation of all available dataDMSP content and DMSP lyase
activity in dinoflagellates is necessary to defihe contribution of this plankton group
to DMS production and the S cycle more precisehisdatabase (Chapter 5) is aimed
to implement the dinoflagellates in the phytoplamkecosystem of climate models. The
dinoflagellate group is generally divided into tBeautotrophs and heterotrophs sub

160



Chapter 4 DMSP content and DLA in batch culturesiné dinoflagellate species

groups, but it is not yet clear that division isrveated on their DMSP and DMS
contribution level.

| measured several new dinoflagellate species lameffort should be sustained
to increase our knowledge of the capacity of dempllates to produce DMSP and
DMSP lyase. In this regard, the heterotrophic dag#llates deserve particular
attention. More data will lead scientists to a éettefinition of this group and a more
accurate prediction of DMS emissions. Dinoflagellpbpulations are being affected by
global warming: as evidenced by an increase in @uoice in the Mediterranean and
North Seas (Edwards et al., 2006; Mercado et @07Pand earlier seasonal blooming
(Edwards and Richardson, 2004). Moreover, we amegtly lacking knowledge on the
future of polar species in the context of meltieg e in polar areas. Polar species such
as Polarella glacialismay be a DMSP source. The consequences for DMSs&ms
and climate need to be addressed. With more spspesfic data implemented in
mechanistic models it would be possible to predia likely consequences of the
proliferation or extinction of one or more speciEmally, given that dinoflagellates are
also more carbon dense than diatoms (Menden-Denér L&ssard, 2000), their

proliferation could have a valuable positive effestocean carbon sequestration.
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Chapter 5 A re-appraisal of the variability in DMSP content and DLA

in dinoflagellates

Abstract

Twenty years ago Maureen Keller and co-workersiphbt a seminal study that
identified dinoflagellates as an important marihgtpplankton group with respect to
the production of DMSP. Here, | present an updayedhesis and analysis of all the
DMSP and DLA measurements currently available foofiagellates. The dataset
covers 66 species and strains and reveals ovate8soof magnitude variability in
intracellular DMSP concentration per cell volumel @abstantial variation in DLA.
Inter-specific variability was explored with refaee to biological characteristics.
Neither toxicity nor the presence of a theca apgubtr be related to DMSP
concentration. Bioluminescent species producedfgigntly lower concentrations
(P<0.05) than non-bioluminescent ones. Dinoflagedlavith a haptophyte-like plastid
contained lower amounts of DMSP than those witlhdp@n plastids (P<0.01), whereas
those containing cryptomonad-like plastids tendelave higher DMSP
concentrations. The only clear phylogenetic retetiop seen was lower DMSP
concentrations in bioluminescent species of the®gtales. Heterotrophic
dinoflagellates were also considered given thetepimal importance in the field. They
are the only heterotrophs known to synthesise DEISPthis ability may support the
theory of their photosynthetic origin. However, tieterotrophic species investigated to
date showed wide variability in DMSP content anel $pecie©xyrrhis marinahad no
detectable DMSP. Over the whole data set therenwagpparent relationship with the
oceanic province of origin, with the exception sflates from the Mediterranean
province which had significantly higher DMSP coritdran those from other areas
(P<0.05). This data compilation and analysis sujgpbie notion that DMSP-containing
dinoflagellates are an important potential soufd®MS to the global atmosphere and

highlights current gaps in knowledge.
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5.1.Introduction

Various dinoflagellate species were highlightedlmsethylsulphoniopropionate
(DMSP) and dimethylsulphide (DMS) producers in sahéhe earliest DMSP research
in the 1960’sAmphidinium carteraavas the first dinoflagellate shown to produce DMS
(Ackman et al.,, 1966). The heterotrophic dinoflégel Crypthecodinium cohnii
(previouslyGyrodinium cohnii produces substantial amounts of DMSP and was used
by Ishida and co-workers as a model species &ari@s of laboratory studies (see Ref
Ishida, 1968). They looked at the biochemical prige of the enzyme responsible for
the cleavage of DMSP to DMS; now known as DMSPdydsey also investigated the
metabolic pathway of DMSP in this species (revievibgdUchida et al., 1996). An
extensive DMSP screening of 123 clonal phytoplamidoltures was done by Keller et
al. (Keller, 1988/1989; Keller et al., 1989a; Kellet al., 1989b). On the basis of
analyses on 25 dinoflagellate strains, they coreduthat dinoflagellates are significant
DMSP producers. More recently, Yoch (2002) reviewadd emphasised the
contribution of small dinoflagellates (< 10 pm) WMSP production. Furthermore,
Stefels et al. (2007) recommended that dinoflatedlashould be included in the 6
phytoplankton groups recognised as DMS producersirfdusion in future global

climate models.

It is now generally accepted that dinoflagellates @ne of the most significant
phytoplankton groups in terms of production of DM8# precursor of DMS. However
this generalisation hides the variability appaiarthe Keller et al., (1989a) data in that
they found some dinoflagellate species to have wveigh intracellular DMSP
concentrations whereas others produced little arendhe underlying causes of this
variability are unknown. Moreover, it is fundamdrttaknow which species are strong
DMSP and DMS sources in order to better predicir thetential impact on climate,
especially when considering bloom-forming specieghe twenty years since Keller’s
survey, several scientists have measured the DM@t of dinoflagellate cells in
laboratory experiments and provided evidence af ttentribution to DMS and DMSP
production in the field. In this chapter, | reviemd analyse the available literature in
order to summarise and reconsider the knowledgegeogtess achieved in this research
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field, and to highlight the issues where furtheveistigation is warranted. The initial
approach was therefore to re-assess the diversiBMSP production ability amongst
dinoflagellate species and strains. Secondly, thigersity was explored against
biological criteria such as ability to produce taxiand bioluminescent compounds,
plastid types, taxonomic orders and phylogeneticsli and oceanic provinces of origin.
Finally, given the apparent multifunctional rolést have been suggested for DMSP
(see Chapter 1, section 1.2.3), | will consider #the diversity could imply in terms of

the functional roles of DMSP for the dinoflagel&tlat produce it.

5.2.Dinoflagellates associated with DMSP production ithe field

The relevance of DMS for the S cycle and climate lled scientists to put a lot
of effort into surveying DMS and DMSP concentration the field. Phytoplankton can
be monitored by different analyses e.g. chlorophyltetailed pigment composition,
taxonomic and abundance determinations. Dinoflagedl are common to abundant in
most aquatic systems worldwide (Taylor et al., 2088d the group includes both
photosynthetic and heterotrophic species. In taagean most of the photosynthetic
species contain peridinin and so can be identiiedbelonging to the dinoflagellate
group by the presence of this typical pigment. Hesve a smaller sub-set of
dinoflagellate species lack this pigment or contadtditional pigments due to having

gained another type of endosymbiont (more detaitection 1.3.5).

In some field surveys, DMSP concentrations havenbeerrelated with
dinoflagellate pigments like the carotenoids pe@imiand diadinoxanthin. In water
samples from the Caribbean Belize lagoon, Sundal.e2005) obtained a positive
correlation based on regression analysis betweasethpigments and DMSP
concentrations {£0.92, P<0.001 with peridinin and?=0.90, P<0.001  with
diadinoxanthin). Belviso et al. (2001) found a weakrelation with peridinin =0.22,
n=201, not statistically significant) in data farrface water samples from a range of
diverse oceanic regions. Furthermore, since a fewafldgellate species do not contain

peridinin, surveying for this pigment in bloom aseahere there are non-peridinin
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species can lead to an underestimate of the dgelféde biomass (Belviso et al., 2000)

and thereby misrepresent its correlation with DMBRcentrations.

In other field campaigns, dinoflagellate abundahes been correlated with DMSP
concentration in various marine areas. In the nogth Atlantic, Levasseur et al., (1994)
and Yang et al. (2009) obtained significant cotietes (*=0.45, 0.01 and 7=0.60,
P<0.001 respectively). In Mediterranean coastalergatJean et al. (2006) found
significant correlation (=0.58, P<0.05) as did Gibson et al. (1996) in Acttarcoastal
waters (r=0.875, £0.01). In the western English channel, Turner.ef1®88) found a
good correlation of one dominant speci€yrodinium aureolum with DMS
concentrations (r=0.79, n=25). In phytoplanktonobhs dominated by one or more
dinoflagellate species, DMSP concentrations werso@ated with the prevailing
dinoflagellate species. So far, 13 dinoflagellgtecses have been reported (Table 5.1,
1% column). Some other dinoflagellate species haes beported to be present during
bloom events associated with DMS production buirthesser abundance did not
correlate with DMS or DMSP concentrations (Tablé, 53¢ column). From these
potential DMSP-containing species, 4 speci@oiocentrum micans, Dinophysis
acuminata, Heterocapsa triquetra and Prorocentrurcuatum) have been confirmed to

contain DMSP by direct measurements (see sectih 5.

Symbiodinium spghe dinoflagellate symbionts or zooxanthellaeorals, are a
substantial source of DMSP and DMS in the Greati&areef where some of the
highest concentrations (18665 nM) reported for amgrine environment have been
found (Broadbent and Jones, 2004). Other dinoflagelsymbionts in giant clams,
jellyfish and anemones also potentially contain IM@&s shown in in Table 5.2 and

reported by Van Alstyne et al., 2006).
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Table 5.1 Dinoflagellate species associated with C3P concentrations in the field. Species that wereothinant in the bloom or that showed a correlation \ith DMSP
concentrations are listed in the T column; other species that were less abundant butere still a potential DMSP source are listed in ta 3% column. The field area and
the reference of the publication are detailed.

Dominant species associated Correlations and Other potential DMSP producers present Field area Rference

with DMSP in the field comments

Gyrodinium aureolunfnow  Abundance correlated with Western English Channel Turner et al. (1988)

Karenia mikimotaoj DMS concentrations r=0.79,
n=25

Prorocentrum sp, Major DMSP contributors in Northwestern mediterranean Belviso et al (1990)

Gymnodinium sp. size fraction >10 um coastal waters

Katodinium sp. DMSPr measured in bloom  Gymnodinium sp, Alexandrium sp, Scrippsiell&ulf of Maine, northwest Townsend and
sample from 104 to 314 nmol'Lsp, Dinophysis sp. Atlantic Keller (1996)

Gyrodinium impudicum Diel cycle in DMSP and cell  Prorocentrum micans, Prorocentrum triestinufdediterranean Sea Belviso et al (2000)
numbers Scrippsiella sp, Amphidinium sp.

Prorocentrum minimum Estimated as contributing to upDinophysis acuminata, Dinophysis norvegica,Northern North Sea Archer et al. (2001)
to 35% of the DMSP Diplopsalis spp, Gonyaulax spp. Archer et al.,
concentration. (2002b)

Gyrodinium flagellare Northwest Atlantic Scarratt et al., (2002)

Alexandrium tamarense r’=0.95, P<0.01 Heterocapsa triquetra St Lawrence Estuary, Canada Merzouk et al.,

(2004)

Scrippsiella trochoidea r’=0.68, K 0.05

Heterocapsa rotundata Most abundant species Alexandrium tamarense, Dinophysis acuminagt,Lawrence Estuary, Canada Michaud et al.,

Gymnodinium sp, Scrippsiella trochoidea (2007)

Protoperidinium ovatum

Abundance follows the same
pattern as DMSP concentrations

Alexandrium minutum

Correlated at P<0.05 Ceratium furca(r=0.56 P=0.052) Mediterranean coastal waterslean et al., (2005)
Dinophysis acuminat&=0.55, P=0.055)
Prorocentrun arcuatunir=0.54, P=0.059)

Prorocentrum compressum r=0.70, P<0.05 Gymnodinium sp. Mediterranean coastal waterslean et al., (2009)
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5.3.The variability in DMSP content in dinoflagellates

To investigate the variability in the DMSP conteftdinoflagellates | searched
published data and found 17 papers that report DM&Res. The data are listed in
Table 5.2 and include my data from chapter 4. 8&agte DMSP (DMSH) and total
DMSP values (DMSP = DMSR, + dissolved DMSP + DMS) were taken to be
equivalent values for estimation of DMSP contenttlo@ assumption that this is the
main fraction of DMSP (Keller et al., 1989a; Yost and Mitchelmore, 200Q¢ller’s
survey (1988/1989; 1989a; 1989b) remains the rtowesk done so far and provides 24
of the 61 DMSP concentrations per cell volume vala®ailable for dinoflagellate
strains. Nonetheless, other publications have Wrbwgpme new values for DMSP
content in this phytoplankton group and this revams to bring all these data together.
Fifty five of these values result from laboratornyltare measurements, with only 6
values derived from field samples (Belviso et 2000; Jean et al., 2005). Hence, the
data are as they were published except that | ctetvall the data into the same units
for comparison. DMSP values are plotted in 2 grapinge is expressed per cell (pmol
cell*, Figure 5.1), the other per cell volume (mM, eaiént to mmol ke, Figure
5.2). Since some data are available only per cgdeo cell volume, the 2 graphs do not
contain the same number of data points. FigureabdlL5.2 also visualise some of the

biological criteria that are discussed in sectidh 5
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Table 5.2 DMSP content for dinoflagellates arrangedh decreasing order of DMSP concentration per celolume (CV). DMSP concentration per cell are alsshown.
For some species the concentration is only availabin 1 of the 2 units. The data were collected frorthe literature as shown. References are given imé table footer.
The abbreviation ND indicates that DMSP was not defcted. Additional details for the species such asooe designations and synonyms, presence of theoaeanic
provlinces of origin and taxonomic orders are provied. DMSP values expressed in pg célivere transformed to mol celf* using a DMSP molecular weight of 134.2 g
mol™.

Original species and clone names Synonyms DMSP concentrations Data | Thecate/| Longhurst | Taxonomic orders
per CV per cell |source| Athecate| oceanic (Algaebase)
(mM)  (pmol cell) provinces
Alexandrium minutum 3388 14.2 1 T MEDI Gonyaulacales
Prorocentrum spliB2B1 1082 0.122 2 T Unknown | Prorocentrales
Gyrodinium impudicum 820 - 3 A MEDI Gymnodiniales
Scrippsiella trochoidedIES-369 600 1.3 4 T KURO Peridiniales
Dinophysis acuminata 477 14.7 1 T MEDI Dinophysales
Heterocapsa pygmadaYMNO CCMP1322 451 0.145 2 T CARB Peridiniales
Prorocentrum arcuatum 442 13.5 1 T MEDI Prorocentrales
Amphidinium carteradMPHI CCMP1314 377 0.1438 5 A NWCS Gymnodiniales
Crypthecodinium cohniCCOHNII CCMP316 377 0.341 2 T Unknown | Gonyaulacales
Heterocapsa triquetr& CMP449 364 0.7019 6 T NWCS Peridiniales
Scrippsiella trochoide®ERI CCMP1331 350 2.86 2 T Unknown | Peridiniales
Symbiodinium microadriaticurdIPP CCMP827 345 0.1803 2 T Unknown | Suessiales
Amphidinium cartera€CMP1314 326 0.133 7 A NWCS Gymnodiniales
Scrippsiella trochoide€CMP1599 326 1.3 6 T NWCS Peridiniales
Amphidinium operculatutf@CAP1102/6 312 0.299 8 A Unknown | Gymnodiniales
Heterocapsa triquetrdIES-7 300 0.6 4 T KURO Peridiniales
Amphidinium cartera€CMP1314 300 0.14 6 A NWCS Gymnodiniales
Alexandrium minutunrcCMP113 290 0.861 6 T NAST(E) | Gonyaulacales
Amphidinium carterae 288 0.0977 7 A Unknown | Gymnodiniales
Gymodnium nelsoni 280 - 9 A Unknown | Gymnodiniales
Alexandrium tamarenseCMP115 235 - 10 T NECS Gonyaulacales
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Original species and clone names Synonyms DMSP concentrationy Data | Thecate/| Longhurst | Taxonomic orders
per CV per cell |source| Athecate| oceanic (Algaebase)
(mM)  (pmol cell) provinces
Alexandrium tamarenseCMP116 205 - 10 T NAST(E) | Gonyaulacales
Alexandrium tamarenseCMP1771 196 - 10 T NECS Gonyaulacales
Thoracosphaera heimii603 CCMP1071 194 0.198 2 UnknowhGEST Thoracosphaerales
Cachonina nieCACH Heterocapsa niei 193 0.3204 2 T Unknown | Peridiniales
Prorocentrum micanM12-11 CCMP691 190 4.418 2 T Unknown | Prorocentrales
Heterocapsa spg5T23 CCMP450 190 0.582 2 T NWCS Peridiniales
Alexandrium fundyenseCMP1719 183 0 10 T NWCS Peridiniales
Scrippsiella trochoide€ CAP1134/1 169 0.329 8 T NECS Peridiniales
Prorocentrum minimun€CMP1329 167 0 11 T NWCS Prorocentrales
Alexandrium fundyenggT429 CCMP1846 140 1.975 12 T NWCS Gonyaulacales
Protoperidinium pellucidum 134 14.7 1 T MEDI Peridiniales
Gymnodinium sP4GYR 125 0.1788 2 A NWCS Gymnodiniales
Prorocemtrum minimurg XUv CCMP1329 111 0.159 5 T NWCS Prorocentrales
Amphidinium cartera€CMP1314 109 0 11 A NWCS Gymnodiniales
Crypthecodinium cohniCCMP316 103 0.213 6 T Unknown | Gonyaulacales
Polarella glacialisCCMP1138 94 0.066 6 A APLR Suessiales
Prorocentrum mican§B1 87 0.083 8 T Unknown | Prorocentrales
Amphidinum cartera€CAP1102/1 57 0.0147 8 A NECS Gymnodiniales
Kryptoperidinium foliaceuncCMP 1326 56 0.223 6 T CCAL Peridiniales
Gonyaulax spiniferdY11363 48 0.155 8 T NECS Gonyaulacales
Gymnodinium simplewT8 Protodinium sgCCMP419 46 0.238 2 A PNEC Gymnodiniales
Ceratium furca 38 9.8 1 T MEDI Gonyaulacales
Gymnodinium simpleg CAP1117/3 Protodinium sgCCMP 418 35 0.0009 8 A NECS Gymnodiniales
Gymnodinium nelsorisSBL Akashiwo sanguinea 30 1.818 2 A Unknown | Gymnodiniales
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Original species and clone names Synonyms DMSP concentrations Data | Thecate/| Longhurst | Taxonomic orders
per CV per cell |source| Athecate| oceanic (Algaebase)
(mM)  (pmol cell) provinces
Lingulodinium polyedrumiP2810 23 0.426 6 T CCAL Gonyaulacales
Alexandrium tamarenseCAP1119/1 CCMP115 20 0.083 8 T NECS Gonyaulacales
Karenia brevisCCMP2281 18 0.00011 7 A CARB Gymnodiniales
Gonyaulax spiniferaVvi CCMP409 16 1.08 2 T NWCS Gonyaulacales
Lingulodinium polyedruncCMP1738 13 0.119 7 T CARB Gonyaulacales
Karlodinium veneficuncCMP415 Karlodinium micrum 11 0.008 6 A NECS Gymnodiniales
Gambierdiscus toxicuST200A 10 1.192 2 T Unknown | Gonyaulacales
Lingulodinium polyedrun€CAP1121/2 509 0.0545| 8 T NECS Gonyaulacales
Gonyaulax polyedr&P60e Lingulodinium polyedrum 401 0.134 2 T CAMR Gonyaulacales
CCMP405
Dissodinium lunuld_823 Pyrocystis lunul&CLCMP731 194 0.864 2 | UnknownGEST Pyrocystales
Gyrodinium aureolunkKT3 Karenia mikimotoiCCMP43(Q 0.65 0.005 2 A Unknown | Gymnodiniales
Gyrodinium aureolunPLY497A Karenia mikimotoiCCMP429 0.36  0.005 2 A NECS Gymnodiniales
Ceratium longipe990201 0.23 0.0149| 12 T NWCS Gonyaulacales
Pyrocystis noctiluc& CMP4 CCMP732 0.01 0.045 2 UnknownCAMR Pyrocystales
Pfiesteria shumwaya@CMP2089 0.00425 0.003 13 T NWCS Peridiniales
Pfiesteria pisciciddC CMP1830 0.00344 0.003 | 13 T NWCS Peridiniales
Symbiodinium microadriaticu@CMP1633 - 0.3299 | 14 T NPTG Suessiales
Symbiodinium ssolated fromTridacha 0.310 15 Unknown
gigas(giant clam) - Suessiales
Symbiodinium ssolated from 0.285 16 AUSE
Lobophytum compactufooral) - Suessiales
Symbiodinium microadriaticu@CMP421 - 0.201 14 T NEWZ Suessiales
Symbiodinium pilosunsolated from 0.164 16 AUSE
Zoanthus sociatugoanthid) - Suessiales
Symbiodinium microadriaticu@CMP828 - 0.123 14 T CARB Suessiales
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Original species and clone names Synonyms DMSP concentrations Data | Thecate/| Longhurst | Taxonomic orders
per CV per cel source| Athecate oce_anic (Algaebase)
(mM)  (pmol cell’) provinces

Symbiodinium sp3 isolated from 0.116 16 AUSE

Tridacna squamosggiant clam) - Suessiales

Symbiodinium microadriaticu@CMP829 - 0.0814 | 14 T AUSE Suessiales

Symbiodinium sfsolated fronrMontipora 0.0635 17 Unknown

verrucosa(coral) Suessiales

Symbiodinium ssolated fromCassiopeia 0.048 16 AUSE

xamachingpolyp stage of the jellyfish) - Suessiales

Symbiodinium sfsolated fronPocillopora 0.048 17 Unknown

damicornis(coral) Suessiales

Peridinium gatunense . 0.036 18 T (Lake) Peridiniales

Symbiodinium microadriaticu@CMP830 - 0.0338 | 14 T NAST(W) |Suessiales

Oxyrrhis marina ND ND 2 A Unknown | Oxyrrhinales

Note: Data are from the following sources: [1] Jeart al. (2005), [2] Keller et al. (1989a), [3] Beiso et al. (2000), [4] Niki et al. (2000), [5] Kedr (1988/1989), [6] data
from chapter 4, [7] Harada (2007), [8] Hatton and W son (2007), [9] Dacey and Wakeham (1986), [10] We et al. (2002), [11], Spiese et al. (2009), [1R¢ller et al.
(1989b), [13] Miller and Belas (2004), [14] Yost ahMitchelmore (2009) [15] Jones et al. (1994), [1&roadbent et al. (2002), [17] Hill et al. (1995)18] Ginzburg et al.
(1998).
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Figure 5.1 DMSP concentrations per cell in dinoflagllate species ranged in decreasing order. Sevelgiblogical criteria are indicated on the graph as lsown in the
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Figure 5.2 DMSP concentrations per cell volume inidoflagellates ranged in decreasing order. Severaiological criteria are illustrated on the graph asshown in the

figure legend. Heterotrophic species have a remnalastid or no plastid. Due to space limitations th clone number is not indicated but different strams are designated

by a number (1 - 4).
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In all there are 66 values of DMSP concentrationgae#l describing 48 species
and 63 strains, and 61 values of DMSP concentrgben cell volume describing
40 species and 56 strains. There is more thanukealr some species and strains. For
example, there are data for 4 differenpolyedrumstrains and 3. carteraestrains and
one of these have 4 published values. This may goree indication of the intra-
specific variability in DMSP content observed; thdl be discussed in section 5.4.
Overall Figure 5.3 visualises the high variabiitlyDMSP concentrations reported for
dinoflagellates. The whole range of DMSP conceiutnaper cell spreads over 5 orders
of magnitude from a minimum of 0.00011 pmol Cel Karenia brevisto a maximum
of 14.7 pmol celt in Dinophysis acuminataThe mean concentration is 1.409 pmol
cell* (+ 3.565 as standard deviation) and the mediad.1§1 pmol cell. DMSP
measurements done in marine invertebrates thabharmoxanthallae that were not
included in this analysis, show DMSP in the ran§®.621 - 3.831 pmol céll (Van
Alstyne et al., 2006), which easily falls withinetloverall range presented here. The
range in DMSP concentrations per cell volume covermders of magnitude from a
minimum of 0.0034 mM inPfiesteria piscicidato a maximum of 3388 mM in
Alexandrium minutumThe average concentration is 242 mM (x 459 asdstal
deviation) and the median is 140 mM. When outlied axtreme values are excluded,
the range of DMSP concentration covers 4 orderadnitude in both units (Figure
5.3).
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Figure 5.3 Box and whisker plots to show the spreaaf the DMSP concentration data for
dinoflagellate strains (error bar), the upper and bwer quartile range (box) and the median value
(horizontal bar). (A) DMSP per cell volume (B) DMSPper cell data. The symbolgenote excluded
outlier data (o between 1.5 and 3 box length from the upper and lav edge of the box) and
extreme cases* > 3 box length from the upper or lower edge of th&ox).

The values of DMSP per cell volume provide somegimsinto the potential
biological role of DMSP as an osmolyte. A unicadlublga living in seawater with a
salinity of 35 containing approximately 0.6 M Na@&hd having an osmolarity of
1200 mOsm [* should in theory produce intracellular osmolytesthie equivalent
osmolarity of 1200 mOsm L Cells generally have more than one compound with
osmotic properties including ions, carbohydratevdgives and amino acid derivative
compounds (Kirst, 1989; Welsh, 2000). Kirst (19&3timated the contribution of
organic osmolytes to be 25 — 60 % or 300 — 700 mO3mf the osmotic potential of
microalgae characterised by a high cytoplasm taeigcratio, as is the case for most
dinoflagellates (Taylor, 1987). According to thega of values listed in Table 5.2 for
dinoflagellates (0.0034 - 3388 mM), | propose thastbn of the species into 4 groups
according to DMSP concentration (Table 5.3).
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Table 5.3 Groups of dinoflagellate species sortecceording to level of DMSP content. These levels
give indication of the potential role of DMSP as amsmolyte.

Groups DMSP per Expected role Species
cell volume for DMSP
1 >500 MM  Major osmolyte Alexandrium minutum, Prorocentrum sp.,
and/or other Gyrodinium impudicum, Scrippsiella trochoidea
roles
2 300-500 MM  Osmolyte  Dinophysis acuminata, Heterocapsa pygmaea,

Prorocentrum arcuatum, Amphidinium carterae,
Crypthecodinium cohnii, Heterocapsa triquetra,
Scrippsiella trochoidea, Symbiodinium
microadriatcum, Amphidinium operculatum.
3 10-300 mM Mediumto Alexandrium minutum, Gymnodinium nelsoni,
minor osmolyte Alexandrium tamarense, Thoracosphaera heimii,
Heterocapsa niei, Prorocentrum micans,
Heterocapsa sp., Alexandrium fundyense,
Scrippsiella trochoidea, Prorocentrum minimum,
Protoperidinium pellucidum, Gymnodinium sp,
Amphidinium carterae, Crypthecodinium cohnii,
Gymnodninium simplex, Kryptoperidinium
foliaceum, Gonyaulax spinifera, Ceratium furca,
Akashiwo sanguinea, Lingulodinium polyedrum,
Karenia brevis, Karlodinium veneficum.
4 <10 mM Unlikely to be Gambierdiscus toxicus, Lingulodinium polyedrum,
a significant Pyrocystis lunula, Karlodonium mikimotoi,
osmolyte  Ceratium longipes, Pyrocystis noctiluca,
Pfiesteria shumwayae, Pfiesteria piscicida.

Species containing more than 300 mM of DMSP (grduasd 2) are likely to
use DMSP as an osmolyte. A concentration greaser 500 mM (group 1) would make
DMSP the major osmolyte in the cell. Values abo®@ BaM are rare; only 4 are found
in the dataset. These concentration values resutt field samples (Jean et al., 2005),
one value is estimated (Belviso et al., 2000) dhdfdahem originate from studies done
in the Mediterranean Sea. Three of these valueslaoge 700 mM and exceed the
contribution of organic osmolytes estimated by Kif989). Alexandrium minutum
produces 3388 mM of DMSP (Jean et al., 2005) wisdhr above the osmolarity of the
seawater. However, these extremely high values tnmgibalance the osmolar pressure
of the cell and might indicate additional rolesDNISP. Some dinoflagellates are very
sensitive to turbulence and shear stress (Camachio 2007a) and it has been shown
that this can cause transient cell cycle arreshiwi day, mortality in several days
(Llaveria et al., 2009b) and also increases in DMp&RIuction and content on a time-
scale of days inAlexandrium minutuncells (Llaveria et al., 2009a). During the

sampling process in the field or in the lab, sedssells may thus increase their DMSP
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concentration. These elevated values may alsotrigeal an overestimation of DMSP
due to the potential cleavage of other DMS preasrdry the cold alkali hydrolysis
generally used for analysis (Spielmeyer and PohB28@9). Various studies have shown
that algae may contain other compounds with a DMSroum
(dimethylsulphoniomethoxybutyrate, dimethylsulpfenethoxypropanoate isolated
from red algae by Patti et al., 1993, and gonyoll onyauline found in the
dinoflagellateLingulodinium polyedrunby Nakamura et al., 1997). Nonetheless, it is

not known whether these compounds release DMS wdidalkali treatment.

A concentration below 300 mM (group 3) does notleke a contribution of
DMSP to the osmotic balance of the cell but posgiot as a medium to minor
osmolyte. Finally, a concentration of less thami\ (group 4) is unlikely to support a
significant role as an osmolyte, though its presemight imply some benefits for the
organism. The freshwat&eridinium gatunensesolated from the Lake of Galilee is in
this group. This species is unlikely to use DMSP asms osmolyte in its natural
environment. Nonetheless, it is produced at a cunaon that falls in the range seen
in other marine dinoflagellates (0.036 pmol ¢gkind Ginzburg and co-workers (1998)
showed thatP. gatunensancreases its DMSP content when transferred taliaes
environment. Further investigations on the biogapgic expansion of this species are
warranted to determine if its ability to produce BM could be a relic from its evolution

in a saline environment.

5.4.Intra-specific variability in DMSP content of dinoflagellates

This dataset for DMSP content also illustrates itmea-specific variability
because some of the species included have begrsaddletween 2 and 6 times (Figure
5.4, Table 5.4). These data include measurementdifterent strains and multiple
analyses on the same strain. The intra-specifi@biity was assessed by calculating
the relative standard deviation (RSD in %) andeagbetween 19 and 119 % for DMSP
measurements expressed per cell volume and bet@eand 140 % for DMSP
measurements expressed per cell. Whilst a few epeshow rather small variability
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between studies with 14 - 28 % for the DMSP measargs per cell volume and O - 32
% for the DMSP measurements per cell, a more radtleeintra-specific variability is
obtained for most of the species studied sevemadiwith a RSD of 41 - 119 % for
measurements of DMSP per cell volume (Figure 5.4 aig 51 - 140 % for
measurements of DMSP per cell (Figure 5.4 B).
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Figure 5.4 Intra-specific variability in DMSP measuements (A) per cell volume and (B) per cell.

178



Chapter 5 A re-appraisal of the variability in DMS&Bntent and DLA in dinoflagellates

Table 5.4 List of the standard deviation (SD) andhe relative standard deviation (RSD) calculated
from the database presented in table 5.2. The numbef data available for each species is given (n).

Species DMSP per cell volume (mM) DMSP per cell (pmol cefh)

n Mean SD RSD% n Mean SD RSD%
A. minutum 2 1839 2190.6 119 2 7531 94321 125
S. trochoidea 4 361 178.3 49 41.448 1.0476 72
A. carterae 6 243 1285 53 50.106 0.0541 51
C. cohnii 2 240 193.7 81 20.277 0.0898 32
H. triquetra 2 332 45.3 14 20.660 0.0841 13
A. tamarense 4 164 97.2 59 - - - -
A. fundyense 2 161 30.7 19 - - - -
P. minimum 2 139 39.6 28 - - - -
G. simplex 2 41 7.8 19 2 0.119 0.1677 140
G. spinifera 2 32 22.6 71 2 0.618 0.6541 106
L. polyedrum 4 11 8.8 78 4 0.183 0.1654 90
K. mikimotoi 2 05 0.21 41 2 0.005 0 0

- - - 6 0.158 0.1043 66
- - - 13 0.245 0.0718 29

S. microadriaticum
Symbiodinium spp

Several values are reported fBymbiodinium spjsolated from diverse marine
invertebrates. These species have not been idzhafid given that the original species
Symbiodinium microadriaticurthat was thought to be the common symbiont is now
considered to include several species (Coffroth @adtos, 2005), | decided to show
also the variability between all 13 values &mbiodinium sppyhich is 29 % (Table
5.4).

One source of intra-specific variability comes frahe use of diverse strains
which could imply diverse genotypes and/or phenesyleading to different capacities
for DMSP synthesis. For instance, the strains NEESECMP1331, CCMP1599 and
CCAP1134/1 ofScrippsiella trochoideaontain DMSP in concentrations of 600, 350,
326, 169 mM respectively, which gives a RSD of 49%milarly, 6 strains of
S. microadriaticumshow an intra-specific variability of 66% RSD fDIMSP content
per cell. However, this is not the only source airiability given that the strain
A. carterae CCMP1314 produce a wide range of DMSP concentratioetween 4
studies (109 mM in Spiese et al., 2009, 300 mM hayier 4, 326 mM in Harada, 2007
and 377 mM in Keller, 1988/1989). The evolutiortlod strain maintained in laboratory
for several years may explain a part of the valitgtobtained for the same strain as it
has been shown that 50 % of the DNA of the dialdralassiosira weissflogiliverged

from another isolate in 7 years (von Dassow et24l(Q8). Intra-specific variability in
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DMSP has also been observed in other phytoplangtonps. Steinke et al. (1998)
measured the DMSP content in 6 strain€pofiliania huxleyiand obtained a RSD of
39 %.

Intra-specific variability might also result fromifférent environmental
conditions in the field or laboratory culture attbampling time leading to various
physiological and metabolic responses in the osyarar population being studied (e.qg.
different culture growth phases, photosynthetigcifhcies, nutrient availability and
uptake). Five strains o6. microadriaticum,originating from 5 different oceanic
provinces and measured successively in the sanoeataly show large intra-specific
variability (75 % RSD). On the other hand, variation Crypthecodinium cohnii
CCMP316 DMSP content during different batch cultgrewth phases (as shown in
Chapter 6) could immediately explain the variabiiin the range of 103 to 377 mM
reported in different studies (Table 5.2).

The axenicity of the culture might also affect DBMSP result. Bacteria may
consume dissolved DMSP as a carbon and/or sulpghmes leading to a slight decrease
in DMSP; given that the dissolved fraction is a minor fractof DMSP in healthy
cultures (Yost and Mitchelmore, 2009). Moreovere toresence of bacteria in the
phytoplankton cultures, as under the natural coordit of phytoplankton cells in the
sea, alters the environmental conditions by usorgesnutrients, re-mineralising others
and supplying the vitamin B12 required by some laggeecies (Croft et al., 2005). In
this way the presence of bacteria could affecptinsiology of the algae and potentially
the DMSP content. However, contrary to these idé&dfe et al. (2002) measured the
DMSP content of 3 strains éflexandrium tamarensand obtained a similar value for
the axenic strain CCMP1771 (196 mM) and for the-awenic strains CCMP115 and
CCMP116 (235 and 205 mM). In this case, the presefdacteria does not seem to

alter the DMSP content of dinoflagellate culturabstantially.

Whilst the intra-specific variability observed inet dataset presented here could
result from a combination of the potential reasonflined above, in most cases it is
hard to explain the main cause of the variabildgr instance the speciéddexandrium
tamarenseCCMP115 has been used in 2 studies with a coratenir of 235 mM
reported in one of these (Wolfe et al., 2002) afdn2V in the other (Hatton and
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Wilson, 2007). In these studies the cultures weaentained in similar conditions of
temperature (14 - 15°C), light (70 - 80 pmol phstoi’ s*) and photoperiod (14:10
L:D cycle), though the medium (F/2 or Kmin+L1) attte growth phases sampled
(exponential phase or early exponential phase) wkgatly different. Differences in
sample preparation (e.g. sampling method, sampilena type of filtration for DMSP
or no filtration for DMSR measurement) and analytical methods could perbhbgus
explain some of the variability. Therefore, a gahenethod for DMSP measurement in
phytoplankton cultures (e.gise of the DMSPmeasurement as in chapter 4, sampling
in exponential phase) should be established td timei variation attributable to a range
of analytical methods. Finally to be more realistice DMSP content of a species
should be described by a range of values whichdcoaVver those for different strains

and those for strains in various environmental doons.

5.5. Comparison with other taxonomic groups

Discussions on DMSP production often emphasise Zh@rymnesiophyte
representative&€miliania huxleyiand Phaeocystis spLiss et al., 1993; Malin and
Steinke, 2004; Stefels et al., 2007). These twaispeare important DMSP producers
and they have been investigated in-depth due tow tdapacity to form large-scale
blooms in e.g. the North Atlantic Ocean and theafetic Ocean. In consequence, a
range of data has been published from laboratarjiest on these 2 species. Focussing
on DMSP content per cell volume, various straingolhuxleyihave been reported to
contain between 50 and 304 mM (For example Frandiml., 2010; Harada, 2007;
Keller, 1988/1989; Keller et al., 1989a; Steinkeakt 1998; van Rijssel and Gieskes,
2002; Wolfe et al., 1997) and sorRdmaeocystispecies contain 71 to 260 mM (For
example Keller et al., 1989a; Stefels and van Bpd@93). These data provide good
evidence of a wide intra-specific variation tor huxleyiand inter-specific variation for
Phaeocystis spMoreover, the variation in DMSP content may redtom different
physiological conditions of the species since $$edad van Boekel (1993) observed an
increase in DMSP content over the growth from 7lexponential growth phase to
150 mM in stationary growth phase.
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However, a taxonomic comparison using the largevél@es dataset for DMSP
content for a range of prymnesiophytes from thddfedt al. surveys gives a range of 3
to 413 mM with an average of 155 mM (Keller, 19889; Keller et al., 1989a; Keller
et al., 1989b). Moreover, a recent study perforrhgdFranklin et al., i6 press) on
10 species of coccolithophores (included in thenmgsiophytes) reports DMSP
content in the range 174 m\NGéphyrocapsa oceanit@o 715 mM Umbilicosphaera
hulburtiang. According to these values the dinoflagellatekere the data for DMSP
concentrations span from 0 to 3388 mM with an ayemaf 242 mM (Table 5.2), could
be described as the taxonomic group that produoeswidest range of intracellular

DMSP concentrations (per cell volume) as well &shighest values seen to date.

The comparison between DMSP content data for Higeflates and other
phytoplankton types presented here, suggests tthaguld be worthwhile to do more
monitoring of dinoflagellate blooms and further @stigation of individual species with
respect to DMS and DMSP production capacity. Thednér such research is
compelling given the potential contribution of DM& climate cooling and because
dinoflagellate populations appear to be changingegponse to the changing climate.
Dinoflagellate abundance has increased recentlgome areas including the NW
Atlantic whereCeratium arcticunformed denser winter blooms in the 1990s compared
to the 1960s (Johns et al., 2003); the Central N&®a whereCeratium fusushas
bloomed earlier in the season and reached higherdaimce in the period 1981 - 2002
compared to 1958 - 1980 (Edwards and Richardsop¥)2@nd in the Mediterranean
Sea where the abundance of dinoflagellates rel&tivBatoms increased between 1997
and 2002 (Mercado et al., 2007).
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5.6.Biological criteria as a source of DMSP variability

The 5 to 6 orders of magnitude variability in DMSébntent among
dinoflagellate species and strains revealed hevédocertainly be a reflection of the
huge diversity of this group and its long evoludon history since the Triassic (-240
million years ago). This phytoplankton group isreatly thought to contain more than
2000 benthic, planktonic and symbiotic speciesrithisted ubiquitously in aquatic
habitats across the globe in marine, brackish, hivaser, snow and sea ice
environments. The diversity is also substantialtenms of biogeography, trophic
behaviour (e.g. autotroph, heterotroph, mixotroptgoplogical interactions (primary
producers, predators, symbionts, parasites), méogioplastid types and production of
toxins and bioluminescent compounds (Taylor, 198@g, 1999). Among these
biological criteria, | now consider the availablatal for toxicity, bioluminescence,
plastid types, taxonomic orders, phylogeny and miceprovinces in relation to the
variability in DMSP content in dinoflagellates. @ivthat there is wide variation in cell
size among dinoflagellate species (Chapter 4,@®dti3), more attention is focussed on
DMSP per cell volume data rather than DMSP valwe<pll.

5.6.1.Toxicity

About 60 of the 2000 dinoflagellate species areeatd produce toxins
(Steidinger and Tangen, 1997) and form Harmful AB®@oms (HAB). These toxins
can accumulate in seafood and impact human healthariety of toxic molecules,
including saxitoxin, brevetoxin, ciguatoxin, madagin, okadaic acid, yessotoxin,
azaspiracid, have been isolated from dinoflagalgs=e details in Chapter 1 section
1.3.9). These toxins have diverse chemical strastumechanism of actions and cause
syndromes such as paralytic, neurotoxic, diarreidt azaspiracid shellfish poisoning,
ciguatera disease and estuary associated syndrétaekdtt et al., 2004a). The
ecological role of toxins is not clearly definedthine consequences for marine
ecosystems can be dramatic in cases of massigeokiflsh, birds or mammals (Paul et

al., 2007). Generally, toxins are thought to acthemical defence as grazer deterrents
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(lanora et al., 2006). Allelopathic properties hdee=n shown for karlotoxin which is
produced byarlodinium veneficunfalso calledK. micrun) and inhibits the growth of
some other dinoflagellates (Adolf et al., 2006).wdwer, allelopathic activity in most
dinoflagellates has been associated with compowtitlsr than toxins (lanora et al.,
2006) which are still under research investigaaod not yet identified (Tillmann and
John, 2002; Ma et al., 2009).

There is a commonality here between toxins and DNA&fause DMSP may
also be involved in predator-prey interactions. DM&nd its by-products acrylate and
DMS may act as grazer deterrents and signal peatitln as a chemical cue for higher
trophic levels such as fish, birds and marine malmr\&olfe et al., 1997; Steinke et
al., 2002b; Strom et al., 2003; Nevitt and Bona@ri2005; Bonadonna et al., 2006;
DeBose et al., 2010). No published studies havesitgated the relationship between
these two defence metabolites (i.e. the favouretdinodite production in species able to
produce both metabolites). In Figure 5.5 | compé#ne distribution of DMSP
concentrations for toxic and non-toxic speciespolyedrumwas considered here as a
non-toxic species because no information was &vaildor these particular strains
whereas other strains are reported to be potgnt@tic (Bruno et al., 1990; Armstrong
and Kudela, 2006). From the 61 data available fd&dSP concentrations per cell
volume Figure 5.5 A), 15 dinoflagellate strains meic and produce DMSP across the
whole range of values (0.003 - 3388 mM). The latlamy obvious relationship was
confirmed using the non-parametric Mann-Whithéyest which showed no significant
difference between toxic and non-toxic specieseims of DMSP content (P>0.05,
SPSS, version 16.0).
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Figure 5.5 Box and whisker plots showing the disthution of DMSP concentration (A) per cell
volume for toxic (n=15) and non toxic (n=46) straia and (B) per cell for toxic (n=12) and non-toxic
(n=54) strains. A general description for box and Wisker plots is given in Figure 5.3.

Clearly the dataset is limited to just a few togpecies and some of these may
have been growing in conditions that stimulatednbibited toxin production in some
way. In this regard it is interesting to note thn@&togen may affect toxin and DMSP
biosynthesis in opposite ways. Saxitoxins cont&ir/@ nitrogen and hence production
depends on nitrogen availability: Anderson and awkers (1990) observed that
Alexandrium fundyenseultures produced less saxitoxin in low nitrogeredimm.
Because DMSP does not contain any nitrogen, itbe@s hypothesised that synthesis
ought to be favoured over that of nitrogen-contagnosmolytes in cases of nitrogen
deficiency (Andreae, 1986) but such experiments ehawt been done with
dinoflagellates. Whilst only a small fraction ofndflagellates are toxic, it would be
interesting to assess the relationship betweemptbduction of these DMSP and N-

containing toxins across variable nutrient condiio
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5.6.2.Bioluminescence

Some marine dinoflagellate species emit a lighshflander water turbulence
called bioluminescence. This light is a chemicakt®sn of the enzyme luciferase acting
on its substrate luciferin that occurs in vesictedled scintillons and results in an
emission of photon (Lee, 1999). For most specipeeeented in the dataset, | collected
bioluminescence data from the CCMP website (Wils@909) and personal
communication from scientists. Several species wssified as non-bioluminescent
when no direct data was available and when no deseas found on potential
bioluminescence. Over these speci@sratium furca Prorocentrum mican$SB1 and
Protoperidinium pellucidumare considered here as bioluminescent due to quevi
listing as bioluminescent species (Tett, 1971; Roepal., 1999), although no specific
data are available for the strains present in #tasgt. Bioluminescent species are rather
weakly represented in the dataset: 13 and 10 spéatithe datasets for DMSP per cell
volume and per cell respectively (as shown in Fedud and 5.2 and appendix II). They
contain significantly lower DMSP concentrations petl volume (0.003 - 235 mM,
Figure 5.6) than the non-bioluminescent ones (Px0Mann-Whitney U test).
Bioluminescent species contain a higher range oSPMoncentration per cell (0.045 —
14.7 pmol cell) compared to other dinoflagellates.
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Figure 5.6 Box and whisker plots to show the distbiution of DMSP concentration (A) per cell

volume for bioluminescent (B., n=13) and non-bioluimescent strains (non-B., n=48) and (B) per
cell for bioluminescent (n=10) and non-bioluminesa# strains (n=56). A general description for box
and whisker plots is given in Figure 5.3.
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The most intensively studied bioluminescent spesieh asf’yrocystis sp@and
Lingulodinium polyedrunproduce very low DMSP concentration per cell voduf@.01
to 23 mM). On the other hand, the non-biolumines&drain Alexandrium tamarense
CCMP116 produces similar DMSP concentration pel walume (205 mM) to the
bioluminescent strains CCMP115 and CCMP1171 (285186 mM respectively).

Theories on the benefit gained from bioluminescdmcéinoflagellates include
descriptions of a nocturnal grazer deterrent rdlee( 1999) whereby the light
“frightens” the predator (Buskey et al., 1983) asignal that indicates the presence of
grazer to higher trophic level organisms (Abrahand Townsend, 1993). The latter
idea has also been suggested for the lysis by-ptaasfuDMSP (Wolfe et al., 1997,
Steinke et al., 2002b). As yet, no research has beae on the potential inter-play

between bioluminescence and DMSP-based grazereiater

5.6.3.Plastid types

Dinoflagellates are a unique phytoplankton group thrat they contain
representatives that harbour different plastid syfzetailed in chapter 1, section 1.3.5)
On the evolutionary time-scale, dinoflagellates enacquired and replaced plastids
through several endosymbiosis events (Falkows&l.eP004; Keeling, 2004). So far, 6
plastid types have been identified among dinoflagelspecies including the peridinin
plastid, haptophyte-like plastid, diatom-like pldst cryptomonad-like plastid,
prasinophyte-like plastid and the possible remnbaat non-functional plastid as
suggested for the heterotrophic spe@egpthecodinium cohniSanchez-Puerta et al.,
2007).

Trossat et al., (1996) have shown that the coastedstrial plantWollastonia
biflora synthesises DMSP in the chloroplast, and whilstehs no direct evidence, it is
generally assumed that the same is true for phgmipdn. Trossat and co-workers
showed that the chloroplast was the site of onthefsteps in the DMSP biosynthesis
pathway leading to the DMSP precursor DMSP-aldehytleey also isolated a
chloroplastidic enzyme that oxidises this precurand estimated after measurement
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that half of the DMSP content is located in chldasgs (Trossat et al., 1998). Such
findings support the assumption of the chloropéesthe location of part of the DMSP

synthesis pathway, at least in higher plants.

| was interested to see if the variability in th&agbds of dinoflagellates
(equivalent to the chloroplast of land plants) megcount for some of the wide
variability in DMSP concentrations seen in thisggro Among the 6 existing plastid
types in dinoflagellate species, only 5 of them rqgresented in the dataset of DMSP
values | assembled including the peridinin plastiaiptophyte-like plastid, diatom-like
plastid, cryptomonad-like plastid and the remndastod found in heterotrophic species
(Table 5.5). No measurements for DMSP concentratppear to have been carried out
on species harbouring prasinophyte-like plastids lamas unable to obtain an example
to test. | assume here that all the heterotroppéxcies included in the dataset have a
remnant plastid or no plastid but acknowledge thict evidence is not available for
all of these species. Nonetheless this is in liit vecent findings for a few additional
heterotrophic species that were shown to have aaetplastid (Sanchez-Puerta et al.,
2007; Slamovits and Keeling, 2008). Dinoflagellateth the 4 functional plastid types
(Figure 5.7) produce DMSP in a smaller concentratamge (3 orders of magnitude for
species with peridinin plastids, 2 for species whthptophyte-like plastids, 1 value
available for species with cryptomonad and diatike-plastids) than the heterotrophic

dinoflagellates whose DMSP concentration spread 4ve 5 orders of magnitude.

Table 5.5 Plastid types harboured by dinoflagellatepecies listed in this study.
Plastid types Species

Haptophyte-like Karenia mikimoitoi
Karenia brevis
Karlodinium veneficum

Cryptomonad-like Dinophysis acuminata

Diatom-like Kryptoperidinium foliaceum

Remnant or absent  Prorocentrum pellucidum
Crypthecodinium cohnii

Pfiesteria piscicida
Pfiesteria schumwayae

Peridinin plastid All other species listed in tabl@
are assumed to have peridinin
plastids.
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Species with peridinin plastids are well represgntethe dataset which is not
surprising as they are the most common plastidedan dinoflagellates in the ocean
today. These 50 values mainly range over 3 ordemsagnitude from 10 to 3388 mM
for DMSP per cell volume (with values between Oabitl 10 mM considered as outlier
and extreme values) and 4 orders of magnitude Bd#009 to 14.2 pmol céllfor
DMSP per cell data (with 1 outlier value excluded).
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Figure 5.7 Box and whisker plots to show the disthution of DMSP concentration depending on
plastid types (P: Peridinin plastid; H: Haptophytedike plastid, C: Cryptomonad-like plastid, D:
diatom-like plastid, R: Remnant or absent plastid)and (A) expressed per cell volume (n=50, 4, 1, 1,
5 from left to right boxes) and (B) per cell (n=55,4, 1, 1, 5 from left to right boxes). For
cryptomonad- and diatom-like plastids only one vale is available and in each case this is
represented by a horizontal line without box. A gearal description for box and whisker plots is
given in Figure 5.3.

Only single values are available for the cryptontbhige and diatom-like
plastid groups and both fall in the range of thedmin-plastid species. The high value
of 477 mM obtained foDinophysis acuminatavhich has cryptomonad-like plastids
comes from the field work study of Jean et al. &0fhentioned previously. It is
possible to grow this species in culture (Parklet2®06) so laboratory measurements
should now be possible. Unfortunately no other Egecontaining this plastid type are
available in culture. The single value for the datlike plastid species comes from this
thesis (Chapter 4).

Four straingarbouring haptophyte-like plastids (2 strain&afenia mikimotai

1 strain ofKarenia brevis 1 strain ofkarlodinium veneficumproduce 0.36 - 17.7 mM
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and 0.00011 - 0.008 pmol célDMSP. This is significantly lower than the DMSP
concentration per cell volume of the peridinin gscontaining-dinoflagellates
(P<0.01, Mann-Whitney test). As mentioned earlier, a lot of researchfbasssed on
DMSP in the haptophyte€. huxleyi and Phaeocystis spbut in contrast the 4
dinoflagellates with haptophyte-like plastids produather low amounts of DMSP. |
can only conclude that the available data do ngipstt the idea that DMSP
concentration in dinoflagellates is related to phastid type. It seems more likely that
the ability to produce DMSP depends on the conservar loss of genes through

evolution and potentially the regulation of generession.

It has been shown th#&tarenia brevisblooms have become more frequent and
reached 20-fold higher biomass at the end of tHe@dtury compared to the 1950s.
This might be due to the increase of nutrientsasge by human activities (Brand and
Compton, 2007). Cell numbers can reach in excesg56f 000 cell [* so whilst
K. brevishas a medium to low DMSP concentration, its cdpaoi form such dense

blooms makes it an important potential DMSP and Ddd6rce.

It is clear that the ability to produce DMSP in dlilagellates exists across the
whole range of plastid types and in the absenciumftional plastids. Heterotrophic
dinoflagellates have a large variability in DMSPntant that spread from 0.003 to
376.9 mM and from 0.003 to 14.7 pmol ZelDMSP production by heterotrophic
species does not exclude a plastid origin of tlepassible genes. According to the
plastid evolution theory, the acquisition of a nphastid is followed by the transfer of
some plastid genes to the dinoflagellate nucleuselidg, 2004). This would allow
heterotrophic species to synthesise DMSP if theseg were initially present in the
functional plastid of a photosynthetic ancestor tadsferred to the nucleus. This could
explain why these dinoflagellates are the only toétephic organisms capable of
DMSP synthesis. It would also be coherent with thgothesis of a common
photosynthetic ancestor for dinoflagellates (McFagd2001). For instance, the
heterotrophic specie€rypthecodinium cohniis thought to contain a relic plastid
(Sanchez-Puerta et al., 2007) and produces a @abid amount of DMSP (Table 5.2).
It is unlikely that DMSP synthesis occurs in aagdlastid and where plastids are absent
synthesis would require an alternative subcellldeation. This might possibly account

for the DMSP metabolic pathway i@rypthecodinium cohni(Uchida et al., 1996)
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which is different to that described for algae (&ag al., 1997). By contrast, the
heterotrophicOxyrrhis marinadoes not produce DMSP (Keller et al., 1989a)s lam

early-branching dinoflagellate with plastid-derivgehes (Slamovits and Keeling, 2008)
that may have a cryptic plastid. Genes or theiction might have been lost in this

species.

5.6.4.Thecate and athecate species

Some dinoflagellate cells are covered by an extengal layer of cellulose
plates known as theca or armour, whereas nakedlatjetiates are called athecate or
unarmoured. In the previous chapter (Chapter Huhd a significant difference in
DMSP content between thecate and athecate spetges, | tested this difference with
a bigger dataset for 40 thecate species and 18atheplus 3 non-defined species. The
range of DMSP concentrations per cell volume foeaate species is within that for the
thecate species (Figure 5.8). The non-parametrionM@hitney U test obtained no
significant correlation (P>0.05). Therefore thefeliénce observed in Chapter 4 could
be coincidental due to the small sample size (aemkd and discussed in section 4.3
and 4.4.2).
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Figure 5.8 Box and whisker plots showing the distbdution of DMSP concentration per cell volume
for thecate (n=40) and athecate (h= 18) strains. Tae species are not defined (unknown category).
A general description for box and whisker plots igjiven in Figure 5.3.
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5.6.5.Taxonomic orders and phylogeny

The diversity of dinoflagellates which results frdihe long evolutionary history
of this taxa can be represented by phylogenetiestrer by clustering species in
taxonomic orders. Here, | test whether taxonomders and phylogeny may account

for a part of the inter-specific variability in DNPScontent observed for dinoflagellates.

Given the ongoing progress in phylogenetic studied molecular techniques,
the classification for dinoflagellates is frequgntévised. The updated and publically
accessible classification of the online databaskgdébase” (Guiry and Guiry, 2009)
was used here to identify the taxonomic order ahespecies of interest. The class
Dinophyceae contains 18 orders (Table 5.6) of witchre covered by the dataset
presented here (Table 5.Ejgure 5.9). An older classification for dinoflazdés
published by Fensome and co-workers in 1993 groliped and fossil dinoflagellates.
However, this classification is less advantageaughat the generdfiesteria and
Polarella are missing because they were isolated after is \wablished. This
“Algaebase classification” differs from the Fensopiassification by the presence of
the Pyrocystales order whose representatives weamyiopsly placed in the

Gonyaulacales order.

192



Chapter 5 A re-appraisal of the variability in DMS&Bntent and DLA in dinoflagellates

Table 5.6 : Taxonomic Orders of the Class of Dinopfceae as described in Algaebase. The orders
marked with an asterisk are represented in the datset. Incertae sedis means of uncertain
taxonomic position.

Order Authority Species
Actiniscales Sournia 6
Blastodiniales Chatton 16
Coccidiniales 11
Dinamoebales Loeblich I 1
Dinophyceae incertae sedi 14
Dinophysiales* Kofoid 334
Gonyaulacales* F.J.R. Taylor 392
Gymnodiniales* Apstein 565
Lophodiniales J.D. Dodge 14
Noctilucales Haeckel 19
Oxyrrhinales* Cavalier-Smith 1
Peridiniales* Haeckel 669
Peridiniphycidae incertae 3
sedis

Phytodiniales T. Christensen 19
Prorocentrales* Lemmermann 75
Pyrocystales* Apstein 18
Suessiales* R.A. Fensome et al. 16
Thoracosphaerales* Tangen 12

The Gonyaulacales, which is one of the best reptedeorders in the database
in terms of number of species belonging to it (F&y6.9), shows the largest range of
DMSP concentrations per cell volume (0.23 - 3388 )mMowever, the order of
Gymnodiniales shows the largest range of DMSP aura#ons per cell (0.0001 - 1.8
pmol cell’). Comparing the medians of DMSP content in mosbriamic orders, a
similar range of DMSP concentrations per cell vatufh94 - 346 mM) is observed. The
Pyrocystales produce the lowest median value of BNIE97 mM, 2 values only) and
the Dinophysiales produce the highest median vafueMSP (477 mM, 1 fieldwork
value only). The 2 representatives of the Pyrodgstare bioluminescent species
(section 5.6.2).
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Figure 5.9 Box and whisker plots showing the disthution of DMSP concentration (A) per cell
volume (n=1, 18, 16, 15, 6, 2, 2, 1 from left tight boxes) and (B) per cell (n=1, 15, 14, 14,3, 14,
1 from left to right boxes) sorted by taxonomic orérs. Taxonomic orders are ranged in alphabetic
order. The Dinophysiales and Thoracosphaerales arepresented by only one value illustrated by a
horizontal line without box. A general descriptionfor box and whisker plots is given in Figure 5.3.

Given these results | can conclude that there isutstantial variability between
most of the taxonomic orders (Gonyaulacales, Gynmialds, Peridiniales,
Prororcentrales, Suessiales, Thoracosphaerales)e ™Hyrocystales and the

Dinophysiales stand out a little more by having éovand higher DMSP contents
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respectively, though in these cases very few det¢aasailable. More measurements

might enable a firm conclusion to be drawn.

Dinoflagellate diversity can be illustrated withybtgenetic trees which show
the evolutionary separation between species, soill & tree based on the observed
range in DMSP content among species (Table 5.29. tiée was generated from 37
small subunit rDNA sequences available on the Miice database of the National
Center for Biotechnology Information (NCBI, Table7h. These sequences are for 37
alveolates including 35 dinoflagellates and 2 gpgcPerkinsus marinusand
Toxoplasma gondiiwhich share a common ancestor with dinoflagelldfest et al.,
2001; Stelter et al., 2007) are used to root tbe. t6equences of 1703 nucleotides were
aligned using Bioedit software and optimised magudlhe tree was constructed using
MrBayes software using the evolutionary model GTR" + COV as described in
Shalchian-Tabrizi et al. (2006). This model was pamad with another model (GTR +
invI") and the model with the highest harmonic meanfasasured (GTR 4" + COV).

The phylogenetic tree obtained (Figure 5.10) isowolcoded according to
DMSP concentrations. It shows similarities in speqositions with trees based on SSU
rDNA obtained in other studies (Saldarriaga et200Q1; Saldarriaga, 2004; Shalchian-
Tabrizi et al., 2006). For instandeolarella glacialis Gymnodinium simplexand
Symbiodinium microadriaticurform a cluster as observed by Saldarriaga e28DX).
Alexandrium Pyrocystis Ceratium and Crypthecodinium cohniare grouped in the
most recently diverging species as seen in othalied (Saldarriaga et al., 2001;
Saldarriaga, 2004; Murray et al., 2005; Shalchiabfizi et al., 2006)Gymnodinium
impudicumwas also obtained as an early diverging speciem &aldarriaga et al.
(2004).
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Table 5.7 List of the strains analysed for the phylgenetic tree and their Genbank accession number
from the Nucleotide database of NCBI. Strains areanged in alphabetic order.

Species Strain number Genbank accession
number
Akashiwo sanguinea CCMP1740 EF492486
Alexandrium fundyense CCMP1719 DQ444290
Alexandrium minutum none U27499
Alexandrium tamarense MUCC99 AF022191
Amphidinium carterae CCMP1314 AF274251
Amphidinium carterae ACWGTNZ CAWD10 AF009217
Amphidinium operculatum CCMP123 EF057406
Ceratium furca none AJ276699
Ceratium longipes CCMP1770 EU927566
Crypthecodinium cohnii ATCC 30336 FJ821501
Dinophysis acuminata none EU130569
Gambierdiscus toxicus HIT91 D8 1 EF202890
Gonyaulax polyedra CCMP1738 EF492507
(Lingulodinium polyedrum)
Gonyaulax spinifera CCMP409 AF022155
Gymnodinium galatheanum GE-2 AF272050
(Karlodinium veneficum)
Gymnodinium impudicum CCMP1678 DQ785884
Gymnodinium simplex CCMP419 u41086
Heterocapsa niei CCMP447 AF274265
Heterocapsa pygmaea CCMP1322 EF492500
Heterocapsa triquetra MUCC285 AF022198
Karena brevis CCMP 718 AF274259
Karenia mikimotoi CCMP429 FJ587220
Peridinium foliaceum none AF231804
(Kryptoperidinium foliaceum)
Peridinium gatunense none DQ166208
Perkinsus marinus P1 AF126013
Pfiesteria piscicida none AFQ77055
Pfiesteria shumwayae Noga-S, VIMS 1049 AY245694
Polarella glacialis CCMP 2088 EF434275
Prorocentrum micans Isolate 1 AY803739
Prorocentrum minimum CCMP1329 DQ336060
Protoperidinium pellucidum none AY443022
Pyrocystis lunula CCCM 517 AF274274
Pyrocystis noctiluca CCMP732 AF022156
Scrippsiella trochoidea CCCM 602 AF274277
Symbiodinium microadriaticum  CCMP830 AY456111
Thoracosphaera heimii CCCM670 AF274278
Toxoplasma gondii ME49 L37415
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Figure 5.10 Comparison of DMSP content among dinadgellate species and their phylogenetic
relationships. Tree of small subunit rDNA sequencesfrom 37 alveolates including 35
dinoflagellates, inferred with Bayesian posterior pobabilities using an evolutionary model
GTR+I'+COV. All bootstrap values are shown (0.57 - 1.00¥old and warm colours illustrate the
range in DMSP concentration. Peridinium gatunense contains 0.036 pmol ceft of DMSP but its
range in terms of DMSP per cell volume is unknown.
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The phylogenetic tree shows that some closelyaélapecies vary substantially
in DMSP concentrations. For instanCeratium furcaand Ceratium longipegproduce
38 mM and 0.2 mM respectively. Similarlgyrocystis noctilucandPyrocystis lunula
produce 0.01 and 0.65 mM.ingulodinium polyedrumphotosynthetic species) and
Crypthecodinium cohnii(heterotrophic species) appear as sister groupsome
phylogenetic trees (Saldarriaga et al., 2001; Sa&tg@, 2004) but produce DMSP at
very different concentrations (5, 13, 23 mM far polyedrumand 103, 377 mM for
C. cohni). A lot of variability in DMSP content is also arsed between closely-
related species such @dexandrium GambierdiscusPyrocystisand Ceratium The
recently diverging speciefAlexandrium minutumfalls in the highest DMSP
concentration range. By contrast, early divergimgecges such assymnodinium
impudicum Heterocapsa triquetraand H. niei contain rather high amount of DMSP
which suggests that this character might be an@adttend to be conserved through
dinoflagellate evolution but with nuances betwegecses. | conclude that DMSP-

producing ability does not show a coherent phylegerpattern.
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5.6.6.0ceanic provinces

Dinoflagellates are globally distributed in the aee(Taylor, 2008) and more
abundant in coastal areas. Longhurst (2007) hasetkt7 biogeochemical oceanic
provinces based on physical forcing and algal epo(&igure 5.11). By identifying the
province of origin for each species in the datab@sable 5.2), | investigated the
environmental influence on the DMSP synthesis capat dinoflagellates. Moreover,
| attempted to assess oceanic regions with DMS3Pdiicoflagellate populations or with
populations of low DMSP content.

With 11 to 14 of the 57 oceanic provinces covengthie DMSP per cell volume
and per cell data respectively (Figure 5.12), amlyery small part of the ocean is
illustrated so far in the dinoflagellate speciegabase. Unfortunately, the strain
collection site is not known for 23 % (14 of 61)da?4 % (16 of 66) of the strains for
DMSP concentrations per cell volume and per celbeetively. The missing data
weaken the analyses. Furthermore, there is cuyreotidata for the North Pole, South
Atlantic and Indian Ocean, and only 8 values aw&lable for the southern hemisphere
including the Austral Polar province, the New Zeadla&oastal province and the East

Coastal Australian province.
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Figure 5.11 Division of the ocean in 57 biogeocherai provinces by Longhurst (2007).

200



Chapter 5 A re-appraisal of the variability in DMS&Bntent and DLA in dinoflagellates

10000 4 A

1000
- -
100 —
JBT —=
10

0.1 4

]

*

0.01 4

DMSP per cell volume (mM)

¥

0.001

T T T I T T
CARB | GEST | MNECS [ KURO | CCAL l APLR |
NWCS  NAST(E) MEDI FNEC CAMR  Unknawn

100 - B

10 — *

_—f A
0.1 - -é- J—

0.01 —

0.001 —

DMSP per cell (pmol cell-1)

0.0001 —

T T T T T T T T
CARB ] GEST INAST[E)' MEDI I KURO | NPTG I CAMR |Unkn0wn
NWCS NAST(W) NECS AUSE NEWZ CCAL APLR

Figure 5.12 Box and whisker plots to show the disitoution of DMSP concentration (A) per cell
volume (n=3, 16, 2, 2, 10, 6, 2, 1, 2, 2, 1, 1l4nfrdeft to right boxes) and (B) per cell (n=4, 13,,21, 1,
9,5/5,2,1,1, 2, 2,1, 16 from left to right bes) depending on oceanic provinces. Provinces are
ranged from West to East from CARB to CCAL based orthe representation of Longhurst (2007)
and APLR is positioned at the end as it means the ustral Polar front. Some provinces are
represented by only one value which is indicated by horizontal line without box. A general
description for box and whisker plots is given in kgure 5.3.

Comparing the median of the DMSP concentrations gadir volume within
oceanic provinces, they vary over 2 orders of ntagei when excluding the CAMR
province (2 — 459 mM, Figure 5.12). The speciesrerad from the CAMR province in

the East Pacific were bioluminescenPyfocystis noctilucaand Lingulodinium
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polyedrum and consequently significantly lower DMSP produes per cell volume
(P<0.05, Mann-WhitneyJ test) were seen (see section 5.6.2). The samabildyi
separates the median of the DMSP concentrationsgbewhich vary over more than 2
orders of magnitude (0.054 - 14.2 pmol ¢eliHowever, large variability may also be
observed inside an oceanic province as is the ohgbe Northeast Atlantic Shelf
province (NECS) which is represented by values ¢baer 3 orders of magnitude (0.36
- 235 mM) or in the Central American Coastal preeérfCAMR) with values from 0.01
-4.01 mM.

Interestingly, the Mediterranean province (MEDI)high has slightly higher
salinity and temperature than other provinces (Bland MacDougall, 2002) shows
DMSP values that are significantly higher than éher provinces (P<0.05, Mann-
Whitney U test). This is interesting in that DMSP acts aamolyte (Dickson et al.,
1980; Vairavamurthy et al., 1985; Dickson and Kirgt986). However, the
Mediterranean Sea has a salinity of 38 which isivedent to 0.65 M NaCl or an
osmolarity of 1300 mOsm™twhich is barely higher than the average osmolarfthe
ocean (1200 mOsm). Hence, it is unlikely that salinity could explamore than a
small part of the higher DMSP content observed ome Mediterranean species.
Furthermore, all DMSP values for Mediterranean ggecome from fieldwork studies
(Belviso et al., 2000; Jean et al., 2005) so tle®e need for measurements to be done
under controlled laboratory conditions. The Kuros@iurrent province (KURO) in the
North West Pacific also shows higher DMSP valueBi)rthan other provinces with the
presence oScrippsiella trochoideandHeterocapsa triquetraSuch species have been

reported with elevated DMSP concentrations (Tati2¢. 5

Different oceanic provinces provide different eowmental conditions (e.g.
water current, temperature, turbidity, nutrientd aniota) affecting phytoplankton
distribution, physiology and metabolism, and subsetjy DMSP production. This
analysis highlights the scarcity of data for somavimces. A substantial, and probably
unrealistic, effort would be required to incredse humber of DMSP measurements for
dinoflagellate species to the point of good globalverage. Improvement in our
understanding of how the environmental conditidifiscathe DMSP production by this

group should perhaps focus on lab studies in the-sérm.
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5.7.DMSP lyase activities in dinoflagellates

The contribution of dinoflagellates to DMS prodoctiresults first from their
capacity to produce DMSP and secondly from theilitglio synthesize DMSP lyase
which might transform DMSP into DMS and acrylatddoe or just after its release
from the cell. Less investigation has been dondasanto DMSP lyase activity in
dinoflagellates compared to the DMSP content. Nwgless, Gibson et al. (199%ave
observed high acrylate concentrations in Antarsti@water that correlated with a bloom
of dinoflagellates and cryptophytes and might ssgg®MSP lyase activity.
Additionally, Steinke et al. (2002a) noted the #igant contribution of dinoflagellates
to in vitro DMSP lyase activity levels in a phytoplankton bioduring a North Atlantic

field campaign.

A few laboratory studies have confirmed the abildy dinoflagellates in
producing this enzyme but with a noticeable interd intra-specific variability (Table
5.8). In vitro DMSP lyase activity (DLA) varies between speciesnt 0.15 to
13260 mmol kg™ ht and from 0.61 to 13.3x1dfmol cell* h*. Amphidinium carterae
shows a very large variability in DLA between stmaiincluding values from 3.61 to
13260 mmol ke b, Scrippsiella trochoideandLingulodinium polyedrunalso show
substantial variability over 1 to 2 orders of magde among studies (depending on the
unit per cell or per CV). DLA has also been detéate 5 strains ofSymdiodinium
microadriaticumwith extremely high DMS production (Yost and Migtmore, 2009).
The extremely high per cell DLA values for the dosgmbiont S. microadriaticum
could explain why some of the highest DMS conceiuing reported in the marine

environment are for mucus rope samples from ceefkr(Broadbent and Jones, 2004).
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Table 5.8 DMSP lyase activities (DLA) measured inidoflagellate cultures ranged in decreasing
order per cell volume. Strain X has no identificaton number. All DLA values result from in vitro
measurements, except data from source (3) which ai@ vivo measurements. NA indicates not
available data. ND indicates that DLA was not detded.

Species Strains DLA Data
per cell volume per cell source
(mmol Lt h®  (fmol cell* h?)
Amphidinium carterae X 13260 4488 1
Alexandrium fundyense CCMP1719 1620 NA 2
Alexandrium tamarense CCMP115 438 NA 2
Alexandrium tamarense CCMP116 336 NA 2
Alexandrium tamarense CCMP1771 234 NA 2
Karenia brevis CCMP2281 166.8 924 1
Alexandrium minutum CCMP113 22.56 59.73 4
Heterocapsa triquetra NIES7 20 30 3
Lingulodinium polyedrum CCMP1738 11.52 102.6 1
Scrippsiella trochoidea NIES369 8 18 3
Amphidinium carterae CCMP1314 6.70 3.07 4
Amphidinium carterae CCMP1314 3.61 1.48 1
Crypthecodinium cohnii CCMP316 2.86 7.27 4
Lingulodinium polyedrum LP2810 1.75 0.80 4
Scrippsiella trochoidea CCMP1599 0.15 0.61 4
Symbiodinium microadriaticum CCMP829 NA 13.3x10° 5
Symbiodinium microadriaticum CCMP1633 NA 12.9x10° 5
Symbiodinium microadriaticum CCMP421 NA 3.86x16° 5
Symbiodinium microadriaticum CCMP828 NA 3.46x16° 5
Symbiodinium microadriaticum CCMP830 ND ND 5
Heterocapsa triquetra CCMP449 ND ND 4
Polarella glacialis CCMP1138 ND ND 4
Kryptoperidinium foliaceum CCMP1326 ND ND 4
Karlodinium veneficum CCMP415 ND ND 4
Note

The data shown originate from the following sources(1) Harada, 2007, (2) Wolfe et al., 2002 , (3)
Niki et al., 2000 , (4) data from Chapter 4, (5) Yst and Mitchelmore, 2009.

Only 2 values result frorm vivo measurements (data 3 in table 5.8, Niki et al.
2000) whereas all the other values are fianwvitro measurements (data 1, 2, 4, 5 in
Table 5.8, Harada 2007, Wolfe et al. 2002, datenfchapter 4, Yost and Mitchelmore
2009). Forin vitro measurements, the pH optimum for enzyme activiffierd among
species. For instance, DLA fron€Crypthecodinium cohnii(lshida, 1968) and
Alexandrium(Wolfe et al., 2002) were highest at a pH aroundh&reas DMSP lyase
activities fromAmphidinium cartera@andKarenia breviswere maximal at a more basic
pH of 8 - 8.5 (Harada, 2007). Hence, one sourdbefariability observed could be the
different pH conditions applied while analysing DLB&ome DLA values come from
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measurements performed on axenic cultures andsofh@m non-axenic cultures. In
S. microadriaticum 1 to 15% of DLA was from bacterial origin (Yosind
Mitchelmore, 2009). Nonetheless, in their naturalinment, dinoflagellates are
always associated with bacteria. Overall the DLAuga observed in dinoflagellates
(n=15) which cover 11 orders of magnitude for DLAr gell (n=24) or 4 orders of
magnitude (n=15) when excludir§) microadriaticumdata. This range is wider than
that observed for 6 strains of the coccolithophBreiliania huxleyiwhich spanned
nearly 3 orders of magnitude from 1.2 to 750 frelth™ (Steinke et al., 1998).
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5.8.Conclusions

The database for about 60 values of DMSP in digeflates assembled here
reveals 5 to 6 orders of magnitude variation pdrared per cell volume respectively
between species. The dinoflagellates produce arageel.409 pmol céll DMSP or
242 mM per cell volume DMSP. The values (0 - 3388 hare the widest and the
highest DMSP concentrations seen to date in phgatdgbn, so the initial assertion that
dinoflagellates can be a significant potential DM&firce in the field is correct. DLA
measurements in dinoflagellates are limited toddia set from a very small number of
studies. And these already show a large inter- iatrd-specific variation amongst
dinoflagellate species. | therefore recommend emed monitoring of dinoflagellate
blooms and their evolution with respect to globdamge, with a special focus on DMSP

and DMS production via DMSP lyase activity.

| examined whether the large inter-specific vatigbin DMSP concentration
observed could relate to underlying biological elcteristics of the different species
and strains. There is no apparent relationship wuetticity, the presence of theca,
phylogenetic relationships or the oceanic proviaterigin. However, bioluminescent
species appear to produce significantly lower DM&éhcentrations than non-
bioluminescent ones and consequently so do thecistades order and the CAMR
provincewhich are represented in the dataset by biolumargsspecies. This result
should motivate further research on the benefit amgraction of DMSP and
bioluminescence production given that they havetamgial common role in deterring
grazers. Among the plastid types represented, gbeias that harbour haptophyte-like
plastids had significantly lower DMSP content wiaerepecies with cryptomonad-like
plastids seemed to have higher DMSP content thanother plastid types. The
identification of the genes involved in DMSP syrdilsecould help in understanding this
difference. Also, it is unclear whether heterotrioppecies could synthesise DMSP in a
remnant plastid or in a different sub-cellular lboa. However, their unique ability to
synthesise DMSP as heterotrophs gives supportedhéory of their photosynthetic
origin. Among other oceanic provinces represenbedly the Mediterranean appears to
contain species with higher DMSP content. The isprecific variability observed for
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some species is as large as or larger than in gihgtoplankton species such as

Emiliania huxleyi

The analyses done on the assembled dataset highdigieral gaps in
knowledge. Overall, no clear relationship was fobetiveen DMSP concentration and
plastid type but the dataset is strongly domindigdspecies with peridinin plastids
which are the most common type in the oceans. Rddve examples of the other
plastid types are available in culture. An improee@lysis would necessitate more data
for non-peridinin plastid types in order to obtanbetter analysis on the role of the
plastid type. There is also a considerable biasth@ geographic origin of the
dinoflagellates available in culture. Most dataatelto species collected in the northern
hemisphere and only about a quarter of the ocgamnces is covered by the current
dataset. Few data are available so far from theéheau hemisphere or the poles,
although new species of dinoflagellates have bdentified during the last decade in
South African and South Australian waters and en$louthern Ocean and most of these
have haptophyte-like plastids (de Salas et al.320@ Salas et al., 2004a; de Salas et
al., 2004b; de Salas et al., 2005; de Salas e2@0D8). Also dinoflagellates may be a
dominant population of the fast ice protist comntyiasPolarella glacialiswas in East
Antarctica in spring 1996 and 1997 (Thomson et281Q6). There have been rather few
field studies focussing on DMSP concentrations dWdSP lyase activities in
dinoflagellates so our overall understanding of hemvironmental conditions affect
them is quite poor. Due to toxicity issues, manwstal areas around the world are
monitored for dinoflagellates and recurring dingilate blooms e.g<arenia brevis
blooms in the Gulf of Mexico but these investigaschave never been extended to
DMSP and DMS production.

Most data compiled here are based on measurememésat a single time point
and rather few data indicate how DMSP content ganigh growth conditions, age of
culture and physiological conditions (e.g. the atwin of abiotic factors such as
salinity, light, nutrient availability, temperatuamd the presence of competitive species,
predators and viruses). This sulphur metabolitddcéwe variously involved in many
processes such as osmotic balance of the cellpxishitive mechanisms and prey-
predator interactions (see Chapter 1 section 1&h8)hence, is certainly affected by

dinoflagellate physiology. In-depth investigatioms the effect of dinoflagellate

207



Chapter 5 A re-appraisal of the variability in DMS&Bntent and DLA in dinoflagellates

physiology on DMSP content and DMSP lyase activwityuld give us a better insight
into the biological role of DMSP for this phytoplkion group. Nonetheless, from the
dataset compiled here, it seems unlikely that gy function of DMSP could be
that of an osmolyte where DMSP concentrations amg Yow (<10 mM). Another
function suggested for DMSP and its by-productaats-grazing compounds has not
yet been shown for dinoflagellates, though theyvee# known for the production of
toxins or luciferin (in the case of bioluminescencénterestingly, Alexandrium
tamarense is able to produce these 3 categories of compour@sazing
experimentations with this species might help rityf the role of these compounds,
especially under N-limited conditions which may eaff the saxitoxin and DMSP

production in opposite ways.

This review summarises the available data on DM&Remnt in dinoflagellates.
This major phytoplankton group is highly diverseenms of its geographic distribution
and biological characteristics and this is refldcie the wide range of DMSP
concentrations and DMSP lyase activities seen.deta support the overall conclusion
that dinoflagellates are one of the major DMSP-pomly phytoplankton groups with
potential to contribute to DMSP production andflitx to the atmosphere. A number of
gaps in knowledge are highlighted that | hope wtimulate further DMSP-related

research on this fascinating protist group.
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Chapter 6 Effects of growth phases, salinity and nutrient vaiation on
the DMSP content of the heterotrophic dinoflagellag¢ Crypthecodinium
cohnii- evidence for an osmotic role of DMSP

Abstract

Although dimethylsulphoniopropionate (DMSP) is knmote be primarily produced by
photosynthetic organisms, some heterotrophic dagelflates are able to produce
DMSP in relatively high concentrations. | investighthe biological role of DMSP for
heterotrophic species by testing the physiologiesponse o€rypthecodinium cohnii
on the cellular DMSP concentration over growth stagnd under various salinity and
nutrient conditions. DMSP appeared to act as arobgenunder salinity treatments with
long-term response after hypoosmotic shock and-4éom response after hyperosmotic
shock. | also found evidence for a 4-fold increasBMSP concentration per cell
volume at the end of exponential growth phasespaase to glucose depletion in the
medium. | suggested that DMSP might replace gludeseed osmolytes in glucose-
deprived medium for this species. The adjustmel@MEP content to the external
glucose concentration was performed extremelywfgsin seconds and likely involves
similar mechanisms of sensing and molecular preseggt were recently described in
yeasts. These results suggest that DMSP may beass@t osmolyte not only by
photosynthetic macro and microalgae but also bgrb&bphic dinoflagellates and that

such function is regulated by an exceptionally fasponse to environmental stimuli.
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6.1.Introduction

Crypthecodinium cohniis a heterotrophic protist belonging to the laaya
diverse dinoflagellate group. This species is iigted in temperate and marine waters
living in marine to brackish habitat and usuallyrd on decaying seaweeds (Tomas,
1997; Mendes et al., 2009). Heterotrophic dinofllates represent about half of living
dinoflagellates (Taylor, 1987) and the dinoflagellgroup contains 2183 species (Guiry
and Guiry, 2009, http://www.algaebase.org/ consdulten the 29/07/2010).
Heterotrophic dinoflagellates also account forL(§ the microzooplankton biomass
(Buitenhuis et al.jn pres$ and actively graze on diatoms (Sherr and Sh&®,7R,
hence, provide a crucial component of the planktéaodweb. This species is also of
recent interest for biotechnological applicationscs it is intensively studied for the
production of thew-3 fatty acid, docosahexaenoic acid DHA that isvkmdo reduce

cardio-vascular diseases (Mendes et al., 2009).

In laboratory culturesC. cohniican be grown as an osmotroph, because it is
able to actively takeup dissolved organic matter through membranes. Mewe
C. cohniimay not be restricted to osmotrophic feeding gitreat it showed ability to
prey on small flagellates (Taylor, 1987; Ucko et, d997). Other phagotrophic
heterotrophic dinoflagellates includin@xyrrhis marina Noctiluca scintillans and
Gyrodinium lebouraeare facultative osmotrophs and some heterotroppécies are
suspected to be obligate osmotrophs, for exampleciss of the generHistioneis
OrnithocercusProtoperidiniumandTriposolenia(Taylor, 1987).

Ishida (1968) was the first to identify the presenc of
dimethylsulphoniopropionate (DMSP)the precursor of the climate active gas
dimethylsulphide (DMS) irC. cohnii The intracellular DMSP content was quantified in
a range from 103 mM (see chapter 4) to 377 mM @€edt al., 1989a). Additionally,
Kadota and Ishida (1968) identified the presencaroenzyme responsible for DMSP
cleavage to DMS irC. cohnij that possibly belongs to the group of DMSP lyase
isozymes. | previously quantified tievitro activity of this enzyme at 2.86 mmold;*
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h™ (see chapter 4). Nevertheless, other enzymes it Production exist in bacteria
and fungi but these have not been investigatedatists (Todd et al., 2009).

DMSP and DMSP lyase enzymes are both synthesisedamy but not all
dinoflagellates (listed in chapter 5). Heterotrapdinoflagellates are remarkable given
they are the only heterotrophic organisms havimg¢hpacity. Moreover, the metabolic
pathway of DMSP irC. cohnii(Uchida et al., 1996) differs from the one esti@id for
macroalgae (Gage et al., 1997); (see Chapter losett2.2). The benefit of the
conservation of DMSP synthesis in heterotrophicanigms is unclear. Research on
marine algae suggests several biological rolesDi#SP (compatible solute, methyl
donor, anti-oxidant, overflow mechanism, predatetedent; see Chapter 1 section
1.2.3. for more details) and it is possible thatsit“multifunctional”, hence serves
various physiological roles. Its role in heterotnap dinoflagellates in general and
C. cohnii specifically is unknown but my own measurementd puablished values of
DMSP concentrations €. cohnii suggest that it is present at sufficient levels to

involve DMSP in a potential osmolyte role (discusgseChapter 5, section 5.3).

In the study presented here | investigated theiplogical conditions that affect
the DMSP content o€rypthecodinium cohnivith the aim of elucidating the function
of this sulphur metabolite in this heterotrophiaaflagellate. To achieve this aim, |
quantified DMSP at different culture growth stagesl under different salinity and
nutrient conditions. The data provide a first itgigito the contribution of DMSP and

DMS from the ecologically important group of hetieophic dinoflagellates.
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6.2.Material and methods

6.2.1.Culture conditions

CCMP316, an axenic strain @rypthecodinium cohni(Seligo) was obtained
from the Provasoli-Guillard National Center for @ué of Marine Phytoplankton
(Boothbay Harbor, USA). Batch cultures were grownlD0 to 500 ml Erlenmeyer
flasks with /2 + NPM medium (modified from Guilhr1960) at 22°C and
100 umol photons it s with a 14:10 h light:dark cycle. This heterotraplsipecies
does not require light for growth, nonetheless, donsistency sampling was usually
done in the middle of the photoperiod. The f/2 mumir enrichment contained inorganic
nitrogen, phosphorus, trace metals and vitamins. NRM organic solution contained
organic sources of carbon and nitrogen (Table &AfL)xhe start of each experiment,
experimental flasks were inoculated fron€acohniistock culture in late exponential
growth phase to obtain initial cell density of*t@lls mi*. The inoculation marked the
starting time of the experiments. The axenicityhef cultures was checked at the end of
each experiment by DAPI staining (Sherr et al.,3)99he organic rich f/2 + NPM
medium is organically rich and highly favourablebacterial development and where
contamination occurred it was obvious by visuapewion. Contamination of cultures

with bacteria occurred rarely and these cultureewéescarded immediately.

Table 6.1 NPM organics. Concentrations shown are péitre of final medium

NPM organics Compounds g perL

Organic carbon (org C)  sodium acetate 0.1
glucose 0.6
(di)-sodium succinate 0.3

Organic nitrogen (org N) peptone 0.4
bacto-tryptone 0.1
yeast extract 0.01
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6.2.2.Salinity treatments

Fifteen flasks (100 ml of volume) containing f/2NPM medium (medium
recipe described in section 2.1.2.4) were inocdlatgh a stock culture to obtain 24 ml
of starting batch cultures at “16ells mi*. All flasks were sampled 6 and 24 h after the
inoculation before diluting the cultures with frestedium at 24h to alter the salinity.
This salinity change marked the start of the expent (t=0). Four salinity treatments
were tested (9, 20, 45 and 58, measured usingréotiqal salinity scale) and compared
with a control of unchanged salinity (salinity o1)3 Each of the 5 conditions was
performed in 3 culture replicates. The dilution wdme with 60 ml of /2 + NPM
medium prepared at various salinities to obtain fthal salinities described above.
Medium used for dilutions were prepared as follof&$for hypoosmotic shock, filtered
seawater was diluted with distilled water to lowalinities. (2) for hyperosmotic shock,
filtered seawater was heated below its boiling péinevaporate water and increase
salinity. To limit the pH variation, the pH was adgfed with HCl and NaOH solutions
before autoclaving medium. Autoclaved medium wasched with sterile f/2 + NPM
solutions and added to the cultures. Final pH rdrfgem 6.8 to 7.4. The cultures were
monitored for up to 78 h after treatment but myestigations focus on the period of

exponential growth during the first 36 h after apawf salinity.

6.2.3.Nutrient supplementation treatments

Eighteen flasks (100 ml of volume) containing /2 NPM medium were
inoculated with a stock culture to obtain 77 ml sifrting batch cultures at 9 -
10x10 cells mi*. All flasks were sampled at 6, 30, 36 and 48 Iédiately after the
fourth sampling and as the cultures entered tht@stay growth phase, nutrients were
added in 15 flasks. Four treatments of nutrienitams were tested and compared with
a control (0) that received no addition and a ainft) that received addition of all
nutrients as indicated in Table 6.2. | preparedgaoic stock solutions (NPM = org C +
org N; org C; org N) and for each treatment | added of these solutions at the same
volume and concentration as the organic soluticseeddn control 1 (6.8 ml). For 3

treatments, the f/2 enrichment was added at thes saslume and concentration as in
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control 1 (0.68 ml). Each of the six conditions waesformed in 3 culture replicates.
For comparison of growth between all conditiondaltaell volume was corrected

according to the dilution applied to the culturattivas not applied to the control O.

Table 6.2 List of nutrient supplementations. The # enrichment comprises sodium nitrate, sodium
phosphate, trace metals and vitamins (Guillard andRyther, 1962; Guillard, 1975). Glc means
glucose.

Controls and treatments Nutrients added

Control O no addition

Control 1 = all nutrients f/2 enrichments + org ©rg N

Control 1 —org N f/2 enrichments + org C

Control 1 —org C f/2 enrichments + org N

Control 1 - Glc f/2 enrichments + org N +
sodium acetate + sodium
succinate

Control 1 — F/2 orgC+orgN

6.2.4.Carbon availability treatment

Five media of different organic C concentrationsr@vprepared in triplicate in
15 flasks of 100 ml volume. The organic C concérmns were 5, 10, 20, 50 and 100 %
of original recipe (Tablel). A stock culture 6f cohniiwas grown in normal f/2 +
NPM medium and used as inoculum in the 15 flasksciBcultures were sampled after
few minutes, 3, 24, 30, 36 and 54 h to measure DM@Pcell volume (CV).

6.2.5.Time-response of DMSP adjustment

Three media were prepared with different types@mtentrations of organic C:
(1) 100 % D-Glc according to the normal recipeffar+ NPM, (2) 5 % D-Glc, (3) 5 %
D-Glc + 95 % L-Glc. Each medium was prepared iplitate and dispensed in a total of
9 flasks. Each flask was inoculated with a stockuce of C. cohniiand immediately
sampled after 30 seconds for DMS#er CV measurements and every 30 seconds up to
5 min. At 10 min a last sample was taken for DMSber CV and total CV

measurements.
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6.2.6.DMSP and DMS production

Production of DMS and DMSPwere calculated by subtracting the DMS/P
value from one sample point to the next one andliohig by the period between the two

sampling points (equation 1).

DMSP, - DMSP

DMSP production= (1)

4

DMS, - DMS,

DMS production= (2)

4
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6.3.Results

6.3.1.Growth, DMSP and DMS concentrations in batch cultues

The growth of Crypthecodinium cohnicomprised 3 successive stages, the
relatively short exponential and stationary growtases and decline phase over a
period of about 174 h (Figure 6.1 A). The exporamnhase lasted for approximately
54 h during which total cell density and cell vokinmcreased to reach a maximum of
4.2 x 18 cells mI* and 452uL e L™. However, whilst growth rate remained constant
up to 54 h the volume per cell started to decreasber and indicated continued cell
division while accumulation of biomass was redu¢Edyure 6.1 B). The stationary
phase followed and lasted for about 24 h, thoughghows up best in total cell volume
(CV) data (Figure 6.1 A). Between 54 and 78h calhgity and total cell volume
remained fairly stable, but growth rate declined &olume per cell reduced by 54 %
from 2100 to 970um>. Finally the following decline phase was chardstst by a

reduction in cell density and total cell volume andegative growth rate.

DMSPr and DMSR concentrations in culture showed similar patteswer the
growth which demonstrated that DMsSWas the major contributor to DM$RFigure
6.1 C). Statistical analyses showed no significdifterence between DMSPand
DMSP, measurements (Mann-Whitn&ytest, P=0.566 > 0.05). DM$Roncentrations
noticeably increased in line with cell growth dgithe exponential phase and decreased

during the following phases.
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Figure 6.1 Growth and DMSP/DMS parameters in batchcultures of Crypthecodinium cohnii. (A)
Cell density and total cell volume (CV). (B) Growthrate and volume per cell. (C) DMSR, DMSP,
and DMS concentrations in the culture. (D) DMSR per cell and per CV. (E) Production of DMSR
and DMS in culture. Shaded areas indicate the stathary phase of growth based on measurements
of total CV. Shown are average values with range ofata (n=3, except in panel C for DMSp
concentrations where the asterisk indicates n=2). Wén no range bars are visible, the range of data
was smaller than the symbol size. Baseline of paseB and E show the zero growth and zero
production respectively.
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Normalised DMSP concentrations substantially increased at the @nthe
exponential phase and decreased during the folgpwimses (Figure 6.1 D). DM$P
concentrations per cell volume (CV) increased 4-félom 61 mM (equivalent to
mmol LeeiY) at the early exponential phase (6 h) to 255 mMhatbeginning of the
stationary phase (54 h) and DMSgbncentrations per cell increased 3-fold from .14
to 0.415 pmol ceft. Then, DMSR concentrations decreased somewhat during the
stationary phase when normalised to cell volume dhawed a sharp decrease when
normalised to cell density. Indeed, cell volumeuetbn compensated for the decrease
of DMSPr concentration when it was normalised to CV. Durihg decline phase

DMSP; concentrations slightly increased and decreasaihag

DMS concentration in the culture was low during &x@onential and stationary
phase (0.023 to 0.229M) and increased during the decline phase to a maxi of
2.342uM (Figure 6.1 C). In mid-exponential phase, DMS @amtration was 0.068M
and represented 0.4 % of DMSE7.6uM). DMS concentration increased to 0.2249
at 54 h similar to the increase in total cell vokurithen, DMS concentration increased
sharply to 2.3421M during the decline phase accounting at its maxmfar 4 % of
DMSP; concentration. Whilst the major DMSP productiopegred to occur at the end
of the exponential phase, the major DMS productiocurred during the decline phase

when growth rate was negative (Figure 6.1 E and B).
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6.3.2.Effect of salinity treatments on growth and DMSP catent

After 24 hours of exponential growth, batch cultucé Crypthecodinium cohnii
were diluted to obtain various salinities in thedmen. Medium with a salinity of 31
obtained with the normal recipe of the f/2 + NPMdien recipe was used as a control

for comparisons with other salinity treatments40, 45 and 58).

The total CV showed a similar pattern for the defe salinities tested except
lower values at a salinity of 9 that resulted friower volume per cell. After dilution
with fresh medium, the cultures recovered to simebgponential growth rates during the
first 12 h (Mann-WhitneyJ test, P>0.05, Table 6.3) then reduced after 24dicating
the onset of the stationary growth phase. Moreaber growth became more erratic at
salinities of 45 and 58 after 24 hours of treatn{€rgure 6.2 A and B).

The volume per cell was significantly affected by different salinities (Mann-
Whitney U test, P<0.05, Table 6.3). The volume per cell reduwith salinities 9 and
20 from 6 h and 12 h respectively up to the endyf@ 6.2 C and D). The volume per

cell increased at salinities 45 and 58 from 24th&end of the experiment.

Table 6.3 Probabilities obtained with Mann-WhitneyU tests for comparison of growth rate, volume
per cell and DMSR; per CV between salinity treatments (9, 20, 45, 5&nd the control (salinity of
31) over a period of time after treatment. Asterisk show significant difference between the
treatment and the control.

Growth rate Volume per cell DMSR;: per CV
6-12h 6-36 h  6-12h 12-36 h 6-12h 12-36h 36-78 h
Salinity 9 0.688 <0.001* 0.002* <0.001* | 1.000 <0.001* <0.001*
Salinity 20 0.378 0.002* 0.63 <0.001* | 0.004* 0.002* 0.009*
Salinity 45 0.688 0.023* 0.173 0.023*| 0.025* 0.453 0.627
Salinity 58 0.337 0.019* 1.000 0.019*| 0.004* 0.583 0.310

219



Chapter 6 Effects of growth phases, salinity antlient variation on the DMSP content of C. cohnii

Hvpoosmotic shocl Hyperosmotic shock
400
a B
-
= 300 —e—31
g —o— 45
2 200 —a—58
>
= =
S 100 -
o
|_
0
3000
-
= 2000 |
]
o
] -
o 1000 - e-e
£
3
(@]
>
0
= 200 { 8
=
£ F
>
@)
@ 100 - ,
o
-
o
(%]
=
D 0 T T T
24 12 0 12 24 36 24  -12 0 12 24 36
Time (h) Time (h)

Figure 6.2 Effect of salinity on growth parametersand DMSP; per CV in batch cultures of
Crypthecodinium cohnii. For ease of comparison, data are divided into “hyoosmotic shock” (left
column, salinities of 9, 20 and 31) and “hyperosmiat shock” (right column, salinities of 31, 45, and
58). (A and B) Total CV. (C and D) Volume per cell(E and F) DMSP; per CV. Shaded areas show
the first 12 hours of treatment. Shown are averaggalues with range bars of data (n=3, except in
panels E and F for DMSR per CV at salinity 31 where the asterisk indicates=2). When no range

bars are visible, the range of data is smaller thathe symbol size.

The DMSR per CV was also significantly affected by the eliféfnt salinities.
For most salinity treatments, the DMSPper CV was rapidly adjusted to the external
salinities after 6 hours following the medium trmns(Figure 6.2 E and F). Only the
treatment of salinity 9 showed a delay in the DM#siRustment after 12 h. Then, whilst
at low salinities the DMSPper CV remained adjusted during the whole expeartnu@
to 78 h, at high salinities the DM$Rer CV shortly returns after 12 h to similar
concentrations as in the control. Table 6.3 shtwvegtobabilities obtained for statistical
comparisons between treatments and the contraffateht periods of the experiment.
From 6 to 12 h following the salinity treatmentetBMSR per CV was significantly
different from the control at salinities of 20, 46d 58. From 12 to 78 h, the DMSper
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CV was significantly different from the control aalinities of 9 and 20. Therefore
C. cohniicells appeared to be capable of short-term acttma&o hyperosmotic shock
by increasing their DMSP to CV ratio but were nbteato maintain this metabolic
response for long period of time. HoweV&r,cohniicells performed short to long-term
acclimation to hypoosmotic shock by decreasing tb&éSP to CV ratio and this was a
lasting metabolic adaptation (Figure 6.3 visualifesDMSPT per CV for all salinities

tested at different sampling times).

Therefore, the DMSP content and the volume of tled were affected
alternately in response to the salinity treatm@nsalinity of 9, the volume per cell was
first reduced and then the DMSP per CV decreasestedls at high salinities of 45 and
58, the DMSP per CV first increased and then tHame per cell enlarged.
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Figure 6.3 Summary of the effect of salinity on DMB; concentrations per cell volume (CV). (A)
DMSP+ per CV expressed as a difference to DMSPper CV obtained at salinity of 31. (B) DMSPT
per CV obtained for 5 salinities tested (9, 20, 385 and 58); shown are average values with range of
data (n=3, except at time 0 for salinity of 31 wher the asterisk indicates n=2).
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6.3.3.Influence of nutrients on growth and DMSP content

The increase in DMSPper cell and per CV at the end of exponential ghow
phase in batch cultures (Figure 6.1 C) was furtieestigated by supplementing
cultures with the various components of the f/2 RMNmedium (Table 6.1 and Table

6.2) at the onset of the stationary growth phase.

The growth, volume per cell and DMSPer CV of each supplementation
treatment was compared with that of a control vadidition of all nutrients (Control 1)
and a control without nutrient addition (Control. @Il the cultures showed similar
growth and DMSP per CV patterns until the nutrients were addethia exponential
phase (Figure 6.4, shading). As befd@e,cohnii culture reached the stationary phase
after 48 h of growth and over this period DMSper CV increased 4-fold (47 to
184 mM, Figure 6.4 A and K). The volume per celdueed slightly during the
exponential growth phase then reduced more sulstgrduring the following phases
(Figure 6.4 F, “Control 0").

The addition of all nutrients (Control 1: f/2 erfvioent nutrients + org C + org
N) restarted growth, delayed the reduction of bk vwlume and a significant decrease
of DMSPr per CV was observed over the next 6 h (from 18200 mM, Figure 6.4 A,
F, K, “Control 17). Similar results were obtainedr fthe addition of all nutrients — /2
enrichment (Figure 6.4 B, G, L). For other treattsewhich lacked some organic
components, the growth rates were lower than afterplete nutrient addition (Figure
6.4 C, D, E) and the volume per cell decreasedgmsabstantially in treatment lacking
org C (H, I, J). The addition of all nutrients -ga¥ (Figure 6.4 M) led to similar DMSP
decrease than after complete nutrient addition. él@y, when all nutrients — org C
(Figure 6.4 N) or all nutrients — Glc (Figure 6.4 Were added the decline in DMSP
per CV was eliminated. This suggested that org € especially glucose was required
to obtain the drop of DMSPper CV. In other words, the carbon depletion was
responsible for the increase in DMSer CV at the end of the exponential phase when

no nutrients were supplemented (Figure 6.4 K, “@ur@”).
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Figure 6.4 Effect of nutrient additions on growth mrameters and DMSR per CV in batch cultures of Crypthecodinium cohnii. (A to E) Total CV. (F to J) Volume per
cell. (K to O) DMSP; per CV. Different nutrient additions are presentedon each column. Control 0 has no addition, Controlreceive all nutrients and other treatments
receive less nutrients than Control 1. Time 0 indite time of nutrient addition and shading indicatesexponential growth before nutrient addition. Shownare average
values with range of data (n=3). When no range bamare visible, the range of data is smaller than theymbol size.
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6.3.4.Influence of the C availability on the DMSP content

The depletion of C causing the increase in DMB& CV that | observed in the
nutrient supplementation experiment (Figure 6.4nd ®) was further investigated by
transferringC. cohniiin media with various C concentrations (5, 10, 20,and100 %
of organic carbon). Batch cultures were sampletigfter inoculation into new medium
(<5 min) and over the next hours (3, 24, 30, 36hpbtb measure the DMSPer CV.

Reducing the available C in the medium resultednnncrease in the DMSP
per CV (Figure 6.5). There was a significant effefcthe available C concentrations on
the DMSR content (Kruskal-Wallis, P<0.001). | also check#dht all tested C
treatments gave significantly different DMSper CV concentrations in comparison to
those of the control with 100 % C (Mann-Whitndytest, P<0.01 detailed in Table 6.4).
The adjustment of DMSP per CV 1@. cohnii cells to the external C concentration
appeared to be very fast in a period of minuteseopnds since the DM$Per CV was

adjusted at the first sampling a few minutes &ftertransfer.
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Figure 6.5 Effect of external organic C concentratins on DMSP per cell volume (CV). Cultures
were transferred in medium containing 5, 10, 20, 5@nd 100 % C. Time Oh illustrates the first
sampling performed a few minutes after the inoculabn in new medium. Shown are average values
with range of data (n=3, except at 5 % C where thasterisk indicates n=2). When no range bars are
visible, the range of data is smaller than the synd size.
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Table 6.4 Probabilities (P) obtained with Mann-Whiney U tests for comparison of DMSR per CV
and volume per cell between treatment with low C amentration (5, 10, 20, and 50 %) and control
(100 %). Asterisks show significant difference beteen the treatment and the control.

C concentration P obtained for
DMSP+ per CV

P obtained for

volume per cell

5% <0.001*
10 % <0.001*
20 % <0.001*
50 % 0.002*

0.027*
0.019*
0.129
0.429

The volume per cell appeared to be also affected thy external C

concentrations (Figure 6.6). At 5 % and 10 % org&hiconcentration, the volume per

cell was significantly lower than the control (Tal®.4). At 20 and 50 % organic C

concentration, no significant difference was obsdrwith the control. Only very low C

concentrations affected the volume per celCotohniiby reducing it.
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Figure 6.6 Effect of external organic C concentratins on volume per cell. Cultures were
transferred in medium containing 5, 10, 20, 50 and00 % C at time 0 h. The first sampling was
performed a few minutes after the inoculation intonew medium. (A) Treatments with 5 and 10 %
were significantly different from the control at 100 % C. (B) Treatments with 20 and 50 % were
not significantly different from the control at 100 % C. Shown are average values with range of
data (n=3, except at 5 % C where the asterisk indates n=2). When no range bars are visible, the

range of data is smaller than the symbol size.
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6.3.5.Time-response of DMSP content to the external gluse concentration

In order to test the time required Byypthecodiniuntells to adjust their DMSP
content to the external C concentration of the mmagil monitored the DMSP
concentrations every 30 seconds during 5 min dfterinoculation ofC. cohniiin a

medium depleted in glucose (Glc, 5 % of the norooaicentration).

Figure 6.7 A shows that DMSRer CV was adjusted in less than 30 sec to the
external C concentration. On the first samplingypaihe DMSR per CV increased by
100 % (from 72 to 149 mM) in cells inoculated iughse-depleted medium whereas
the DMSR per CV decreased by 60% (from 87 to 35 mM) inscelbculated in replete
medium.
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Figure 6.7 Time-response of DMSPper CV to (A) D-glucose (Glc) limitation, (B) D-Gt limitation
compensated with L-Glc in batch cultures ofCrypthecodinium cohnii and time-response of DMSP
per L of culture to (C) D-Glc limitation, (D) D-Glc limitation compensated with L-Glc The first
data point indicates DMSP concentration in stock citure before the introduction in new medium.
Shown are average values with range of data (n=3)Vhen no range bars are visible, the range of
data is smaller than the symbol size.
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Given that the medium with 5 % glucose differedniraghe 100 % glucose
medium in osmolar properties, | tested the sameogk limitation treatment with
compensation of 95 % L-Glc. In presence of 95 %le-&d 5 % D-Glc, DMSPper
CV was similar to that of the control 100% D-Gladie 6.7 B). This suggested that L-
Glc was absorbed by cells similarly to D-Glc ortthaGlc potentially balanced the
osmolar pressure of the medium. After 10 min cditimeent the mean volume of the cell
was similar for the 3 conditions tested: 1787°1an100 % D-Glc, 1675 piat 5 % D-
Glc and 1763 prhat 5 % D-Glc compensated with 95 % L-Glc (Mann-way U tests,
P>0.05 for each treatment compared with the contmel6 for each treatment).
Measurements of DMSPin culture not normalised to cell volume, also whkd an
obvious difference between the 5 % D-Glc treatnaed the other conditions (Figure
6.7 C and D).
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6.4.Discussion

| investigated the growth and DMSP contenCoypthecodinium cohnin batch
cultures and under different salinity and nutrieonditions in order to identify the

possible physiological roles of DMSP in this specie

DMSP; concentrations were used as an estimation ofrttiacellular DMSP.
Dinoflagellates are very sensitive to shear stfasslescribed in sections 1.3.12) so that
measurements of intracellular DMSP are often a#i@cby filtration artefacts (see
section 3.5.1.2). With no significant differenceeteen DMSP and DMSR
measurements, DM$Rvas the major fraction of DMSPover the growth. Dissolved
DMSP (DMSR) and DMS might account for a larger fraction dgrthe decline phase
when the population became senescent. Accordingiyoresults, maximum DMS
concentrations accounted for 4 % of DMSRly own measurements of DMgRere
highly variable but suggested that DMS#counted for 0.5 to 3 % of DM$Bver the

growth (data not shown).

6.4.1.Effect of salinity on C. cohnii batch cultures — evidence for an osmotic
role of DMSP

DMSP is a sulphur metabolite described as a patiectimpatible solute (Stefels
et al., 2007) and | found here that its concerdratvas significantly affected by salinity
change and acted certainly as suchCincohnii DMSP per CV decreased with low
salinities and increased with high salinities. T$p&cies may often be found associated
with decaying seaweeds on beaches, in estuarigsifing attached on macrophyte
branches (Mendes et al., 2009) thereby affectelddge osmotic variations due to tidal
exposure, evaporation and desiccation, and pratiit The growth ofC. cohnii
appeared not to be affected by the salinity changecordance with the adaptation to
the brackish and marine natural habitat of thicgse(Tomas, 1997). However, even if
C. cohnii survived at high salinity treatments in our stuthis species has not been

reported in natural hyper-saline environments.
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C. cohnii cells respond to external salinity variation by oterm
osmoacclimation to high salinities and long-terrmoacclimation to low salinities. At
low salinities, DMSP per CV decreased and remamdjdsted over a relatively long
period of several days. At high salinities, DMSPr &/ increased and remained

adjusted over a short period of less than 12 h.

The response of DMSP per CV may differ at low arghtsalinity treatments as
it has been observed in the diat@ylindrotheca closteriumThe DMSP content of this
diatom increases with salinity up to 44 but doesinorease further at higher salinities
but leads to the increase of other osmolytes thdi$P (Van Bergeijk et al., 2003). The
different responses observed @ cohnii suggest the potential production of other

osmolytes at high salinities.

The volume per cell ofC. cohnii was affected by salinity treatments as a
potential result of cell division, biomass increasesexuality but not of cell turgor.
After a few seconds of treatment, the volume ofikes cells or the turgor pressure of
walled cells might increase at lower salinity amtiase at higher salinity (Kirst 1989).
C. cohnii cells are covered by thin thecal plates likelyntaintain the cell volume.
Moreover the opposite trend of the volume per eals observed through salinity
treatments showing decrease at lower salinity andease at higher salinities after
several hours. This volume change was thus, nettlyr related to the cell osmotic
variation. As growth rates (based on cell numberasneements) were similar at
medium and low salinities, the smaller volume at Isalinities could result from a
reduced biomass increase at similar cell divisiates. At high salinities the volume
increased resulting generally from biomass increageen the growth rate was
unchanged and sometimes from lower growth ratepe(eslly at extremely high
salinity). The cell size variation may also reduttm change in gametes and zygotes
production. Beam and Himes (1974) observed homlathaéxual reproduction in
several strains d€. cohniithat lead to the production of gametes and zyguoftearious
sizes. Zygotes can result from the fusion of 2 orenrarely 3 cells and can generate 4
or 8 cells. The life cycle which influence cell szmay be affected by external factor
such as oxidative stress that induces the activatiosex genes in the multicellular

green algavolvox carteri(Nedelcu et al.,, 2004) or phosphate deficiency Hiws
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gamete fusion in the dinoflagellateangulodinium polyedrum(Figueroa and Bravo,
2005).

The osmolyte role for DMSP is not generalised t@lglae that produce it. There
is evidence that DMSP acts as an osmolyte in sap®phytes (Vairavamurthy et al.,
1985; Stefels, 2000), prasinophytes (Dickson andtKil986) and green macroalgae
(Dickson et al., 1980; Karsten et al., 1991). Imsoother green macroalgae species,
DMSP does not respond to salinity variations (Edisaet al., 1987; Van Alstyne et al.,
2003). Some dinoflagellates includin@fiesteria piscicida Ceratium longipes
Pyrocystis lunulaGambierdiscus toxicusontain DMSP in such small amounts that it is
unlikely to act as an osmolyte (as concluded inpfdra5, section 5.3). Additionally,
DMSP concentration remains stable under salinitgnges in some other organisms
such as the terrestrial plaBpartina anglica(van Diggelen et al., 1986). Here, | report
for the first time in detail that DMSP acts as asmolyte in a heterotrophic

dinoflagellate.

6.4.2.Influence of nutrients on C. cohnii batch cultures — antagonism with

glucose

In normal conditions (/2 + NPM medium(;. cohnii cultures showed a rapid
growth due to the rich organic nutrition, reachthg stationary phase in about 54 h and
the DMSP per CV increased substantially at the @nithe exponential phase. At this
stage, also called the retardation phase, nutrggatsto deplete in the culture and affect
the physiological state (Barsanti and Gualtieri0&0 Hence, | have investigated
whether the nutrient depletion that occurs at the ef the exponential growth phase

could cause the increase in DMSP content.

The nutrient addition experiments in nutrient-dégdebatch cultures identified
the carbon source and especially glucose as the#nigmutrient triggering the increase
of DMSP at the end of the exponential growth phd3BISP production is also
dependant on other nutrients than carbon. In myltsee¢he input of organic N and /2

nutrients led to a greater DMSP production. F/2riaats supply trace metals and
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vitamins necessary to enzyme activities involvedratabolic processes and DMSP
synthesis.

Deschamps et al. (2008) observed that starch syistted accumulation in
C. cohniioccurs during the early to mid-exponential ph&sas trecedes and stops at the
onset of the stationary phase when glucose wa®mgel available. Clearly, glucose
assimilation and DMSP production both vary with wtlo stages and show an
antagonistic behaviour. It is possible that DMSplaees the glucose-derived osmolytes
when glucose is limited. In many organisms, glucesmetabolised to carbohydrates
that are known to play a role as osmolytes: tredalim some cyanobacteria, yeasts,
bacteria, actinomycetes (Welsh, 2000) and anim@lss(h and Ramlov, 1991); sucrose
in some microalgae, cyanobacteria and phototrogacteria; glycerol in some
microalgae and yeasts; glucosylglycerol in cyantdré; arabitol and sorbitol in yeasts
(Welsh, 2000); mannitol in microalgae, bacterianguand plants (lwamoto and
Shiraiwa, 2005). Therefore, in microalgae includmygnobacteria, sucrose, mannitol,
glycerol, glucosylglycerol and trehalose have beaeported as glucose-derived
osmolytes.C. cohnii produces a large variety of glucose-derived comgeuas it
irregularly excretes polysaccharides containingntyaglucose, galactose and mannose
and also in lesser amounts fucose, uronic acidxgtabe (de Swaaf et al., 2001). No
studies have reported the cell content of glucased compounds insid€. cohnii
cells. In our experiments, glucose limitation colgdd to the lack of glucose-derived
osmolytes, the utilisation of most intracelluladysaccharides and the replacement by
amino acid-derived osmolytes including DMSP. Simlasome yeasts produce
different organic osmolytes during the differentogth phases, for example they
accumulate glycerol during exponential phase thehalose during stationary phase
when glucose is limiting (Meikle et al., 1988). &wtl, in situations of C limitation for
C. cohnij DMSP can be synthesised via the pool of existirgghionine or through the
degradation of proteins as described by Uchidd. €18996). This hypothesis moreover
explains the requirement of N organic source todpce DMSP as observed in my

experiment.
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6.4.3.Time-response of DMSP adjustment

The osmotic action of DMSP was described as a ratlmv process (Kirst,
1989; Stefels, 2000) but | observed an exceptigrfabt DMSP per CV adjustment in
response to glucose limitation. Microalgal DMSPpi®ds slowly to hyper- and hypo-
osmotic shocks over a period of a few hours contpdce non-organic osmolytes
including Nd and K ions that change within an hour (Kirst, 1989). Héwer, there is
the exception of the prasinophyletraselmis subcordiformithat adjusts its DMSP
content in less than 1 h to hypoosmotic shock amlia3 h to hyperosmotic shock
(Dickson and Kirst, 1986). In my salinity experinignthe DMSP per CV changed in
less than 6 h in response to most of the hyper- lymb-osmotic treatments and a
longer period of about 12 h was observed at sglwiit9. These periods were the first
sampling point of our experiment and the exact tlmahas not been investigated.
However, the DMSP concentration was adjusted wii@oonds in response to carbon
and glucose limitation in the medium. This rapiditythe DMSP metabolism observed
in C. cohnii might result from the fast general metabolic astiwf this species in
laboratory culturesC. cohnii is an osmotrophic heterotrophic eukaryote grown on
organic source of N and C. It could be comparege@sts in terms of metabolism and

growing conditions.

The physiological response &. cohnii may be similar to other unicellular
eukaryotes such as yeasts which are able to seisent changes, especially glucose,
and adjust their metabolism within minutes. Wanglet (2004) observed that starved
yeasts change the expression of about 60 % of glegies by more than 2-fold increase
or decrease 20 minutes after glucose addition. Baetaal. (2008) observed similar
response for yeasts which change by 2-fold theesgion of 40 % of their genes within
minutes after glucose addition in culture growngbycerol. This adjustment occurs in a
few minutes and involves complex signalling netvgodnd rapid adjustment of the
metabolism. Such system is not knownGncohniiand further research is required to

understand how this extremely fast adjustment coatair within seconds.

The fast response of DM$Per CV within 30 seconds could more likely result
from a physical response of the cell volume chadge to a difference in osmolar

pressure of the medium. However, the cell volume wachanged after 10 minutes of
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treatment at 5 % D-Glc and the measurement of DM&P litre of culture also showed
a large difference between the 5 % D-Glc and the % D-Glc conditions. Some
experiments investigating the cell volume changerawe 10 minutes period after
introduction in the 5 % D-Glc could determine mrecisely a potential effect of the
different osmolarities of the media. Additionallihe time-response of. cohnii to
DMSP adjustment could be tested by adding glucosedulture entering the stationary
phase, as | already observed a sharp decrease @PDd&dncentrations. Finally, to
support the idea of an extremely rapid DMSP synsheghin the 30 seconds of culture
transfer in 5 % D-Glc medium the investigation lo¢ tmolecular processes involved in
DMSP synthesis are necessary, as for example thsurament of an enzyme activity
involved in DMSP synthesis irC. cohnii such as the hypothetical methionine

decarboxylase.

In the experiment with 5 % D-Glc compensated w8 L-Glc,C. cohniicells
reacted as if they were incubated in 100 % D-Glonshg similar DMSR per CV and
DMSPy in culture concentrations. Given that L-Glc canbetused as a carbon source,
the addition of L-Glc was applied here to complgte osmotic potential of glucose
depleted medium (95 % L-Glc + 5 % D-GlIc). Thesailtsssuggest that the addition of
L-Glc could balance the osmolarity of the mediumikarly to the presence of 100 %
D-Glc in the medium and eliminating the requiremehintracellular DMSP production
or the addition of L-Glc could balance the osmdjanf C. cohnii cells by being
absorbed similarly to D- Glc, potentially acting @s osmolyte and replacing DMSP.
The assimilation of L-Glc has been observed in rotrganisms such as in cells of rat
and hamster, rabbit intestines (Neale and Wiserh@68; Bihler et al., 1969; Wood et
al., 1989), house sparrows (Chang et al., 2004)yandts (Ritchie et al., 1986). Further
experiments with radio-labelled*C) L-Glc could determine whether this sugar is
absorbed byC. cohniicells. In conditions of low D-Glc concentrationsngpleted with
L-Glc, the medium was carbon-limited and the abesesfdMSP increase excluded the

effect of starvation stress as a stimulus for DM&stuction.

Crypthecodinium cohnpotentially re-metabolised its DMSP stock in caiaatis
of carbon-replete conditions. In conditions of glse-depleted medium that was
repleted by glucose addition, DM$Boncentration decreased and | observed that the

DMSPy fraction decreased as well (result not shown) sstigg that DMSP was rather
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used by cells than released to the medium. Kadothalshida (1968) observed that
C. cohniiwas not able to incorporate an external sourcBMESP but more recently,
Salo et al., (2009) found that the heterotr@pkyrrhis marinawas able to incorporate
and assimilate dissolved DMSP by osmotrophy. Stmltyashould be re-assessed for
C. cohniicells. Therefore, DMSP appears to be an organaures not only for bacteria
but potentially for heterotrophic dinoflagellateshish are able to assimilate and
metabolise DMSP. Moreove. cohnii might be able to re-metabolise its intracellular
stock of DMSP. Another example of microalga utiigiDMSP has been described by
Kates and Volcani (1996) who presented DMSP asear#tical intermediate in the
metabolic pathway of the phosphatidylsulfocholime the diatomsNitzschia spp
Further experiments wittC.cohnii cultures supplemented with radio-labelle8Sj
DMSP could determine whether DMSP is incorporatgdCh cohnii cells in replete

conditions and in glucose-limited conditions.

6.5.Conclusion

| have shown that DMSP acts as an osmolyteCioypthecodinium cohniin
various salinity treatments and suggested thatradkeolytes might be produced at
high salinity. Moreover, DMSP also seems to be peed as a substitute for glucose-
derived osmolytes in conditions of carbon or glecdspletion. Osmotic regulation for
turgor pressure is a fundamental process for agustecies. In this regard and
especially for osmotrophic species suchCagohniiare special cases in that uptake of

carbon compounds will disturb osmolarity.

DMSP might act as an osmolyte in other heterotoplmoflagellates as well.
Other heterotrophic dinoflagellates that are knowon produce DMSP include
Protoperidinium pellucidum, Pfiesteria schumwayaed Pfiesteria pisciscidaand
potentially Protoperidinium ovatum(see Chapter 5). However, some of these other
heterotrophs show different trophic behaviours|udimg grazing and are likely to use
DMSP in different ways. On the other har@d, cohnii strains are adapted to their

natural brackish habitat and have developed or taiaed strategies such as DMSP
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synthesis to survive large salinity variations; evttheterotrophs that would live in
different environments might not have this ability.

Contrary to slow adjustment of organic osmolytegvmusly observed in
microalgae, the adjustment of DMSP concentration gioicose limitation is
exceptionally fast within seconds. Similar proces$mave been observed in yeasts
within minutes involving nutrient availability seng and response by regulating gene
expression. Given that this species is also ingattd in biotechnology areas suchwas

3 fatty acid production, extremely fast moleculewmgesses might be of interest.

| observed that DMSP concentration may suddenlyesse but also decrease
depending on the external glucose concentrationratite latter case the fate of DMSP
that could be released or re-metabolised is stitlear. According to our observations
DMSP seemed to be re-metabolised but more investigavould help to confirm this

first observation.

Only a small number of heterotrophic dinoflagelkab@ve been investigated for
their DMSP content in regard to the thousand divéiog species that constitute 14®f
the microzooplankton biomass. This significant comgnt of the marine ecosystem is a
potential source of DMSP and DMS and a potentialtrdoutor to the global sulphur
cycle. | hope my results are going to encouragiéuresearch on the DMS and DMSP
production by heterotrophic dinoflagellates.

Further research is warranted to determine theenfte of nutrient and salinity
variations on DMSP content o€. cohnii in conditions close to their natural
environment. In its natural habitaZ, cohniilikely utilises various sugars and organic
molecules and the influence of a natural carbomcgomight differ from the antagonism
behaviour between glucose and DMSP that | obseiMegdocosm cultures @. cohnii
could be used to assess the effect of natural rdemtee such as precipitations and
natural salinity variation on its DMSP content abdratory cultures with seawater from
areas wher€. cohniihave been identified would represent more reaé#lyi the natural

DMSP content of this species and its variation dkergrowth.
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Chapter 7 Effects of darkness and nitrogen availability on gowth and
DMSP content of the heterotrophic dinoflagellateCrypthecodinium

cohnii

Abstract

Following the description in the previous chaptkam osmolyte function of DMSP in
the heterotrophic dinoflagella@rypthecodinium cohniil have investigated other
potential roles for this secondary metabolite. Ppbssible functions of antioxidant or
overflow metabolite were examined by assessingtteet of light and nitrogen
limitation on growth and DMSP content Gf cohnii Batch cultures were grown in dark
and light conditions. Althoug@. cohniireached significantly lower cell volume under
light exposure (24 % difference in average, P<Q.0® DMSP per cell volume was
similar (89 - 620 mM in the dark and 95 - 788 mMthe light, P>0.05). The presence
of photo-protective carotenoids @ cohniiis likely to reduce the requirement of
antioxidant and, hence, DMSP may not be utilisedraantioxidant under light
exposure. The nitrogen limitation was applied ju@ng the concentration of
nitrogen-containing compounds in the medium. Tisellts showed that during the
exponential growth phase, nitrogen limitation irased the DMSP content (1.54-fold
increase for a 20-fold nitrogen dilution) suggegtapotential role for DMSP as an
antioxidant in response to N-limitation stress @oasible role of overflow metabolite
to remove excess sulphur and recycle amino grddmsng the late exponential and
stationary growth phases, the DMSP production spoese to glucose limitation (as
observed in the previous chapter) was clearly deégetnon nitrogen availability. These
new results highlight the multifunctional propestief DMSP withinC. cohniispecies
and show a strong relationship between the nitr@yaiability and the DMSP content
of heterotrophic dinoflagellates.
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7.1.Introduction

In the previous chapters, | described how DMSP enfrations vary in
dinoflagellate species to better understand thimgical role of DMSP in this important
plankton group. In chapter 6, | focussed my studytiee frequently used heterotrophic
model Crypthecodinium cohnigiven that whilst heterotrophic dinoflagellatese a
potential source of DMSP, few studies have inves#id the role of this compound in

such organisms.

Previously, |1 showed that. cohnii utilises DMSP as an osmolyte and as a
potential substitute to glucose-derived osmolytgsirtvestigating the effect of some
abiotic parameters such as salinity and nutrientthe DMSP content dE. cohnii For
nutrient treatments, | examined, in depth, theatféd glucose limitation, demonstrated
that this results in increased DMSP concentratiand | also noticed the effect of
nitrogen limitation that appeared to restrain thd3® concentration in conditions of
glucose co-limitation. The effect of nitrogen liadion without glucose limitation on
DMSP concentration i€. cohniiis not known. In other phytoplankton groups, rggo
limitation has been reported to increase DMSP auinagons, such as in prasinophytes
(Grone and Kirst, 1992) and diatoms (Bucciarelld &unda, 2003). In these reports,
DMSP was suggested to act as a potential antiokidaesponse to nutrient-limitation
stress (Bucciarelli and Sunda, 2003) or as an mvenmetabolite during conditions of
unbalanced growth with excess sulphur and lackiwbgen (Stefels, 2000). In this
chapter, | investigated in more detail the effetiirogen limitation on the DMSP

concentration irC. cohnii

Some other abiotic parameters such as light exposudark conditions might
also affect the DMSP concentratios. cohniiis able to grow in complete darkness as
a heterotrophic species. In fact, it is growinghwatven higher growth rate in the dark in
comparison to light. Therefore, light has been sstgd to inhibit growth by allocation
of resources towards the production of photo-ptotegpigments such as carotenoids
(Tuttle and Loeblich, 1973). Several observatiomggest that the presence or absence
of light may trigger different metabolic responsasprotists: Jakobsen et al. (2004)
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have shown that heterotrophic species have a ¢acagycle of growth and feeding
rates that is maintained by a light cue such aghd irradiance threshold in the case of
the heterotrophic dinoflagellat©xyrrhis marina Strom (2001) reported that the
heterotrophic dinoflagellatdoctiluca scintillansshows light-aided digestion that could
result from the potential photo-oxidation of théraeellular organic matter. Moreover
the same study showed that two ciliate species gsitiv substantially higher rates

when exposed to light than in darkness.

As far as | am aware, the effect of light or dads\en the DMSP content of
heterotrophic dinoflagellates that are exposed ligha-dark cycle in natural conditions
has not been investigated. Important questionsrbatl addressing are: Does growth
inhibition in the presence of light also affect &SP content? Does light exposure

trigger the production of antioxidant compoundshsas DMSP?

In this chapter, | investigated the effect of thotic parameters light exposure
and nitrogen limitation on the DMSP content@f cohniibatch cultures. The aim was
to identify other potential roles of DMSP @ cohniiand increase our insight into the

factors that are affecting its concentration.
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7.2.Materials and Methods

Axenic batch cultures o€rypthecodinium cohniwere grown in /2 + NPM
medium at 22 °C in a controlled environment (MLRE3Blant Growth Chamber,

Sanyo). The treatments tested with the culturesleseribed below.

7.2.1.Light and dark treatment

A stock culture grown under 100 pmol photon$ st with a 14:10 light:dark
cycle in late exponential growth phase was inoedainto 6 Erlenmeyer flasks of
250 ml volume containing 120 ml of medium. Threartstg cultures were placed in
three 1L Winchester black plastic containers indide incubator and three starting
cultures were placed under light exposure that wasilar to the light levels
experienced by the stock culture. Growth paramedadstotal DMSP were monitored
for these 2 treatments once a day over growth ghasduding the exponential,
stationary and decline phases of growth in 7 d&yscultures were sampled at the
same time that was the mid-time of the photopeoiocultures in light.

7.2.2.Nitrogen limitation treatment

The compounds that constitute the main sourcesrgénic nitrogen in the
f/2 + NPM medium are peptone, bacto-tryptone andsyeextract. As described in
chapter 6 (section 6.2.1), other f/2 + NPM compasenclude the organic C sources
glucose, sodium acetate and sodium succinatwestigated N limitation by removing

the main sources of N from the medium (Table 7.1).

Fifteen flasks containing 5 different media in licpte were inoculated at the
beginning of the experiment with a stock culturdate exponential growth phase. The
media contained various concentrations of orgaitiogen: 5, 10, 20, 50 and 100 % of

the original recipe (Table 7.1). Growth parameterd total DMSP were monitored over
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the different growth phases to quantify the eff@ft nitrogen limitation. Three
supplementary flasks containing medium with 10 %aaic nitrogen were inoculated
similarly to the others. After 54 h of growth and these 3 cultures appear to be in
stationary growth phase, the organic nitrogen wdded to reach the 100 % of the
original recipe in order to check the effect ofogten limitation and supplementation on

growth and DMSP concentrations.

Table 7.1 Organic sources of nitrogen in original/2+NPM recipe equivalent to 100% N.

NPM organic nitrogen Compounds gperlL

Organic nitrogen (org N) peptone 0.4
bacto-tryptone 0.1
yeast extract 0.01

7.2.3.Measurements and analyses

Growth parameters including cell density (cells®mand total cell volume

(K Leen L™ were monitored using a particle counter (Mulési3, Beckman).

Total DMSP (DMSPR) measurements were performed as an approximation o
particulate DMSP (DMS§ and were conducted similarly to the methods dlesdrin
Chapter 2, Chapter 4 and Chapter 6.

The production of total cell volume (CV) was cditad as a difference of CV
between one sample point and the previous one theeperiod of time (equation 1).
The same calculation was performed for the prodoatf DMSP over a period of time

(equation 2).

Ccv |or0duction:M (1)  DMSPproduction= DMSH _tDMSFI (2)
274 , L
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Given that data were not normally distributed, mavametric statistical tests
(Mann-WhitneyU and Spearman tests) were carried out with a Stafissoftware
package (SPSS, version 16.0). When analysing tfeetedf a treatment on several
parameters over the growth of the culture, | penkxdt statistical analyses on all data
collected over the growth to consider the globdeaf of the treatment and | also
performed statistical analyses on parts of the grdw allow observation of a potential
effect of the treatment during specific periodghe growth. For the light experiment, |
divided the total data into 3 growth phases anfopmed analyses on the whole growth
(6 - 150 h) and on each phase (6 - 54 h, 54 - 1a®%- 154 h).
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7.3.Results

7.3.1.Effect of light on growth and DMSP content

Some batch cultures o€rypthecodinium cohniiwere grown in complete
darkness and other batch cultures were exposeghto Cultures were sampled over the

growth phases to investigate the effect of lighgoowth and DMSP content.

For detailed comparison between treatments, | diviall the data into 3 phases
of growth (Figure 7.1, shading): (1) the expondrlzase from 6 to 54 h when the cell
density increased, (2) the stationary phase fronto542 h when cell density appeared
stable (3) the decline phase from 102 to 154 h wthencell density decreased. The
DMSPy in culture followed the same trend as the cellsitgnover growth. The total
CV, however, showed a short plateau at the endha@ 1 as cells were dividing
without accumulating biomass and an increase atb#wnning of phase 2 as cells

where not dividing but accumulating biomass
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Figure 7.1 Effect of light exposure and darkness omrowth and DMSP parameters in batch
cultures of Crypthecodinium cohnii. (A) Cell density. (B) Total cell volume. (C) DMSPR in culture.
(D) DMSP; per CV. Shown are average values with range of dat(n=3). When no range bars are
visible, the range of data was smaller than the syol size. The growth is divided into 3 phases and
the grey-shaded area is the stationary phase.
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The growth was significantly affected by light espoe (Figure 7.1 A and B).
Cell density and total CV were significantly diféet over the growth phases between
the 2 treatments with lower values in the preseofcdght (Mann-WhitneyU test,
P<0.05, Table 7.2). The total CV of cultures expoge light represents 24 % less on
average than total CV of cultures grown in the d&kmilarly, the light exposure
resulted in an average of 25 % reduction of thedmsity in comparison with cultures
in the dark. However, similar cell density was alisd between the 2 treatments during
the exponential growth phase and similar total C&wbtained during the stationary
phase (Table 7.2).

The effect of light exposure on DMSP concentrationsthe culture was
insignificant and ranged from 2 to 121 uM in thekdand 2 and 107 uM in the light
(Mann-WhitneyU test, P>0.05, Table 7.2) over the whole periodhef experiment.
However, during the stationary phase only, a sigaiit difference was observed
between dark and light treatment (P<0.05). Aftermadising DMSP to total CV, the
data ranged from 89 - 620 mM and 95 - 788 mM DM&P @V in the dark and light
respectively and the difference was insignificamr fthe whole period of the
experiment(P>0.05). During the decline phase omlysignificant difference was
obtained in DMSP per CV between dark and lighttireats (P<0.01).

Table 7.2 Statistical probabilities obtained with Mann-Whitney U test for comparison of growth
and DMSP parameters between cultures exposed to figand in darkness over a period of growth
(GPh = Growth phase). Asterisks show significant €fierences.

All growth Exponential Stationary Decline Ph
GPh GPh
6-150h 6-54h 54 -102h 102 - 150 h
Cell density 0.013* 0.402 0.001* 0.002*
Total CV 0.045* 0.046* 0.171 0.007*
DMSP in culture 0.178 0.402 0.007* 0.07
DMSP per CV 0.054 0.145 0.233 <0.001*
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7.3.2.Effect of nitrogen availability on growth and DMSP content

Given that | previously observed that DMSP condidn in C. cohnii was
partially dependent on nitrogen availability (Chep®), | further investigated the
influence of a range of nitrogen concentrations1(@®, 20, 50, 100 %) on growth and
DMSP content.

The cell density and total cell volume (CV) waseated by nitrogen availability
and the DMSP content showed an opposite respomaed® exponential and stationary
growth phases (Figure 7.2). The maximum cell dgreid total CV was lower under
nitrogen limitations (Figure 7.2 A and B), as fostance the total CV was 617, 398,
242, 159 and 139 pLcell'Lin cultures containing 100, 50, 20, 10 and 5 %ogin,
respectively. Whilst DMSP per CV showed significarggative correlation with N
concentrations during exponential growth phase @ -h, Spearman test, P<0.05)
DMSP per CV showed significant positive correlatiith N concentrations during
stationary growth phase (48 — 78 h, Spearman Be3,01; Figure 7.2 C). Therefore,
during the exponential growth phase, at 6 h atter dulture inoculation in nitrogen-
limited media, higher DMSP concentrations were olbeg® compared to the nitrogen-
enriched medium. For instance, DMSP was increagmifisantly (Kruskal-Wallis test,
P<0.05) 1.54-fold in 5 % N compared to 100 % N roed{106 and 69 mM of DMSP
respectively), 1.46-fold in 10 % N, 1.39-fold in 20N and 1.22-fold in 50 % N (101,
96 and 84 mM of DMSP respectively). During the pdriof late exponential and
stationary phases, the DMSP concentrations were ewated in cultures with higher
N concentrations. During the same period, betwékar®l 78 h, the biomass production
(total CV production) and the DMSP production wéreth dependent on nitrogen
concentrations (R 0.99 and R=0.93 respectively, Figure 7.3).
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To confirm the effect of nitrogen limitation on gvth and DMSP content |
tested the effect of nitrogen supplementation. Nhaddition was performed after 54 h

of culture in nitrogen-deprived medium (10 %).

Figure 7.4 shows that growth parameters and DMS#eeardration increased to
reach similar maximum levels as the control cultuith 100 % nitrogen. Nitrogen was

thus, limiting the growth and DMSP production.
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Figure 7.4 Effect of nitrogen addition (indicated ly vertical dotted lines) in nitrogen limited
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normal recipe medium (100 % N, black line), N-limied medium (10 %, orange dashed line), N-
limited medium (10 % N + addition of 100 % N, orang dotted line). Shown are average values with
range of data (n=3). When no range bars are visiblghe range of data was smaller than the symbol
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7.4.Discussion

7.4.1.Effect of light on growth and DMSP content

Heterotrophic protists do not require light for gtb, however, light interferes
with several physiological functions such as grgwleeding and digestion. For
instance, light cue determines the circadian cg€leell divisions and feeding rates of
heterotrophic protists (Jakobsen and Strom, 208dylitionally, the growth rate has
been observed to be higher in ciliates at 0.36*dayder 100 pmol photonsfrs® of
fluorescent light compared to almost null growthtive dark (Strom, 2001). On the
other hand, the growth rate is 10-fold lower in tfieoflagellate Crypthecodinium
cohniiunder more than 3 W fof fluorescent light compared to cells grown ie thark
(Tuttle and Loeblich, 1975)

Crypthecodinium cohniis a heterotrophic dinoflagellate that acquireganic
matter by osmotrophy or, more rarely observed, t®dation on unicellular red algae
(Ucko et al., 1997). This species probably contaimemnant plastid (Sanchez-Puerta et
al., 2007) but is incapable of photosynthesis. Méedess, this heterotroph contains 3
carotenoids (Tuttle and Loeblich, 1973) that protegls against damage from sunlight
(Withers and Tuttle, 1979). The abundance of tlwagetenoids is 4-fold lower in cells
that are being kept in the dark compared to celtsvg under 73 pmol photonsfis*
of fluorescent light (calculated equivalent to 500t candles, reported by Tuttle and
Loeblich 1973) and the higher growth rate obsernnedarkness could result from the
resources saved by decreasing carotenoid syntfiadite and Loeblich, 1975). In our
experiments, growth and DMSP contentfcohniiwere also significantly affected by
light exposure. Similar to previous observationsl@iver growth rate under light
exposure, | observed lower cell density and tatédl\olume in cultures exposed to light
at 100 pmol photons fs™.

Carotenoids are vital faC. cohniicells exposed to light and carotenoid-deficient

mutants show higher mortality rate under light esqpe (Withers and Tuttle, 1979).
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One function of carotenoids in photosynthetic orgas is the photo-protection of
reaction centre complexes against photo-oxidatioegsses. With polyene chains of
more than 9 double bonds, carotenoids quench tloeogyll triplet state to avoid the
generation of oxygen singlet or carotenoids may alisectly quench oxygen singlet
and other radical species. This quenching procesars via formation of carotenoid
triplet stage lower in energy than triplet chlorgllor oxygen singlet and is followed
by excessive energy dissipation as heat towardsetiven of carotenoid to its normal
state (Vershinin, 1999; Frank and Brudvig, 2004)e Pphoto-protective mechanism of
carotenoids in a non-photosynthetic organism sushCa cohnii is unknown but
carotenoids also have non-photosynthetic functigfrinsky, 1978). They potentially
act as antioxidant defence via scavenging and métiun of free radicals as described
for some other non-photosynthetic organisms (MatheWw966; Krinsky, 1989;
Vershinin and Lukyanova, 1993; Vershinin, 1999) anel likely to protect cells against
reactive oxygen species (ROS) generation,Ogd singlet Q, radical OH and
peroxides). Aerobic organisms are subject to ROSBegion usually due to the
intracellular metabolism in mitochondria, peroxissrand enzyme systems and under
particular exposure to UV, chemicals or toxins Keinand Holbrook, 2000%iven that
DMSP and its by-products have shown capacitiescavenging ROS, hence similar
function of cell protection against ROS (Sundalet2002), the DMSP concentration
may also be affected by light exposure analogousatotenoid content. However, my
experiments showed no difference in DMSP per Cthepresence or absence of light.
On the other hand;. cohniipossesses other active anti-oxidant mechanisnhsding
iron-containing superoxide dismutases, enzymes #nat able to degrade harmful
superoxide radicals (©); (Dufernez et al., 2008). Therefore, carotenoisd
superoxide dismutases appear to prot€ct cohnii cells against photo-oxidation
efficiently enough so that the additional antioxid@roperties of DMSP may not be
required. Nonetheless, this result does not exclinte potential use of DMSP in
C. cohnii cells in other conditions of oxidative stress sumh exposure to solar
ultraviolet radiations or elevated concentratiohb@avy metals (Okamoto et al., 2001)

or under nutrient limitation (Bucciarelli and Sun@03).
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7.4.2 Effect of nitrogen availability on growth and DMSP content

The nutrient experiment of chapter 6 (section §.8u8)gested that N-limitation
restrained the DMSP production @ cohniiand | decided to investigate N-limitation
by removing the N source of the medium in more itdetdowever, N-containing
compounds (peptone, bacto-tryptone and yeast éxaee complex substrates that may
also supply carbon, sulphur, phosphorus, trace Imet#amins and other potential
compounds in lesser proportions than nitrogen. Qlegearbon is mainly supplied by
glucose, sodium acetate and sodium succinate andtisonsidered to be limited by
reducing the concentrations of N-containing compisunHence, it is likely that
limitation of N-containing compounds will mostly fatt N-dependant metabolic

processes.

During the late exponential and stationary growtrages, the N-limitation
resulted in lower DMSP per cell volume (CV) andstlffect was confirmed by an
increase of DMSP content in response to N supplétien after a period of limitation.
In agreement with the conclusions of Chapter 6, thacose depletion in late
exponential and stationary growth phases triggarethcrease in DMSP concentration
that is dependent on the available organic sourcétr@gen. This may be explained by
the obligate requirement for the DMSP precursorthioaine (Uchida et al., 1996)
which may be obtained directly or could be produfredh the organic nitrogen source
in the medium. Similarly, Gréne and Kirst (1992pposed that the rate of DMSP
synthesis is dependent on methionine availabilily the autotrophTetraselmis
subcordiformighat accumulates more DMSP in methionine-enrichedium.

During the exponential growth phase, glucose wadimiting and the nitrogen
limitation appeared to increase the DMSP per CMmil@r increase in DMSP
concentrations during N-limitation have been repdrtTurner et al. (1988) observed
higher DMSP concentrations in field measurementsigkd phytoplankton population
from areas of lower nitrate concentrations and aholatory measurements of the
coccolithophoreEmiliania huxleyicultured in low nitrate medium. Gréne and Kirst

(1992) found higher DMSP content Th subcordiformiscells cultured in N-deprived
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medium. Bucciarelli and Sunda (2003) observed as®d DMSP concentrations in N-
limited cultures ofThalassiosira pseudonanand suggested that DMSP acts as a
potential antioxidant in response to nutrient latin. Similarly, the response of
C. cohniimay also be a result of nutrient limitation thegates oxidative stress. On the
other hand, the production of DMSP in conditionsNafleficiency may support the
“overflow hypothesis” that describes the functidrDdMSP production and exudation to
eliminate the excess sulphur (Stefels, 2000). Sulpind nitrogen are both required for
protein synthesis and the lack of nitrogen wouldule in sulphur excess. The
production of DMSP, as observed, here, by the aszeof DMSP concentration per CV
during the exponential growth phase in conditiorisNelimitation, may serve to
catabolise excess sulphur and recycle amino groupsitisfy N-dependant metabolic

processes.

Further experiments are necessary to confirm omieéite these hypotheses: the
“antioxidant hypothesis” could be tested with meaments of ROS production (for
example HO,, radical'OH, superoxide anion O as described by Degli Esposti 2002)
and checked if their concentration is increasedhleyN-limitation stress; the “overflow
hypothesis” could be assessed by the measuremehe afissolved fraction of DMSP
(DMSPy) to check if the DMSP exudation is increased ke Kadeprivation. However,
if DMSP is re-metabolised instead of excreted nseotation of DMSP would be
possible and in that case, the N:S ratio measuresmanthe cells could determine

whether the elemental state of the cell is unb&dnc

As previously discussed, the N-limitation treatnsembay have resulted in
decreased concentrations of other nutrients. Howmyewe conditions of nitrogen
limitation during the exponential growth phase, therease of DMSP concentrations
showed that sulphur was not limiting the DMSP puithin. Therefore, the decrease of
nitrogen-containing compounds did not appear teegee a result in sulphur limitation.
Moreover, the DMSP synthesis involves the anabaliachinery of enzymes that
requires metals and vitamins. These elements dipyear to be limited by the lower
levels of nitrogen-containing compounds. Finalhg use of defined organic media for
the culture ofC. cohniisuch as media used by Tuttle and Loeblich (19v&)ld allow
experimenting with more precision the limitationraftrients by removing exactly one

type of nutrient only.
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7.5.Conclusion

The heterotrophic dinoflagellateCrypthecodinium cohniiis an obligate
heterotroph that is able to grow in complete daskndiowever, light interferes with
growth. C. cohniigrowth is reduced by light exposure but the DM®P @V does not
appear to be affected by the presence or absendightf Therefore under similar
conditions of light exposure where Tuttle and Logb(1973) observed that carotenoids
were produced for photo-protection (fluorescertttligf 100 and 73 pmol photonss
! here and in Tuttle and Loeblich 1973 respectivel))SP seemed ineffective as an

antioxidant.

Growth and DMSP content &. cohniiis, however, affected by the availability
of organic nutrients in the medium. As previoushserved, nitrogen was required for
DMSP synthesis during late exponential and statioiggowth phases where glucose
depletion enhanced the increase of DMSP conterdonfirmed here that DMSP
concentrations were significantly dependent on resle organic nitrogen

concentrations.

Nitrogen limitation has a different effect duritige exponential phase when
glucose is not a limiting factor. In such condispmitrogen limitation enhanced the
increase of DMSP content. The role of DMSP durimg ¢xponential growth phase of
C. cohniineeds more investigation to determine whethes & response to oxidative

stress due to nutrient limitation or whether ip&st of an overflow mechanism.

These results point out the multifunctional progsrof DMSP within the same
species. In the previous chapter, the role of DMSRan osmolyte was proposed and
demonstrated by some of the experiments. With twe results presented here, other
potential roles of DMSP as an antioxidant or owevfimetabolite were suggested in
C. cohniicells. Moreover, a strong relationship betweemitrgen availability and the
DMSP content was observed and the novel data repréise first steps in elucidating

the role of DMSP in heterotrophic organisms.
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Chapter 8 Synthesis: progress and perspectives

In this section, | describe the major issues ingagtd throughout this thesis.
The main results are summarised and discussedaitiore with the progress achieved

and from the perspective of further research thatdcbe developed.

8.1.DMSP and DMS measurement in dinoflagellate cultures

Regarding performing DMSP and DMS measurementdioflagellate culture
samples, time was invested in tests to optimisestimapling and handling strategy
before setting up experiments. The analytical uag#y of the methods was assessed
and the potential sources of variation in DMSP dDWIS concentrations were

investigated.

For particulate DMSP (DMSP measurement, | examined the variability in
DMSR, concentration over the day and over the growthel Qiycle in DMSP
concentrations have been observed in other phytkfma species such as in batch
cultures of the coccolithophoimiliania huxleyiand suggested for the dinoflagellates
Alexandrium tamarensend Scrippsiella trochoideain their natural environment
(Merzouk et al., 2004; Bucciarelli et al., 2007)er, 1 showed for the first time that
DMSP concentration per cell volume increased okerghotoperiod in batch cultures
of the photosynthetic dinoflagellatéeterocapsa triquetrgChapter 3). During growth
in batch cultures, the physiological conditions tbé phytoplankton cells generally
change over time in response to nutrient deplediosh cell ageing. | found that DMSP
concentrations increased at the end of the expmhegrowth phase (Chapter 3). This
variability is critical for deciding upon cultur@spling time during an experiment. To

exclude diel variability in DMSP concentration, tuies were sampled at the same time
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(mid-time) within the photoperiod each day. In d@dadi sampling was done at the same
point of the growth phase, usually mid-exponerpiahse to avoid the effect of nutrient

limitation.

A comparison of values obtained from measuremertotail DMSP (DMSP)
with the sum of all its measured individual fracto i.e. DMSB, DMSPF; and DMS,
suggested a missing fraction of 25 % in the adelitislue. No study has ever reported
the measurements of all fractions in culture oldfieamples that would fully validate
the different methods used for these 4 parameldrs. investigation of the major
fraction DMSR (72 %) using 3 different filtration methods (hamecuum pump,
automated syringe pump and filtration by gravitp)yoshowed an increase in DM$P
concentration in one experiment where it was higlséng the automated syringe pump
rather than using the hand vacuum pump (ChaptetVBgn using the syringe pump, |
observed that increasing the delivery speed rasutténcreasing DMSP concentration
and reducing the analytical uncertainty. Nevertbgl¢he analytical uncertainty was in a

similar range when using the syringe pump and #ratvacuum pump (Chapter 3).

The filtration step is critical for DMS§Pmeasurement and as Kiene and Slezak
(2006) pointed out it can move DMSP from the paitite to the dissolved fraction. In
dinoflagellate cultures especially, filtration mayeate even more damage as many
species are known to be very fragile to turbulenidee filtration of a dinoflagellate
sample increases the analytical uncertainty (retasitandard deviation or RSD) for
DMSP, measurement: within an experimentt detailed inptéra3, | obtained 1.1 -
16.4 % RSD for DMSP and 0.6 - 5.2 % RSD for DMS§Pmeasurement without
filtration. The measurement of DM$Rvoids filtering culture samples and it gives data
with less analytical uncertainty so it was favounedhis study (chapter 3). A similar
technigue was also applied by Keller et al (1988ajletermine DMSP concentrations
of 123 phytoplankton species and by Yost and Mitdoee (2009) who measured the
DMSP content of the dinoflagellat®ymbiodinium sppTherefore, DMSPis a rather
common representation of DMSP content in phytoplamk Nonetheless, using the
method | described in detail in Chapter 3 and @hthined the best analytical precision
(6 - 32 % of, RSD, for culture samples n=9 on ageria 9 species) given that Yost and
Mitchelmore obtained RSD between 34 and 76 % (483 By eliminating the filtration
step, this method also allowed fast measurementdufling sampling and sample
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preparation) in quick succession that would notehdeen possible with DMGP
measurement (time response ©f cohnii DMSP adjustment to glucose limitation,
Chapter 6 section 6.4.3).

DMS measurements were performed on culture sanfifiezed with the syringe
pump at the highest delivery speed available (14ninl') in agreement with findings
on DMSR, measurements. The filtrate was introduced intoptivge tube with a sample
loop device to ensure injection of constant volumbis entire system described in
Chapter 3 was aimed at ensuring satisfactory raghic of DMS measurements in
dinoflagellate cultures (Chapter 6, section 6.3Th)is system led to a low analytical
uncertainty for standards (2 %) but larger for erdtsamples (25-33 %). | observed that
agitation of culture can affect the DMS measurenigneither increasing or decreasing
its value. | also found that DMS concentrations evarcreased by increased time of
filtration and large sample volume. According t@sh results | performed filtration of
small volume samples (5 ml) using the syringe psetpat the maximum delivery speed

of 14 ml min™.

DMSPy measurement includes the same steps for sampbarpt®n as DMS
measurement plus the addition of NaOH to the fétrsample. The variations in DMS
concentration that may result from the handling #mel filtration of the culture are
likely to be similar for DMSR measurement. Some investigations should be done to
optimise DMSR measurements in dinoflagellate cultures. | haveeoled large
variation on preliminary DMSP measurements (Chapter 3) and the analytical
uncertainty could be tested and improved usingihimge pump at high delivery speed
according to the results obtained for DMS and DIMISSdme tests could also be done
on agitated and non-agitated flasks to determitieeifhandling of the flask would have
any effect on DMSpPmeasurement.
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8.2.The contribution of the dinoflagellate group to the DMSP and DMS
oceanic pool

Several laboratory and field studies have poimtgicthe occurrence of DMSP in
dinoflagellate cells. The commonly referred studdese by Keller et al., (Keller,
1988/1989; 1989a; 1989b) reported the DMSP contén25 dinoflagellate strains
amongst 123 phytoplankton species and strains. Toegluded that dinoflagellates are
a significant DMSP-producing group.

Twenty years later, Stefels et al. (2007) recomradnthat the dinoflagellate
group should be inserted as DMS producers in ocarate models. However, so far
only 1 model has included this group, and in thizdel dinoflagellates are mixed in
with other nanophytoplankton (Vogt et al., 20109. Quéré et al (2005), did incorporate
the dinoflagellate group when describing a 10 RamkFunctional Types (PFT)
representative ecosystem for the use of modellrs. photosynthetic dinoflagellates
were placed in the “mixed phytoplankton group” aesien though described as non
efficient DMS producers, their DMSP production paederisation was equivalent to
that of the PFT “DMS producers” (12 mmol nf&). By directly measuring DMSP and
carbon content in 8 photosynthetic dinoflagellatesbtained a DMSP content value
very close to this (10.4 mmol mbC, Chapter 4). The heterotrophic dinoflagellates
were placed in the “proto-zooplankton” PFT with parameterised DMSP production.
It is now clear that several heterotrophic spesigghesise DMSP (listed in Chapter 5)
but currently the extent of this ability amongse tlarge diversity of the heterotrophic
dinoflagellates is unknown. The limited amount aftal available so far and the large
diversity of the dinoflagellates including both pbsynthetic and heterotrophic species
makes it difficult for scientists to accurately deke, incorporate or parameterise the
DMSP and DMS contribution of this group.

In this thesis, | provided more data on DMSP conéerd DMSP lyase activities
(DLA) for dinoflagellates and gathered the existidgta to summarise the available
knowledge with the aim of giving a better underdiag and description of the DMSP
and DMS contribution of dinoflagellates. | produdeSP measurements of 9 species
from my laboratory work and gathered together altof 61 concentration values for
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DMSP per cell volume from the literature (Chaptrand 5). By analysing this dataset
| observed that dinoflagellates contain DMSP inhhigvariable concentrations that
spread over 6 orders of magnitude difference (pEl wolume) between species.
Furthermore, the dataset includes the broadest spamalues and the highest values
reported to date in any phytoplankton group. MoezpV concluded that several factors
appeared to affect the DMSP content of dinoflagefiaspecies with a haptophyte-like
plastid and bioluminescent species (Pyrocystaleerofrom the Longhurst oceanic
province CAMR in the East Pacific) contained sigraihtly lower concentration of

DMSP whereas species from the Mediterranean previtad higher concentration of
DMSP. Additional measurements of species belongprthese subgroups would help to
reinforce or refute these conclusions which aretam the 61 values available per cell
volume. From this database | also noticed thatispeitom the southern hemisphere

and the poles are underrepresented and need nvexsigation.

The causes underlying the variability in DMSP contef dinoflagellates are
still unclear and might be related to the multiftimal role of this sulphur compound. |
also noted that the osmolyte role of DMSP is ujike species that produce very low
DMSP concentrations (Chapter 5).

The DMSP content of dinoflagellates makes them temi@l source of DMS.
Some dinoflagellates are able to synthesise DM&gelyhat may cleave DMSP to DMS
and acrylate. | detected vitro DMSP lyase activity in 5 dinoflagellate speciesnfrthe
9 species tested in this study (Chapter 4). Givext very few DLA data have been
published for dinoflagellates, this increases theARlataset to data for 23 strains and
17 species (Chapter 5). More effort in increasing humber of species assessed for
DLA would be worthwhile as it is now clear that serdinoflagellates can produce
substantial amounts of DMSP and DMSP lyase. Theasel of DMS from DMSP
occurs in seawater through the action of algal bacterial enzymes (Steinke et al.,
1996; Yoch, 2002; Todd et al., 2009). The fractthue to algal enzyme activities and
the overall contribution from dinoflagellates mag Isubstantial in areas where
dinoflagellates form blooms (Steinke et al., 200&gmpling and measuring DLA in
several dinoflagellate blooms from diverse areas$ emvironments, as for instance in
blooms of Mediterranean species which have high BM8ncentrations or in recurring

dense blooms oKarenia brevisin the Gulf of Mexico, would further assess the
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potential impact of dinoflagellate DLA on DMS reseain the ecosystem. Also, the
bloom period of maximum DLA per cell or per celllume could be investigated by
performing successive DLA measurements over théaiitn, development and
termination of a dinoflagellate bloom. The conttibn of the dinoflagellate group in
comparison with other phytoplankton groups ablgtoduce DMSP lyases could be
assessed by performing DLA measurements over playtkjon successions.

The classification of DMSP-rich species | listed $some dinoflagellate species
in Chapter 5 and especially bloom-forming speciesilal help to identify potential
areas of elevated DMSP concentrations and to efgtitha amount of associated DMS
production. Additional measurements of DMSP:@Métio in the lab (Chapter 4) and in
the field open doors towards future estimation céamic DMSP concentrations from
Chl a satellite data as it is now possible to describe dominant assemblages of
phytoplankton taxa by remote sensing using a rarigeccessory pigments (Alvain et
al., 2008). This tool could be applied to estimgitbal oceanic DMSP concentrations
given that DMSP measurements are limited to theksraof scientific cruises.
Nevertheless, an estimation of DMSP:@htoncentration for the dinoflagellate group
could hardly be realistic due to the broad variatim DMSP content across

dinoflagellate species.

Furthermore, dinoflagellate populations seem toaffected by the changing
climate. Changes in abundance due to increasedswéace temperature have been
observed (Edwards et al., 2006) but consequenceseain acidification for this group
are not known yet. Future research on the effeciceiin warming and acidification on
dinoflagellate populations and their DMSP contemtild be critical for predicting the
future DMS emissions and climate interactions ateharios. Dinoflagellate blooms are
often monitored for toxicity by many countries aswime of this monitoring could be
associated with sampling and analysis for DMS aMBP to substantially increase the

available field database and prospect for DMSPsmécies and oceanic areas.
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8.3.The biological role of DMSP and DLA in heterotrophic dinoflagellates

Some heterotrophic dinoflagellates are able to®gise DMSP and species
such asCrypthecodinium cohnicontain DMSP in rather high concentrations (61 —
255 mM). Heterotrophic dinoflagellates are uniqusoagst free-living heterotrophs in
this respect. This ability might originate from @x@mon photosynthetic ancestor of the
dinoflagellates (McFadden, 2001) and may provideessupport to the evolutionary
theory of a photosynthetic ancestor for the dirgdlite group. Some heterotrophic
dinoflagellates such &S. cohniiandOxyrrhis marinaare thought to harbour a vestigial
plastid because they synthesise plastid-targetadsgand peptides (Sanchez-Puerta et
al., 2007; Slamovits and Keeling, 2008). Howevehijlst C. cohnii contains DMSP,
none has been found i@. marina Indeed this species has been proved useful for
studies on the incorporation of DMSP by grazing DM$oducing prey and by
osmotrophy because it does not contain DMSP (Sab,£009).

The open question is: why have some heterotropimafldgellates conserved
the ability to produce DMSP if, as far as | am asyaro other heterotrophs synthesise
it? | investigated the role of DMSP @. cohnii and found in common with some
photosynthetic organisms that DMSP acts as an gsen¢Chapter 6). Heterotrophic
marine organisms are subject to essentially theesasmotic variations experienced by
photosynthetic marine organisms and require theessant of adaptive mechanisms
including osmolyte synthesis. In other microzoogtan including ciliates,
osmoregulation may be performed by variation of ramiacid composition and
abundance (Kaneshiro et al., 1969).

The DMSP concentration €. cohnii cells is also dependent on nutrient
availability. Nutrient limitation appeared to enlkenDMSP accumulation (Chapter 6
and 7). In the case of glucose limitation, DMSPBrisbably accumulated in replacement
of glucose-derived osmolytes. The determinatiomthef polysaccharide composition in
C. cohnii cells and its variation in glucose-deprived mediwould confirm this
hypothesis. Additionally, the analysis of othergydtal osmolytes such as amino acids
and their derivatives generally including prolinedaglycine betaine (Welsh, 2000)
could be conducted irC. cohnii cells. In case of nitrogen limitation, DMSP is

accumulated potentially as an overflow mechanisnpassibly as an antioxidant in
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response to nutrient-limitation stress. Howevercamditions of D-glucose limitation
compensated with L-glucose, the absence of DMSRa@se suggested that if L-glucose
was incorporated but non-assimilated by the c#fis,nutrient-limitation stress would
not cause any DMSP increase. To clearly eliminagehtypothesis of nutrient-limitation
stress triggering a DMSP increase, the incorpamatiolL-glucose byC. cohniicells has
to be tested by performing experiments vithcohniicells grown in medium composed
of radiolabelled L-Glucose as the unique sourcglotose. The antioxidant hypothesis
could be tested by measuring the reactive oxygeciep inC. cohnii cultures in N-
limited and N-replete conditions which could indeavhether there is an oxidative
stress due to nutrient-limitation. The overflow agism hypothesis could be assessed
by determining if there is any exudation of DMSP Milimited conditions and
measuring the potential fraction of extracellulaM®P concentration in comparison

with N replete conditions.

The production of DMSP lyase has been observedgamaatified inC. cohnii
and it is not yet known whether other heterotropfliicoflagellates are also able to
produce DMSP lyase and, thereby represent a patestiurce of DMS. DLA
measurements in other heterotrophic dinoflagellatesild be done in future research.
The presence of a DMS-producing enzyme in hetgobtoo dinoflagellates might
suggest that these organisms could use DMS agargtaterrent as has been suggested
for phytoplankton (Wolfe and Steinke, 1996; Wolfeaé, 1997). Grazing experiments
with C. cohniiand other heterotrophic dinoflagellates or othetipts could be done to

determine whether this function exists for DMShege organisms.

C. cohniiis also used in the biotechnology research anethéoproduction of-
3-fatty acids (Mendes et al., 2009). | have obskreggceptionally fast responses to
external stimuli such as the DMSP synthesis in aesp to transfer of culture in
glucose-deprived medium and which occurred withfieva seconds (Chapter 6). Such
response could be dependent on gene expressionegudtions as it is reported for
yeasts which can change the expression of 40 %haif genes within minutes in
response to nutrient changing conditions. If a lsimmolecular mechanism could
happen in less than a minute it could lead towaelgeral applications: it could be
utilised by genetic modification toward the prodaotof any key products in the same

way that yeasts are used as laboratory factoriesiriey production (Szczebara et al.,
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2003) or the responsible genes could be introdic@tasmids of bacteria to accelerate
any metabolite production. The identification otklgenes and mechanisms would also
shed light on the DMSP metabolism in heterotroplmoflagellates.

8.4.Further issue- DMSP synthesis and its subcellulapktalisation

A major issue that remains for the DMSP produchbgrmphytoplankton research
field is the DMSP pathway and its subcellular lomat Wollastonia bifloraseems to
produce DMSP in the chloroplast (Trossat et al96)3nd the same might happen for
phytoplankton but no evidence has been reportedBgdore starting this study, | had
hoped that investigating the DMSP content of diagdllate species that harbour
different plastid types would give an indication tre role of the plastid in DMSP
synthesis. However, more variation in DMSP contwas observed between species
holding the same plastid type than between spewits different plastid types. This
result was strongly influenced by the fact thatcsge holding peridinin plastids and
heterotrophic dinoflagellates are by far the mashmon types of species in the ocean
today. Rather few non-peridinin plastid speciescameently available in culture and the
species harbouring haptophyte-like plastids sholsagr DMSP content than species
with a peridinin plastid. This in itself was suiging given that haptophytes in general
have substantial DMSP content. It seems that theaswation or loss of genes may be

more likely to affect the DMSP content rather thia@ plastid type.

Several questions remain: Is DMSP produced in thstigs of dinoflagellates
and other microalgae? Is it possible that hetepbiimdinoflagellates synthesise DMSP
in a remnant plastid or is DMSP produced in a d#fe subcellular location? The
purification of plastids in dinoflagellates appedaosbe a very delicate and difficult
process due to the fact that plastids are fragitk are never isolated completely intact
as shown by the loss of proteins (Wang et al., 20BB®wever, the separation of
cytoplasmic and plastidic fractions could be asfatitory preliminary approach towards

determining the major subcellular distribution dVIBP.
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The DMSP pathway in microalgae is assumed to béasito the one described
for the green macroalgdnteromorpha intestinali§Gage et al., 1997) after detection
of the same key intermediates in a range of migalalells. However, this pathway has
not been fully verified and there is scope for liertinvestigation. The identification of
enzymes involved in the DMSP pathway (such as tizgree that oxidizes the DMSP
precursor, DMSP-aldehyde found by Trossat et 806) could be used for identifying
the subcellular localisation of DMSP biosynthesisaading to the presence of an N-
terminal targeting signal or by using an immunolkhg technique such as that used to

locate proteins and enzymes in Snapdragon flovkkéova et al., 2001).

The future identification of the genes involved MMSP and DMSP lyase
synthesis would represent a landmark for the DM8&&earch area. If they were
conserved, such genes could be used to rapidlgs@édigh number of phytoplankton
species and strains. This would lead to the ideatibn of potential DMSP and DMS
producers in cultures and in the field similar he tdetection of toxin production genes
that are used for monitoring harmful algal bloorivolecular methods could allow
detection of the presence of such genes with judeva cells using the PCR-
amplification. The detection of DMSP-producing gensould thus be possible in
species that are difficult to grow in culture amdfield samples of low cell density.
Moreover, the generation of mutants deficient in 8®production genes could be used
in comparative eco-physiological experiments witlimal clones in order to determine
the role and benefit of DMSP. However, recent waekk shown that the bacterial genes
involved in DMSP lyase synthesis appear to be ratherse with 3 genes encoding for
3 different enzymes that catalyse diverse reactmBMS production from DMSP
(Todd et al., 2007; Johnston et al., 2008; Toddl.e2009). If the same proves true for
DMSP production and DMSP lyase synthesis genesyoplankton this would limit
their application as suggested above. Neverthetkssnvestigation on genes involved
in DMSP and DMSP lyase synthesis in dinoflagellabtel other phytoplankton cells

would be of great interest.
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Appendix | List of species

All the species mentioned in the thesis are listex@ with their author names and date

when available. Species are divided into Classliatetl by alphabetic order.

Class Bacillariophyceae
Cylindrotheca closteriunfEhrenberg) Reimann & Lewin 1964

Class of Dinophyceae

Akashiwo sanguine@Hirasaka) Hansen & Moestrup 2000
Alexandrium affingdlnoue & Fukuyo) Balech 1985
Alexandrium catenell@Vhedon & Kofoid) Balech 1985
Alexandrium minuturialim 1960

Alexandrium monilatunfHowell) Balech 1985
Alexandrium ostenfeld{iPaulsen) Balech & Tangen 1985
Alexandrium tamarensg.ebour) Balech 1995
Amphidinium cartera¢iulburt 1957

Amphidinium operculatur@laparéde & Lachmann 1859
Azadinium spinosurlbrachter & Tillmann 2009
Ceratium arcticun{Ehrenberg) Cleve 1901

Ceratium fusugEhrenberg) Dujardin 1841

Ceratium longipe¢Bailey) Gran 1902

Ceratium tripog(Miller) Nitzsch 1817

Ceratocorys horrideStein 1883

Crypthecodinium cohnfseligo 1952

Dinoclonium spgPascher 1927

Dinophysis acuminat&laparede & Lachmann 1859
Dinophysis acutd&hrenberg 1839

Dinophysis caudat&aville-Kent 1881

262



Dinophysis norvegic&laparéde & Lachmann 1859
Dinothrix spPascher

Dissodinium lunulgSchiitt) Pascher

Durinskia baltica(Levander) Carty & Cox

Durinskia capensi®ienaar, Sapiai & Horiguchi 2007
Galeidinium rugatunTamura & Horiguchi 2005
Gambierdiscus toxicuadachi & Fukuyo 1979

Gonyaulax spinifergClaparéde & Lachmann) Diesing 1866
Gymnodinium acidoturlygaard 1949

Gymnodinium chlorophorurlbréachter & Schnepf 1996
Gymodinium fuscur(Ehrenberg) Stein 1878

Gymodinium nelsoriMartin 1929

Gyrodinium aureoluntulburt 1957

Gyrodinium impudicunfkraga & Bravo 1995

Heterocapsa pygmadabbelich, Schmidt & Sherley 1981
Heterocapsa triquetrdEhrenberg) Stein 1883

Karenia brevigDavis) Hansen & Moestrup 2000

Karenia mikimoto{Miyake & Kominami ex Oda) Hansen & Moestrup 2000
Karenia umbellade Salas, Bolch & Hallegraeff 2004
Karlodinium armigerBergholtz, Daugbjerg & Moestrup 2006
Karlodinium australede Salas, Bolch & Hallegraeff 2005
Karlodinium veneficuniBallantine) Larsen 2000
Lepidodinium viridéWatanabe, Suda, Inouye, Sawaguchi & Chihara 1990
Lingulodinium polyedrun{Stein) Dodge 1989

Noctiluca spSuriray 1836

Ostreopsis sfpchmidt 1901

Oxyrrhis marinaDujardin 1841

Peridiniopsis berolinensé_emmermann) Bourelly
Peridinium bipesStein 1883

Peridinium gatunensBygaard 1925

Peridinium quinquecornébé 1927

Peridiniella catenatgLevander) Balech 1977

Perkinsus atlanticus\zevedo 1989

Pfiesteria piscicidéSteidinger & Burkholder 1996
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Pfiesteria shumwaya@lasgow & Burkholder 2001
Prorocentrum arcuatunissel 1928

Prorocentrum belizeanufaust 1993

Prorocentrum limaEhrenberg) Dodge 1975
Prorocentrum micang&hrenberg 1833

Prorocentrum spEhrenberg 1834

Protoceratium reticulatunfClaparéde & Lachmann) Butschli 1885
Pyrocystis noctilucMurray ex Haeckel 1890

Pyrodinium spPlate 1906

Scrippsiella trochoide#Stein) Balech ex Loeblich 1965
Symbiodinium microadriaticufareudenthal 1962
Symbiodinium pilosurrench & Blank 2000
Symbiodinium spreudenthal 1962

Takayama helixle Salas, Bolch, Botes & Hallegraeff 2003
Takayama tasmanic@olch & Hallegraeff 2003

Tovellia sanguinedoestrup, Hansen, Daugbjerg, Flaim & D’andrea 2006

Class Prymnesiophyceae

Emiliania huxleyilLohmann) Hay & Mohler 1967
Phaeocystis shagerheim 1893

Phaeocystis pouche(iHariot) Lagerheim 1896
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Appendix Il Bioluminescent and non-bioluminescent gecies

The dinoflagellate species presented in chaptereSisted in the table below
with description of bioluminescence property and slource of this data. CCMP means
that information about bioluminescence was avadlai the CCMP website (Wilson,
2009).

Species BioluminescenceData source

Alexandrium minutum No No record as bioluminescent
Prorocentrum sp. [IB2B1 No Unknown

Gyrodinium impudicum No No record as bioluminescent
Scrippsiella trochoidea NIES-369 No No record as bioluminescent
Dinophysis acuminata No No record as bioluminescent
Heterocapsa pygmaea CCMP1322 No CCMP, (Wilson, 2009)
Prorocentrum arcuatum No No record as bioluminescent
Amphidinium carterae CCMP1314 No CCMP

Crypthecodinium cohnii CCMP316 No CCMP

Heterocapsa triquetra CCMP449 No CCMP

Scrippsiella trochoidea CCMP1331 No CCMP

(S:ér&b;%dzlr?num microadriaticum No CCMP

Amphidinium carterae CCMP1314 No CCMP

Scrippsiella trochoidea CCMP1599 No CCMP

Amphidinium operculatum CCAP1102/6No No record as bioluminescent
Heterocapsa triquetra NIES-7 No No record as bioluminescent
Amphidinium carterae CCMP1314 No CCMP

Alexandrium minutum CCMP113 No CCMP

Amphidinium carterae No CCMP

Gymnodinium nelsoni No No record as bioluminescent
Alexandrium tamarense CCM P115 Yes CCMP

Alexandrium tamarense CCMP116 No CCMP

Alexandrium tamarense CCMP1771  Yes CCMP

Thoracosphaera heimii L603 No CCMP

Cachonina niei CACH No No record as bioluminescent
Prorocentrum micans CCMP 691 No CCMP

Heterocapsa sp. CCMP450 No CCMP

Alexandrium fundyense CCMP1719  Yes CCMP
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Scrippsiella trochoidea CCAP1134/1
Prorocentrum minimum CCMP1329
Alexandrium fundyense CCMP1846
Protoperidinium pellucidum
Gymnodinium sp. 94GYR
Prorocentrum minimum CCMP1329
Amphidinium carterae CCMP1314
Crypthecodinium cohnii CCMP316
Polarella glacialis CCMP1138
Prorocentrum micans SB1
Amphidinum carterae CCAP1102/1

No

No

Yes
Potentially yes
No

No

No

No

No

Potentially yes
No

Kryptoperidinium foliaceum CCMP1326 No

Gonyaulax spinifera LY11363
Gymnodinium simplex CCMP419
Ceratium furca

Gymnodinium simplex CCAP1117/3
Gymnodinium nelsoni GSBL

Lingulodinium polyedra LP2810

Alexandrium tamarense CCMP 115
Karenia brevis CCMP2281
Gonyaulax spinifera CCMP409
Lingulodinium polyedra CCMP1738
Karlodinium veneficum CCMP415
Gambierdiscus toxicus GT2

Lingulodinium polyedrum CCAP1121/2

Lingulodinium polyedrum CCMP405
Pyrocystis lunula CCMP731
Karenia mikimotoi CCMP430
Karenia mikimotoi CCMP429
Ceratium longipes 090201
Pyrocystis noctiluca CCMP732
Pfiesteria shumwayae CCMP2089
Pfiesteria piscida CCMP1830
Symbiodinium spp

Peridinium gatunense

No
No
Potentially yes

No
No

Yes

Yes
No
No
Yes
No
No

No

Yes
Yes
No
No
No
Yes
No
No
No
No

No record as bioluminescent
CCMP

CCMP

Listed by Poupin et al., 1999
Unknown
CCMP
CCMP
CCMP
CCMP

Listed by Poupin et al., 1999
Never reported to be

CCMP

Personal communication (Dr
David Green, SAMS, UK)

CCMP

Listed in Tett, 1971 and Poupin
et al., 1999

CCMP

No record as bioluminescent

Personal communication
(Joanne Field, CCAP, UK)

CCMP
CCMP
CCMP
CCMP
CCMP

No record as bioluminescent

Personal communication
(Maria Salta, NOC, UK)

CCMP
CCMP
CCMP
CCMP
No record as bioluminescent
CCMP
CCMP
CCMP
No record as bioluminescent
No record as bioluminescent
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