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Abstract

The following is an extended summary of the projed “A model system approach to biological
climate forcing: the example of Emiliania huxleyi,” that was carried ou within the framework
of the Dutch National Programme on Air Poll ution and Climate Change (NRP) — phase 1.

In this report the progress is described that has been made in the formulation d the Dynamic
Energy Budget (DEB) Theory that now includes phaosynthesis, nurient limitation and
cdcification. On top d this the next level of organisation was explored in the adaptation o
the model towards a small eaosystem comprising an autotrophic and a heterotrophic organism
together with a decomposer, -the dynamics of biomassin verticd profiles has been analysed.
At the same time experiments were conduwcted with E. huxleyi in order to be ale to validate
the DEB-models at the organismic level. The experiments involved exploration d the genes
that control cdcification, phdosynthesis and nurition, a detail ed description o growth based
on chemostat experiments, and an inventory of environmental fadors that determine the
production d dimethylsulfoniopropionate, the preaursor of the biogenic gas dimethylsufide
(DMYS) that regulates climate once it has reached the @mosphere ading as a source of cloud
condensation niclel.






Preface

The project was supported financially by NWO through the Dutch National Research
Programme on Global Air Pollution and Climate Change (NRP) — phase 11. It was initiated by
Prof. Dr P. Westbroek of the University of Leiden (LU) and Prof. Dr S A.L.M. Kodjman of
the Free University of Amsterdam (VUA).

The ingtitutes that coll aborated in the project were

» Department of Theoretical Biology — FreeUniversity of Amsterdam (VUA)
* Netherlands Ingtitute for SeaReseach (N10Z), Texel

e Department of Marine Biology — University of Groningen (RUG)

e Leiden Institute of Chemistry — University of Leiden (LU)

The members of the alvisory board were:

* Prof. Dr HJW. de Baa, NIOZ, Texel

e DrlIrH.A. Dijkstra, University of Utrecht
* Dr P. Herman, CEMO-NIOO, Y erseke

* R. Guicherit, TNO, Delft






Contents
Abstract
Preface

Contents

1. EXECUTIVE SUMMARY
1.1 English summary

1.2 Dutch summary

2. INTRODUCTION

2.1 Dynamic Energy Budgets (DEB) and the Global Emiliania Modelling (GEM)
Initiative

2.2 Theoretical part: the next step in DEB

2.3 Experimental approach

2.3.1 Emiliania huxleyi chemostat steady state values

2.3.2 Coccolithophorid genesinvolved in calcification, photosynthesis and nutrition

2.3.3 DMSP production by Emiliania huxleyi

3. PROGRESS IN THE DYNAMIC ENERGY BUDGET THEORY
3.1 Nutrient limited growth

3.2 Light limited growth

3.3 Célcification

3.4 Towards ecosystem modelling

4. PHYSIOLOGICAL STUDIES ON EMILIANIA HUXLEYI AT STEADY STATE
CONDITIONS UNDER LIGHT, PHOSPHATE OR NITROGEN LIMITATION
4.1 Light-limited growth

4.2 P-limited growth

4.3. N-limited growth

14

21

21
23
25
25
25
26

29
29
33
37
39

41
41
44
46.

4.4 On the global distribution of Emiliania huxleyi blooms and associated calcification. 47



5. COCCOLITHOPHORID GENESINVOLVED IN CALCIFICATION,

PHOTOSYNTHESIS AND NUTRITION 51
5.1 Coccolithophorid genes involved in calcification 52
5.1.1 GPA, acalcium binding protein 52
5.1.2 Ale, another gene involved in calcification. 54
5.1.3 Hpp, ahigh light affinity phosphate-repressible phosphatase gene 54
5.1.4VAP,aV-type H(+) ATPase 55
5.2 Fcp, ageneinvolved in photosynthesis 56
5.3 Pcna, ageneinvolved in cell division 58
5.4 Miscellaneous gene 58

6. AN INVENTORY OF ENVIRONMENTAL FACTORS THAT AFFECT DM SP

PRODUCTION BY EMILIANIA HUXLEYI 59
6.1 Salinity 59
6.2 Temperature 60
6.3 Light regime 62
6.4. DM SP as an overflow mechanism for excess reduced suphur or carbon 64
7. REFERENCES 69
Appendix 1 Project description 81
Appendix 2 Project publications 99
Appendix 3 Coordination with other projects and programmes 103

Appendix 4Special activities and attendance at national and international meetings 105



1. EXECUTIVE SUMMARY

1.1 English summary

The ultimate goal of Dynamic Energy Budgets (DEB) is to formulate a coherent and
predictive theory of life. Expressed as a nested suite of compatible models for all levels of
organisation, it will demolish the boundaries between biology, physics and chemistry. With
the theory for organisms as a base, DEB theory presently moves down to the molecular level
and up to the ecosystems and the biosphere. This study describes the progress that has been
made in the formulation of the Dynamic Energy Budget (DEB) theory that now covers
photosynthesis, nutrient limitation and calcification as well. In addition, the next level of
organisation was explored in the adaptation of the model towards a small ecosystem
comprising an autotrophic and a heterotrophic organism together with a decomposer. The
dynamics of biomass in vertical profiles has been studied, including nutrient and organic
matter cycling.

At the same time experiments were conducted with Emiliania huxleyi in order to be able to
validate the DEB-models at the organismic level. The three mgjor mechanisms that are
distinguished by which the marine pelagic biota may influence the global climate system are
combined in the unicellular marine alga E. huxleyi: (1) the drawdown of CO, from the upper
mixed water layer and the atmosphere to intermediate and deep waters by the formation,
export and remineralisation of particulate organic carbon (the organic carbon pump); (2) the
production, downward transport and partial dissolution of calcium carbonate (the carbonate
pump); and (3) large-scale albedo effects mainly owing to the formation of highly reflective
clouds following gaseous emissions of dimethylsulphide (DMS) from algal blooms.
Therefore, Emiliania huxleyi is exceptionaly well suited for providing the kind of data we
need. The experiments involved exploration of the genes involved in calcification,
photosynthesis and nutrition, a detailed description of growth based on chemostat experiments
and an inventory of environmental factors that determine the production of
dimethyl sulfoniopropionate the precursor of the climate active gas dimethylsufide (DMYS).

Microalgal growth models aim at predicting growth rate as well as cellular composition, given
the environmental conditions (such as temperature, nutrient availability, light etc.). This
generic purpose poses strong requirements to the structure of any model attempting to comply

with it. Evaluation of contemporaneous modelling methodology reveaed that models are not



formulated at the level of the individual andthat cdl cdlular charaderistics such asthe Chl:C
ratio are often treated as model inpu. Furthermore, steady state growth is mostly taken as
point of departure while dynamic models are patentially best suited to study the regulation o
growth in resporse to variations in the environment. Therefore, a dynamic model for light-
limited growth, withou taking either chlorophyll or the Chlorophyll: C ratio as model inpu
was formulated. Then the gap between existing models and ou dynamic models was bridged
by the @nstruction d a cdl-based model for the dilorophyll a to cabon ratio in
phytoplankton. The processof phaosynthesis was gudied in more detail by an analysis of the
effect phao-acdimation and phdo inhibition on phdoosynthesis-irradiance arves in
phytoplankton including the so-cdl ed dark readion.

Nutrient limited growth was modelled using variable internal stores. This model had a number
of advantages (it can be extended to include more nutrients) but the model behaviour caused
concen for further applicaion within a larger ecmsystem framework. The acncept of the
synthesising unit as model for the stoichiometric fusion and kranching of metabadlic fluxes
was postulated to solve the problems. The next step was to study how model ecosystems
behave that are based on the models developed. To this end model-algaein competition were
studied as well as a canonicd ecosystem comprising of an autotrophic prodwcer, a
heterotrophic consumer and a hetetrophic decompaoser. Implementation d the modelling
strategy into a spatially heterogeneous environment was sudied by the performance of a one-
spedes community of a mixotrophic organism. The mixotrophis able to phdosynthesise, as
well as to consume dead biomass The doice for a further simplificaion d the model
easystem was motivated by the future implementation in ocean circulation models. At the

sametime, asthismodel isthoroughly based in DEB theory, it is gill relevant for redlity.

An extensive laboratory study on the eophysiology of E. huxleyi in light- and nurient-
limited continuous cultures was carried ou to generate data for modelling purposes (NIOZ,
Texdl). The results confirm ealier findings that E. huxleyi has a high growth affinity for light
(51 10°® m? s umol™ d!) which is comparable to oceanic spedalists such as Synechococcus
and Prochlorophytes. The &finity for nitrate is relatively low (0.37 L pmol™ hY). However,
most exceptiond is its affinity for phosphate (20 L pmol™ h*). This is the highest value ever
recorded for a phytoplankton spedes. Also urnique for this obligatory phao-autotrophc
spedes is the presence of two dfferent Alkaline Phosphatase systems under P-limitation.
These properties make E. huxleyi an excdlent competitor for P, espedally when thereis rapid

recycling of P via the organic-P pod. From a medanistic point of view, E. huxleyi blooms



are expected to be initiated in P-controlled ecosystems, i.e. in the presence of high supply
rates of irradiance, nitrate, and organic-P. This impression is in agreement with earlier
reported field observations. The successive biomass accumulation during the development of
the bloom is a consequence of cascade effects in the pelagic foodweb. The ecophysiological
profile of E. huxleyi explains why this species mainly performs in P-controlled environments.
Consequently, the removal of CO, from the biosphere via the burial of calcium-carbonate
from amajor calcifier in the world oceans is controlled by phosphorus rather than nitrogen.
Together with the new insights in the ecophysiology of E. huxleyi obtained with these
chemostat cultures a data set was generated that could be used for the underpinning of the
DEB theory, samples were stored to be investigated with the newly developed molecular
techniques in Leiden, and for two steady states DM SP data were obtained that were used in
the study performed in Groningen.

With the purpose of generating a data set that can be used to underpin the DEB theory at the
molecular level, the goal of the project in Leiden was to produce a molecular genetic tool for
the rapid characterisation of the metabolic activity in coccolithophorids in laboratory cultures.
In this study, several genes were successfully cloned and characterised and the first mMRNA-
expression patterns that were obtained were very promising.

Isolated genes assumed to play a function in calcification included two calcification genes,
gpa and ale. Another gene, hpp that is indirectly involved in calcification by encoding a
phosphate-repressible phosphate permease, was cloned from a cDNA library of phosphate
limited cells. Expression profiles of this gene are very interesting, because the parallel study
by Riegman et a. indicated that E. huxleyi’s success may result from its remarkably high
affinity with phosphate and that phosphate limitation leads to increased calcification rates.
The combined expression levels of pcna and fcp can be used to quantify cell division rate and
nutrient status. Expression of the gene fcp was investigated to monitor rates of
photosynthesis. It turned out that fcp expression is aso a good indicator to study nutrient
(nitrate) status and cell growth. However, it is not possible to distinguish between these
properties on the basis of fcp expression pattern alone. To study cell division the gene
encoding a proliferating cell nuclear antigen (pcna) is a good candidate. Expression levels of
pcnarelate directly to cell division activity.

Although gene identification and expression studies are far from complete, the results
obtained during this NOP-Il research period provided enough body so that the first



characterisations of samples from continuows cultures could be started. With the ectant data
we have started with the validation d the theoreticd models developed by Koajman et a.

It has been reaognised for some time that Prymnesiophytes are the main natural producers of
dimethylsulfoniopropionate (DMSP), the preaursor of the biogenic gas dimethylsulfide
(DMYS) that regulates climate once it has reated the amosphere by acting as a source for
cloud condensation nuclel. Still i nformation onthe dfeds of environmenta factors on its
production are scarce. In Groningen the production & DMSP by E. huxleyi strain L was
studied uncer different light, salinity, nurient, temperature and UV -stress condtions. As was
expeded (but never investigated, let aone pulished) the cdlular DMSP concentration was
diredly couped to the sainity of the environment. This result is interesting from a
physiologicd point of view because it confirms the osmotic role of DMSP in the cdl but it
has littl e relevance for E. huxleyi in its environment, where salinity is amost constant. More
relevant are dfeds of light and temperature since both fadors change on a daily basis as well
as on longer time scdes. In batch cultures there was no measurable dfect of light (range 10-
140 pmol phaons m# s*) but in continuous cultures at 100 umol phatons mi? s* a dightly
higher concentration was observed compared to low light conditions (6 pmol phatons m# sb).
Temperature, hovever, espedally at the low end d the growth range resulted in substantially
higher concentrations of DMSPin the cdl. This result compares to findings with maaoalgae
that acaimulate DMSP in their tissues a low temperatures. DMSP seems to be espedally
effective & low temperatures as a compatible solute in algae. If the resporse of E. huxleyi is
characteristic for all other DM SP producing microalgag a deaease of DM SPconcentrationin
the cdls must be expeded upona temperature rise, for example when climate dangesin the
expeded dredion of global warming. However, changes in processes that determine the
abundance of DM SP producing algae, the adivity of DM SP consuming baderia, and physicd
seato-air transfer of DMS, all of these a a result of ocean warming, are hard to predict.
Therefore, it isimpaossble to foresee what the over-all effea of global warming on the adual
seato-air emisson d DMS will be. Nevertheless, ou observation d less DMSP production
at elevated temperatures, assumed to result in less DMS emission from the ocean, isin line
with observations of lowest concentrations of the magor oxidation product of DMS
methanesulphorete (MSA) inice orestaken onAntarcticaduring intergladal periods.

Preliminary results of studies of the dfeds of N versus P limitation onthe production of
DMSP showed that cdls produce most DMSP when bah nurients are present in Redfield

ratio quantities. Continuous cultures gealy states are neaded to confirm this observation that
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contradicts the hypothesis that at N limitation DM SP could be produced as a substitute for the
N-analog glycine-betaine. Another hypothesis in the literature that suggests that DMSP
production could be enhanced at stress conditions could not be confirmed when UV stress
was induced in E. huxleyi cells. The cellular DM SP concentration was not affected.

During the studies on the different environmental effects it became evident that in
physiologica studies it is important to express the DM SP content of cells as a concentration
(DM SP per biovolume) rather than as an amount per cell. Due to changes in cell volume the

outcome of both expressionsis often different en sometimes even contradictory.

Altogether the project has provided valuable new knowledge of the ecophysiology of E.
huxleyi that helps to explain the success of these coccolithophorids. Such knowledge is
essential for understanding the role that these calcifying marine organisms play in the
drawdown of CO, from the atmosphere to the deep ocean. Environmental factors that play a
role in DMS(P) production have been identified and the results can be used in the modelling
of DMS production by E. huxleyi.

Molecular techniques have been developed to further study the process of calcification and
photosynthesis at the molecular level. These results can be used to validate the Dynamic
Energy Budget theory at the molecular level. At the same time DEB at the organismic level
has broadened to incorporate autotrophic calcifying organisms and has evolved towards the

next level of organisation.
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1.2 Dutch summary

Het uiteindelij ke doel van de Dynamische Energie Budget (DEB)-theorie is om een coherente
theoretische formulering te vinden waarmee doa biota bewerkstelligde stof- en
energiestromen te beschrijven en te voorspell en zijn. De theorie heeft een moduaire opbowv.
Met een modelformulering voor het individu a's uitgangspurt is het mogelijk om binnen de
DEB-theorie van het moleaulair niveau tot ecosysteemniveal, ja zelfs biosfeeniveau, te gaan.
In dt rappat wordt de uitbreiding in de formulering van de DEB-theorie beschreven, met de
processen fotosynthese, nutriéntlimitatie en cdcificaie. Deze uitbreiding is een essntiéle
voorwaarde om te kunnen kamen tot uitspraken over de biosfeer. Verder is een begin gemadkt
met de stap naar het eerste organisatieniveau boven dat van het individuele organisme,
namelijk het ecosysteem. Het bestudeede emsystean bestond Ut een primaire producent
(plankton), een consument (cili aa) en een mineraliseeder (bacterie). Ook is gekeken naar de
implicaies van de DEB-theorie voor nutriéntprofielen in de oceaa. De dynamica van
biomassa is beschreven, inclusief de recycling van nutriénten en organische stof.
Tegdlij kertijd zijn experimenten utgevoerd met de mariene microalg Emiliania huxleyi. Deze
hadden tot doel de ontwikkelde DEB modell en te valideren met gegevens van waarnemingen
en metingen.

De drie belangrij kste mechanismen in het mariene milieu de van invioed zijn op et klimaa
komen samen in E. huxleyi: (1) De ‘biologische pomp’, waabij CO, uit de bovenlagen van de
oceaan en ut de amosfeer wordt gefixead als organisch kodstof, en naar diepere waterlagen
wordt getransporteerd; (2) de ‘carboneat pomp’ waabij kalk wordt gevormd in de bovenlaag
dat voor een ded naar dieper water wordt getransporteerd, en (3) grootschalige dfeden opde
reflectie van zonlicht doa wolken de geinitieerd worden doa emisses van dmethylsulfide
(DMS) afkomstig van algenbloeien. Het feit dat al deze drie mecdhanismen bestudead kunren
worden aan E. huxleyi magkt deze soort buitengewoon geschikt als model organisme.

De experimenten de uitgevoerd zijn betroffen de verkenning van sleutelgenen betrokken hij
fotosynthese, calcificatie en opname van voedingsgoffen om een gedetaill eerde database op
het moleaulaire niveau mogelijk te maken. Het betreft hier noodzakelijk voorwerk om te
komen tot een integratie van moleaulaire en arganismale biologie. Ten behoeve van validatie
van het DEB-mode op het niveau van indvidude cdlen werd gestredd naar een
gedetaill eade beschrijving van groei m.b.v. chemostaten. Deze eperimenten zijn odk
belangrijk voor het verkrijgen van inzicht in de oorzaken voa het succes van deze dg. Als

ladste onderded van het experimentele werk is geinventariseerd welke omgevingsfadoren
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van invioed kunren zijn op ce productie van dmethylsufoniopropionaat (DMSP), spedfiek
bedoeld as basis (op individu-niveau) voor toekomstige modellering van effeden van het

biogene gas DM S in klimaamodell en.

Algengroeimodellen zijn er doargaans op gericht om algengroel (of biochemische biomassa
samenstelli ng) te beschrijven as functie van omgevingsfadoren zoals licht, temperatuur etc.
Dit doel stelt strenge randvoawaarden aan de manier waarop dergelijke modellen
geformuleerd worden. Evaluatie van de huidige modellen liet zien dat deze niet uitgaan van
cdlen maar ook van chemische karakteristieken zoas de dilorophyll a: koolstof ratio als basis
in plads van as uitkomst. Verder gaan ved modellen ut van een stabiele (‘ steady-state’)
omgevingsstuatie. Zo'n Situatie is editer eader uitzondering dan regel. Dynamische
modellen zijn ved beter geschikt om de respors op fluctuerende omgevingsfadoren te
beschrijven.

Voor de oonstructie van modellen de aa alle randvoawaaden vddoen is alereast e
dynamisch model geformuleed voa lichtgelimiteerde groei zonder de hoevedheid chlorofyl
of de Chl aC ratio als uitgangspurt te nemen. Daana is een op het individu (de ce)
gebaseerd model gebruikt voor de beschrijving van de Chla:C ratio om vergelijking met
bestaande modellen te vergemakkelijken. Op de manier kon de ChlaC ratio utstekend
beschreven worden, in owereenstemming met experimentele gegevens. Het fotosynthese-
proces zelf is in meer detal onderzocht met name het effed van lichtsterkte op e
fotosynthesesnelheid inclusief foto-acdimatie, foto-inhibitie en de donkerreadie.
Nutriéntgelimiteade groe is gemodelleed door gebruik te maken van een variabele interne
reserveopslag. Het model hedt as voorded dat het eenvoudg uit te breiden was naa meer
dan éé voedingsgof maar heeft tot nadeel dat het problemen zou geven wannee het als basis
zou worden gebruikt voor het DEB-model op emsysteam niveau. Het probleam is gelegen in
de veronderstelling dat slechts één nuriént van invioed is op de groeisnelheid. Dit probleem
is ondervangen doa de formulering van een nieuw concept, de ‘ Synthetiserende Unit.” Een
SU stad voor één of meadere enzymen die een bepadde functie vervullen. Zo kan men
bijvoorbedd de Calvin-cyclus beschrijven als een enkele SU. Het concept komt uitstekend
van pas in de formulering van modellen die metaboiet fluxen beschrijven. Een
modelformulering voor calcificaie was bijv. afhankelij k van het SU-concept.

De volgende stap was om de geformuleerde modellen in te bouven in ecosysteamniveau-
modellen. Op deze manier zijn succesvolle formuleringen voa agencompetitie en voa een

mini-ecosysteem (autotroof, heterotroof en minerdiseader) tot stand gekomen. De
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modell eringstrategie is verder getest doar te onderzoeken hce een mixotrofe popuatie zich
gedroeg in een éédimensiondle omgeving, dw.z. een amgeving met aleen een
dieptestructuur, waarbij de mixotroof in staa wordt gesteld am te fotosynthetiseren en dode
biomassa te minerali seren. De keuze van een dergelij ke simplificaie van een ecsysteem was
gemotiveerd doa de wens een dergdlijk mode in te kunren bouwen in oceaan-
circulatiemodellen. De keuze blijkt ook gerechtvaadigd in de zin dat de voorspelde
diepteprofielen redistisch zijn.

Een utgebreide studie naa de eofysiologie van Emiliania huxleyi is gedaan m.b.v. licht- en
substraggelimiteerde continucultures met als doel om data te genereren voor ondersteuning
van het DEB-model en ter vergroting van het inzicht in de eofysiologie van calcificerende
microalgen (NIOZ, Texel). De resultaten bevestigen eerdere observaties van een hoge
afiniteit voor licht (51 10° m? s pmol™ d%), vergelijkbaa met spedalisten zoals
Synechococcus en Prochlorococcus. De dfiniteit voor nitraat was laag (0.37 L pmol™ h)
terwijl die voor fosfaat exceptioned hoog was (20 L pmol™ h). Nog nooit werd een hogere
waade voor microalgen gerappatead. Een andere unieke egenschap kwam aan het licht met
de ontdekking van de twee verschill ende dkaline-fosfatasen de doa deze dg geproduceerd
kunren worden wanneer fosfaat limiterend is voor groei. Deze unieke a@genschappen maken
E. huxleyi bij uitstek geschikt om de @mpetitie om fosfaa te winnen van andere algen.
Bloeien van E. huxleyi kunren daarom vooral verwacht worden wanneer er ved licht en
nitraa in de omgeving is en fosfaa alleen beschikbaa is in lage hoeveelheden a's organisch
fosfad. Fixatie van CO, doa deze belangrijke cdcificeerder zal daaom voora optreden in P-
gecontroleerde gebieden. Gedurende het ecofysiologische onderzoek is een waardevolle
databank ortstaan die gebruikt kan worden (en al gebruikt is) voor de DEB-moddlen (Vrije
Universiteit van Amsterdam); er zijn monsters genomen om de nieuw ontwikkelde
moleaulaire technieken (Universiteit van Leiden) toe te passen en de gegevens van twee
steady-states zijn gebruikt in het DM SRonderzoek aan de Rijksuniversiteit van Groningen.

Ondersteuning van de Dynamic Energy Budget theorie op het moleaulaire niveau kan all een
doa karakterisatie van metabole activiteit in reactie op angevingsfadoren. Een moleaulaire
genetische methode om dergelij ke metingen ut te kunren voeren is ontwikkeld aan de
Rijksuniversiteit Leiden. Een aantal sleutelgenen zijn opgespoad en gedonead. De eerste
MRNA expressepatronen de met deze methode verkregen zijn lij ken bruikbaar.
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Tweegenen de betrokken zijn bij cdcificatie zijn gecloneerd: gpa en de. Een ander gen, hpp,
indired betrokken hij calcificaie omdat het een fosfaapermease wdeert, is gecloneerd ut een
cDNA bank van fosfaa-gelimiteede cdlen. De expresseprofielen die verkregen kumen
worden met deze methode zijn met name interessant vanwege de uitkomsten van het NIOZ
dedprojed van ean hoge fosfaataffiniteit die gepaad gaat met een toename in cdcificdie
oncer fosfaalimitatie.

Expresge van fcp is een goede maat voor fotosynthese gebleken en expresge van pcna een
goede maa voor cddeling terwijl de combinatie van expresseniveaus van pcna en fep kunren
worden gebruikt om een indruk te krijgen van de mate van substradlimitatie.

Ondanks het feit dat ontwikkeling en gebruik van deze nieuwe methode nog verre van
compled is kon worden vastgesteld dat voldoende vooruitgang is geboekt om met
karakterisatie van de continuculturemonsters (afkomstig van het NIOZ deelprojed) te starten.
In het huidig onderzoek wordt deze aapak gecontinueed.

Het is bekend dat Prymnesiofyten voa het grootste ded verantwoordelijk zijn voa de
productie van dmethylsulfoniopropionaa (DMSP), de precursor van het biogene gas dat
zorgt voor wolkvorming ra emisse in de atmosfeer. Toch ontbreekt veel elementaire kennis,
zeker wat betreft de invioed van amgevingsfadoren op de productie van DMSP. De
omgevingsfadoren licht, temperatuur, zoutgehate en de verhoudng waarin P en N
voorkomen in het milieu zijn onderzocht op huninvioed op DMSP productie doa E. huxleyi
in het dedprojed aan de Rijksuniversiteit Groningen. Zoas verwacht ble&k de
zoutconcentratie van het medium rechtstreeks van invioed opde mncentratie van DMSPin de
cdlen. Deze waarneming bevestigt het vermoeden dat DMSPin de cé fungeert als osmoliet.
Hoewel deze functie voor Emiliania nog niet eerder echt was bewezen is de waarneming van
weinig ecologisch belang omdat E. huxleyi vooral voorkomt in milieus waa de saliniteit
nauwelij ks fluctueert. Interessanter zijn de fadoren licht en temperatuur, die niet aleen
variéren doa de dag maar ook oplangere termijn. Er is geen eff ect van li chtsterkte (range 10-
140 pmol phaons m? s%) in batchcultures gevonden maa er was een Kein verschil tussen
twee ‘steady states' in de continuculture waarbij de hoogste li chtsterkte (100 versus 6 umol
phaons m? s’ een hogere cedlulaire DMSPconcentratie had. Temperatuur bleek van
grotere invioed waabij de hoagste wncentraties bij |age temperatuur gevonden werden.
DMSPis klaablij kelij k een ocsmoli et dat probleemloos opgehoopt kan worden in algencdlen,
vooral bij lage temperaturen. Een vergdlijkbare respors is eeader waagenomen hij

maaoalgen. Mocht deze fysiologische eigenschap karakteristiek zijn voa (micro)algen in het
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algemeen dan is zeker geen toename in de DM SP-concentratie te verwadten als de zeeén
warmer zouden worden doa het broeikaseffect. Een terugkoppelingsmedhanisme zoals
voorspeld in de GAIA-theorie waarbij een toename van algen en DMSP wordt verwadt bij
toenemende temperatuur met als uiteindelijk resultaa een reductie van zoninstraling doar
wolkvorming lij kt niet waarschijnlijk op grond van de hier gepresenteerde gegevens. Toch is
het moeilij k om op grond van deze waaneming te stellen dat er minder DM S geproduceerd
zal worden as gevolg van het broelkaseffect. Het is onmogelij k te voorzien hce de andere
procesen de de uiteindelijke anisse van DMS naa de amosfeer bepalen beinvioed zullen
worden doa aadse opwarming (competiti e tussen algen, adiviteit van DM SP-consumerende
baderién, overdracht van DM S uit water naa atmosfee). Uitkomst van het onderzoek aan de
Rijksuniversiteit Groningen komt wel goed overeen met de relatief lagere concentraties van
MSA (methaansulfonaat, het belangrijkste oxidatieproduct van DM S) aangetroffen in ijslagen
die ontstaan zij n tussen ijstijden.

Zowel N- as P-limitatie hadden een verlaging van de DM SP concentratie tot gevolg; de
hoagste mncentraties werden gevonden hj een verhoudng gelijk aan de Redfied-ratio (de
verhoudng die doorgaans in algen wordt aangetroffen). Dit resultaat weelegt de hypothese
dat mee DMSP geproduceead wordt onder N-limitatie ter vervanging van de N-analoog
glycine-betaine.

Een andere, mea recente geformuleade, hypothese stelt dat DMSRoverproductie kan
optreden wanneer cellen gestresd zijn en deardoa overgaan tot eiwitrecyling. Hierdoar
ontstagd een overmad aan zwavelhoudende aninozuren de in de vorm van DMSP
weggewerkt zou kunren worden. Stressgeinduceerd doa UV-straling bleek geen enkel effed
op ce DMSPR-concentratie te hebben in E. huxleyi.

Gedurende het onderzoek naa deze milieufadoren is gebleken dat het voor fysiologische
interpretatie noodzakelijk is om DM SP uit te drukken als DMSP per hoevedheid biovolume
(maa voor concentratie). De hoeveelheid DM SP per cel levert vaak een ander en soms zelfs

tegengesteld beeld op andat het cdvolume ook door milieufadoren beinvioed wordt.

Het voorliggende onderzoek hedt waadevolle kennis opgeleverd voa het begrip van het
succes van coccolithoforiden die zo belangrijk zijn voor het fixeren van CO; uit de amosfed.
De belangrijkste milieufadoren zijn onderzocht op hun letekenis voor DM SP-productie
waabij een niet met de gangbare ideeén strokende rol van temperatuur werd gevonden.
Verder zijn moleallaire technieken ortwikkeld die gebruikt kunren worden voor het

registreren van metabalische adiviteit in de ceé. De schat aan gegevens ontstaan in het projed
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kan goed gebruikt worden om Dynamische Energie Budget modellen te ondersteunen. De
DEB-theorie zelf is nu ook geschikt gemaakt voor autotrofe calcificerende organismen en de

eerste resultaten op ecosysteemniveau zijn behaald.
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2. INTRODUCTION

2.1 Dynamic Energy Budgets (DEB) and the Global Emiliania Modelling (GEM)
Initiative

There is no doubt that life is a mgor participant in the climate system. Yet, current global
climate models seem to play down the overwhelming evidence. The highly non-linear
behaviour of living systems seems to preclude the formulation of models that can represent
the biological component of climate in a reliable way. We believe that an adequate
representation of biology in the Global Climate Models (GLMs) is the mgor challenge for
climatology. Can we discover a deep logic of life, consistent with the principles of physics
and chemistry, to which we can adapt the models?

% ecosystem
S S
— population

o

& S/

% individual

Ll

3 /

1 cell

rd
molecule — Spatial scale

Figure 1. The DEB theory specifies a model for the individual, which is used to model
populations in terms of individuals and ecosystems in terms of populations. We simplify
while increasing the level of integration, and incorporate new processes that typically operate
at the level of organisation. The model for the individual serves as a constraint for modelling
sub-organismal processes that specify details of the (physiological) behaviour of the
individual, such as regulation processes. This approach implies a link between scales and
time, which excludes rapid processes at large spatial scales and slow processes at small spatial
scales.

We cannot be sure, but the theory of Dynamic Energy and Mass Budgets (DEB) by Kooijman
and his collaborators provides the best possible point of departure (Kooijman, 2000). This
theory predicts that life cannot be understood as a single entity, but is cast into at least four
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‘levels of organisation’ with increasing magnitude — biomoleaules, organisms, ewsystems
and the biosphere (Fig. 1). Together, these levels form a nested complex, whereby the
dynamics at one level determines the bourdary condtions under which the ones abowve and
below can operate. For instance, the range of chemicdly possble biomolecular combinations
forms the upper limit to cdlular diversity, whereas elogicd viability determines which of
these posgble cdls are adually redised. Thus, if we wish to model the dimatic dfects of life
at the global level, we anna avoid taking the underlying levelsinto consideration.

What appeas to be an impossble task may be feasible dter all. In the first place DEB is
solidly founded on at least 20 yeas of experience But more importantly, the work so far
reveded a highly remarkable simplicity underlying the diversity of life, at least at the level of
individual organisms. It turns out that simple models can reliably represent the individua’s
metabolism, and that widely different organisms obey to the same basic rules. It is like a
phase dhange in physicd systems. precisely at the organismic level, the circuitous maze of
metabali ¢ pathways snaps into a simple pattern. If simplicity were dso to emerge & the levels
above and below the organism, we ae in good shape for climate modelli ng.

This is the ultimate goal of DEB: to formulate a ©herent and predictive theory of life.
Expressd as a nested suite of compatible models for al levels of organisation, it will
demolish the boundries between biology, physics and chemistry. With the theory for
organisms as a base, DEB presently moves down to the moleailar level and up to the
easystems and the biosphere. Although considerable theoretical advances are being made,
we need, at al levels, a suitable experimental database for vaidation. This is the goa of
GEM, the Global Emiliania Modelli ng Initiative, of which this projed forms a part.

The three mgjor mechanisms that are distinguished by which the marine pelagic biota may
influence the global climate system are combined in the unicdlular marine dga Emiliania
huxleyi: (1) the drawdown of CO, from the upper mixed water layer and the @amosphere to
intermediate and deep waters by the formation, export and remineralisation d particulate
organic cabon (the organic carbon pump); (2) the production, cownward transport and partial
dislution d cdcium carborete (the cabonate pump); and (3) large-scale dbedo effeds
mainly owing to the formation d highly refledive douds following gaseous emisgons of
dimethylsulphide (DMS) from algal blooms (Fig. 2). Therefore, Emiliania huxleyi is
exceptionally well suited for providing the kind o data we need. The organism is cultured in
the laboratory and studied in microcosms, in the ocea at large, from satellites and in the

geological record. The formation d its ‘coccoliths’, highly organised skeletons of calcium
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caborate, is one of its characteristic fedures with implicaions for the global carbon cycle
and climate. GEM uses Emiliania as a model organism to help in the development of DEB

theory and global climate modelling in general.

The development and validation d a model on the organismic level with Emiliania huxleyi
was the focus of this NOP-1I reseach project. There was a theoretical part in which the DEB
model was further developed, and an experimental part that provided oppatunities to validate
the modedl.
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Figure 2. Couping of three dimatic effects of Emiliania blooms: organic carbon pump
(leading to lowering of atmospheric CO,), CaCO3; courter pump (increasing atmospheric
CO,) and DMS emissons lealing to the formation d white douds, increasing the eath's
abedo.

2.2 Theoretical part: thenext step in DEB

In the last few decades, a steady flow of information kecane available on coccolithophae
biology and climate forcing. Since 1989,when GEM was created, the information stream was
gredly amplified by the concerted effort of more than 60 scientists in some 30 institutions
world-wide (Including the NOP | projed: phytoplankton and the oceanic cabon cycle;
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Emiliania huxleyi as a model system, Westbroek et a. rapport 410100023. Some major
results of this research were the foll owing:

— GEM has provided experimental evidence that cocoolith biosynthesis alows the cdl to
utilise HCO3 as a cabon source when CO, is in short supdy, a condition which may
commonly occur in bloom situations. The problem is particularly important as cdcification
reduces the dkalinity and hence influences the spedation d disslved inorganic cabonin the
surroundng ocean water.

—E. huxleyi blooms are mgjor contributors to DM S fluxes into the amosphere dove the open
ocean, particularly in the N. Atlantic. A spatial and tempora correlation between the blooms
and albedo increase has been detected.

— In situ measurement of cocoolith (export) productionin various E. huxleyi blooms indicates
that the total annual oceanic uptake of atmospheric CO, in these settings is reduced by 17-
25% as aresult of cdcificaion.

— GEM's geological program indicaes that the geographicd distribution o Emiliania blooms

isvery sensitive to climate dhange.

The eisting models on algal growth to date do nd suffice for GEM (e.g. Arrigo & Sullivan
1994 Droop 1983 Kiefer & Mitchell 1983 Laws & Chalup 1990 Morel 1987 Sakshaug et
al. 1989. A considerable number of these are restricted to steady state growth (e.g. Droop
1983 Kiefer & Mitchell 1983 Sakshaug et al. 1989. Although these models have provided
considerable insight, they necessarily neglect the important dynamic environmentd
fluctuations in nurient and light availability that may dominate dgal growth dynamics in
natural environments. Models based on variable interna stores (VIS-models; e.g. Shuter
1979 Laws & Chalup 1990 are potentially more suited to ded with such fluctuations.
However, even these VIS-models asaume nutrient saturation in the environment, a situation
which is unlikely to be dways fulfilled in the eavironment. Models deding with light and
nutrient limitation either state different equations for both situations (e.g. Kiefer & Mitchell
1983 or negled interna stores and passble interadions between light and nurient
metabalism (e.g. Arrigo & Sullivan 1999.

On top d al this GEM neeads a modd at the organismic level that can easily be extended to
the eosystem and biosphere level. The research reported herein forms a limited, bu central
comporent of the GEM projed extending the Dynamic Energy Budget model of Kodjman
(1993 to include autotrophic and cacifying systems.
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2.3. Experimental approach

2.3.1 Emiliania huxleyi chemostat steady state values

Modelling of E. huxleyi growth requires a strictly unambiguous data set, based on chemostat
cultivation uncer continuous ill umination. However, the mnsiderable body of physiological
information pubished on E. huxleyi was predominantly derived from less constrained
experimental conditions, mostly batch cultures or semi-continuous cultures (e.g. Balch et al.
1992 Van Blejjswijk et a 1991, Nimer & Merrett 1992. The primary objective of this
subprojed was to provide a data set required for underpinning of the modelling study
described above. The impad of three variables, viz. nitrate concentration, temperature and
light avail abili ty which are mnsidered to be the principa factors determining the growth, and
Ca(CO3), production d E. huxleyi were investigated in chemostat experiments.

2.3.2 Calcification, photosynthesis and nutrition: down to thelevel of genes

Coccolith production by Emiliania huxleyi beautifully ill ustrates the need for DEB theory in
climate modelling. All cdcium carborete in the ocean is formed urder the influence of
biologicd systems. Thisimpliesthat the production of cacium carbonate is not determined by
physico chemicd fadors, such as the level of supersaturation of the ocean water. The cntrol
is biologicd, as it depends on the outcome of the competition ketween the cdcifiers and the
non-cdcifying organisms.

Thus, an in-depth investigation of biologicd calcificaion is immediately relevant for climate
research. We neal to know what advantages and dsadvantages cacium carbonate production
has for organisms; how the cacifying machinery fitsin the célular organisation; and hav and
when this machinery is switched on and off. Furthermore, we wish to understand how
caborate aystalli sation is controlled at the moleaular level. Calcification has emerged many
times in evolution. Do all these calcifying machinery’s revert to the same basic principle, or
are they all different? Can we use E. huxleyi as a representative model organism, or do we
neal to study many cdcifiers in paralel? The implementation d DEB requires that we find

answers to questions sich asthese.

Continuous cultivation was applied in order to charaderise the resporse of the organism to a

range of external condtions, such as variations in light intensity and nutrient avail ability. In
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the past, the response patterns could only be characterised in a gross way, ignoring specific
molecular aspects. The molecular genetic approach introduced in this research permits
following of the response in unprecedented detail.

The idea underlying this project is to sequence genes encoding many key proteins, and to
guantitatively monitor the expression of these genes at the mRNA level as a function of the
growth conditions. As metabolic regulation is not always reflected in expression at the level
of MRNA, we also envision quantification of the activity of a number of known enzymes.

The intention of this project was to lay the foundation for this biomolecular approach. In order
to contribute to the comparison between different coccolithophore species we concentrated
not only on E. huxleyi but also on Pleurochrysis carterae, a related organism extensively
studied at the physiological and biochemical levels.

2.3.3 DM SP production by Emiliania huxleyi

Ever since the discovery in 1972 of the missing link in the global sulphur cycle (Lovelock et
al.), which was found to be the volatile component dimethylsulphide (DMS), scientists have
been speculating about the role of this gas in climate regulation. Most DMS has its origin in
seas and oceans; it is produced during interactions in the plankton food web, and a variable
percentage is emitted to the atmosphere (Fig. 3). After emission, DMS is known to initiate the
formation of cloud condensation nuclel that affect cloud reflectiveness (albedo). The possible
impact of DMS sea-to-air fluxes on climate is illustrated by the CLAW feedback hypothesis
formulated in the eighties by, and named after, Charlson, Lovelock, Andreae and Warren
(1987). It states that if an increase in ocean temperature (e.g. due to global warming) leads to
an increase in the production of the DMS precursor dimethylsulphoniopropionate (DM SP)
and thus to DMS, this would result in a cooling effect of the planet by an increase in cloud
abedo.

Marine microalgae are the main producers of DMSP (Keller 1991). The amount of DMS that
is released directly from intact cells has been reported to be quantitatively insignificant
(Turner et al. 1988, Stefels en van Boekel 1993, Wolfe and Steinke 1996). There is evidence
for a physical separation in the cell of DMSP and DM SP-lyase (the enzyme that cleaves
DMSP into DMS and acrylate). The substrate is most likely present in the cytoplasm while
the enzyme is located externaly in the case of Phaeocystis globosa (Stefels and Dijkhuizen
1996), and in vacuolesin Emiliania huxleyi (Steinke et al. 1998).
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Figure 3 Schematic representation of the processes involved in the marine sulphur cycle. The
right-hand side of the marine processes are covered by bacteria, the left-hand side by phyto-
and zooplankton. Phytoplankton and bacteria can both be responsible for the enzymatic
cleavage of dissolved DM SP (J.Stefels 1997).
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Most of the DMSP that is produced by the algae can enter the environment via cell death
(resulting in release of its contents), viral mediated lysis (Bratbak et a 1995) or via grazing
(Levasseur et a 1996, Wolfe and Steinke 1996, Wolfe et a 1994). A small fraction is
excreted directly (Laroche et a 1999). The dissolved DM SP is degraded by bacteria either via
a DMSP-lyase pathway or via a demethylation pathway that does not result in DMS

-24 -



production (Fig. 3). In fact arecently formulated ‘ avail abili ty theory’ (Kiene & a 2000 states
that DMSP is metabolised mainly via the demethylation pathway but when DMSP is
produced in high amourts such asin algal bloom situations the deavage pathway will prevail
and more DM S will be formed.

Therole of algae in DM S production in the e@system seems to be mnfined to the production
of the precursor only. Prerequisite for a model that describes DMSP output as a function d
environmental fadors is the identification of fadors such as nutrient concentration, light and
temperature that are relevant for the model. Since the most important global change isaue is
the expedaed future temperature increase, emphasis was put on the influence of temperature

onE. huxleyi's DMS(P) productionin ou experimental efforts.
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3. PROGRESSIN THE DYNAMIC ENERGY BUDGET THEORY

Mircoalgal growth models aim at predicting growth rate a well as cdlular compasition, given
the environmental conditions (such as temperature, nurient availability, light etc.). This
generic purpose pases grong requirements to the structure of any model attempting to comply
with it. First, cdlular charaderistics shoud be modelled, rather than taken as model inpu.
Seoond, if one interprets ‘cdlular composition’ as nutrient cdl quaa, rather than as nutrient
ratios, models shoud be formulated at the level of the individual cell. Third, modelli ng shoud
proceal by making assumptions about processes, rather than abou states.

At the onset of our projed, we evaluated contemporaneous modelling methoddogy in the
light of these desiderata. We @ncluded that current modelling could be improved upon
considerably to fulfil requirements posed by generic purposes (Zonreveld 1998hH. Models
that chiefly aim to predict primary production are mostly formulated as stealy state carbon
budyets. These models ladk state variables that are necessary to describe variation in cdlular
compasition and dten tred the Chl: C ratio as an inpu variable insteal as a state variable. The
basic point of departure of optimisation models is that cdl partitions its recourses in such a
way that the growth is maximised. Applicaion d this principle is restricted to steady state
growth. Whether this point of departure can also be gplied to cdls in a fluctuating
environment remains unclea, yet a fluctuating environment will be the rule rather than the
exception. Dynamic models are potentialy best suited to study the regulation d growth in
resporse to variations in the environment. However, these models did na take the cdl astheir
basic point of departure.

Our primary am in this projed, then, isto bring modelli ng methoddogy morein line with the
generic purpose. To comply with this aim, we propcse models that explicitly obey mass
conservation d al nutrients considered at the cellular level. Once such modelling strategy is
avallable, it will be possible to make sensible prediction d organic and inorganic carbon

productionin relation to environmental condtions.

3.1. Nutrient limited growth

First, we paid attention to nurient limited growth based on a model with variable internal
stores (Zonreveld 1999. We described the kinetics of both limiting and nonrlimiting
nutrients (Fig. 1). The neeal for this arises as on as the model is to be applied in a variable

environment. In such an environment one does not know beforehand which nurient is
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limiting, so all potentially limiting nutrients should be monitored. Concerning the limiting
nutrient, the model provides an dynamic reconstruction for the well-established Droop
equation for the limiting nutrient at steady state (Droop 1983). However, it also shows that
there is no meaningful basis for the Droop equation for the non-limiting nutrient. Advantages
of the model are that it can be extended to include more nutrients. The main difference
between carbon and other nutrients is the photosynthetically driven uptake of CO,. Once
taken up, the kinetics of carbon may be similar to that of other nutrients.

60

1872 amol/cel |

40

cell B,
N
®

cel | phosphorus, fmol/cell

Figure 1 Relationship between cell quotas. The shaded area represents the set of al possible
steady states of phosphate and vitamin B1, quotas on basis of parameter estimates (Zonneveld
1996). The lightly shaded area indicates a phosphorus limitation, the dark shaded area a
vitamin limitation. The data of the four experiments (Droop 1974) are described by the model
prediction. Points may lie outside the shaded area due to measurement errors.

A drawback of the model is the discontinuity of uptake of nutrients when a previously non-
limiting nutrient becomes limiting. If a population of algae is simulated in a chemostat
environment, the behaviour of the model can become erratic: a steady state may either be
absent, or multiple steady states are possible (for certain values of the dilution rate and
supplied nutrients). Although not relevant for most laboratory applications, the model
behaviour caused concern for further application within a larger ecosystem framework. The
problem hinges on the distinction between nutrients that are either fully limiting, or not
limiting at al. Mathematically this means that a minimum-operator is part of the model. To
solve the problems associated with such models, the concept of the synthesising unit as model

for the stoichiometric fusion and branching of metabolic fluxes was postul ated.
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Figure 2 (a) Thisill ustrates that the Synthesizing unit (SU) goes through a ¢ycle @nsisting of
abinding phase ad a production phese. The production rate is inverse to the cycle time. (b)
The transformation A + B — C, where A and B are bound at different sites on a SU. The SU
switches to the binding phase uponthe release of product C. The upper diagram represents a
slow SU, the lower diagram a faster one: both experience the same substrate arival process
The time ais labeled C shows the prodiction events; the other time axes ow arrival events
of substrates. Fill ed das dand for acceptance, open dots for rejection. The grey areas indicae
periods during which the SU canna bind substrate. Note that the fast SU still has substantial
blocked periods due to the stochasticity of the (Poison) arrival processes (Koojman 200).

The Synthesising Unit (SU) binds given numbers of substrate moleaules of several types of
substrate to produce aproduct moleaule or set of product moleaules. Irreversible binding
results in relatively simple and explicit expressons for the rate of product formation (Fig. 2).
Reversible binding can be implemented with relative eae in the carier-SU complex, where
the products of a set of cariers (a spedal type of SU) serve & substrate for an SU or set of
SUs. A simple and parameter sparse goproximation is presented for the production rate of a
generalised compound,i.e. arich mixture of compounds that does nat change in compasition
(Koajman 1998. An analysis of Droop's data on the growth o a haptophyte on phaphate
and vitamin B12 reservesiill ustrated the gpplicalion o SUs (Koajman 1998 Fig. 5).
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Figure 3 Specific growth rate of the haptophyte Paviova lutheri as a function d intracellular
reserves of phosphaus and vitamin By, at 20 °C. Data from Droop (1974. The surface is
based on knetics of afast SU for two complementary substrates, where the arival rates are
propationa to the reserve densities (as follows from the reserve kinetics in the dsence of
maintenance ®sts). Because the reserve turnover rates are equal, and the phospharus and Bi»
concentrations in the structure ae known, the surfacehas three parameters. (a) The difference
between the data points and the surface is marked with line-segments. (b) Calculated values
are plotted against observed ores to judge the goodnessof fit. The asence of data points for
high values of both reserves ill ustrates the damming up o one reserve due to growth
limitation by the other (from Kooijman 2001)).
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3.2 Light limited growth

We onstructed a model for light-limited growth, without taking either chlorophyll or the
Chlorophyll: C ratio as modd inpu (Zonreveld et a. 1997. This model is cgpable of
acourting for variations in cabon cell quaa with phdon flux density. Two comporents
were distinguished in the cdl: permanent biovolume and a transient pod. In addition
assmil ation, maintenance and growth were distinguished as processes. The model is basicdly
formulated in a dynamic way and accurately described the complete cabon budet of three
different phytoplankton spedes (Fig. 5). In essnceit can be regarded as a generdisation d
the well-known Droopmodel for nutrient-limited growth. This indicaes that light-limited and
nutrient-limited growth are less different than previously thought. (This model was used to
describe the light-limited data obtained with E. huxleyi in turbidostat, Chapter 4, Stolte & al.

in prep).

10F

2.5 —

Chl-specific cross-section, pm2/pg chl
[+)]

0 5 10 15

Chlorophyll a, pg/cell

Figure 4 Dependence of chlorophyll spedfic asorption cross £dion oncellular chlorophyll
concentration, in the diatom Thalassiosira weisfloggi. The maximum cdlular cross sedion
equals 63.4pum? cdl™, and the true chlorophyll-spedfic esorption cross ®dion equals 1.93
dm?/mg chl a. Zonreveld (1997, datafrom Falkowski et al. (1985.

The processof phaosynthesis was dudied in more detail by an analysis of the dfed phao-
acdimation on phtosynthesis-irradiance airves in phytoplankton (Zonneveld 1997. Four
parameters are presumably affected by phao-acdimation: (1) the size of a phaosynthetic
unit; (2) the number of phaosynthetic units per cdl; (3) the average turnover time of a
phaosynthetic unit; and (4) the dilorophyll-spedfic asorption crosssection. Prezelin's well -
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known conceptual model of phao-acdimation deds with variation in size aand number of
phaosynthetic units, but not with the other two parameters (Prezelin, 198). Prezelin's model
predicts that the phaosynthesis-irradiance arve is differentially aff ected by variationsin size
or number of phaosynthetic units. By contrast, ou anaysis $owed that if phao-
acdimational variationin the turnover timeis aso acourted for, ony the cellular chlorophyll

concentration is relevant; variation in the size vs. number of phaosynthetic units is

immaterial.
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Figure 5 (a) Light dependence of carbon cell quaa, (b) spedfic growth rate, (c) gross
phaosynthesis, (d) and respiration for Isochrysis galbana (Zonreveld et a. 1997, dta from
Falkowski et al., 1985
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The photo-acclimation response of the chlorophyll-specific absorption cross-section alows a
simple description consistent with experimental data (Fig. 4). This description was used to
derive a single expression for the rate of photosynthesis as dependent on irradiance and the
cellular chlorophyll concentration (it does take chlorophyll as model input; in a different
paper we describe how chlorophyll cell quota can be modelled). This model for the
photosynthesis-irradiance-curve accounts for the photo-acclimational aterations of the above
mentioned parameters. Changes in these parameters occur at the time scale of about one day.
On amuch shorter time scale, high irradiances can lead to diminished rates of photosynthesis,
a phenomenon referred to as "photo-inhibition". Photo-acclimation and photo-inhibition both
affect the Pl-curve, but existing models for the Pl-curve did not account for both phenomena
at once. Therefore, we described changes in the photosynthetic machinery relevant at the short
time scale characteristic of photo-inhibition (Zonneveld 1998d). Photo-acclimation is
accounted for by variations in parameter values in response to changes in the chlorophyill
content of the cells, the hallmark of photo-acclimation. The rate of photosynthesis depends on
the photon absorption rate rather than on irradiance. The photon absorption rate is the product
of the irradiance and the cellular absorption cross section. Photo-acclimation affects the
cellular absorption cross section through its effects on the chlorophyll content of the cells. As
aresult, photo-acclimation affects the photon absorption rate, and so indirectly the sensitivity
to photo-inhibition at a particular irradiance.

Many mathematical formulations aim to describe the photosynthesis-irradiance curve.
However, none of them refers explicitly to the enzymatic part of the entire process, the so-
called dark reaction. This involves the enzymatic binding of CO,, driven by ATP en NADHP
generated by the light reactions. As a fina element in our study on photosynthesis we
formulated a model that explicitly accounts for the enzymatic nature of the dark reactions
(Zonneveld submitted). This results in a photosynthesis-irradiance curve that saturates much
more steeply than the often-used hyperbola. This allows a much more accurate description of
experimental data regarding the photosynthesis-irradiance curve. The approach combines well

with the earlier study on photo-acclimation.
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Finally, we bridged the gap between existing models and our dynamic models by the
construction of a cell-based model for the chlorophyll a to carbon ratio in phytoplankton. The
model describes carbon and chlorophyll a cell quota, and thus the chlorophyll a to carbon
ratio, in nutrient-limited as well as light-limited growth (Zonneveld 1998c, Fig. 6,7). The
model predictions are in line with experimental data. Variations in Chl:C result, among
others, from photo-acclimation. The analysis in this paper shows that the impact of photo-
acclimation on phytoplankton growth is rather small, despite large variationsin Chl:C. Thisis
mainly due to the package effect, a phenomenon that can be easily accounted for especially in
cell-based models.
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Figure. 6 (a) Nitrogen cell quota, (b) carbon cell quota, (c) chlorophyll cell quota and (d)
Chl:C in nitrogen-limited Dunaliella tertiolecta. The parameter values were simultaneously
estimated from the data on nitrogen, carbon and chloprophyll cell quota. Zonneveld (1998),
datafrom Goldman and Peavey (1979) and Goldman (1980).
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Fig. 7 (a) Chlorophyll:Carbon ratio; (b) Carbon : chlorophyll ratio, both as dependent on
irradiance; and (c) chlorophyll: carbon ratio as dependent on the specific growth rate of
Isochrysis galbana. Zonneveld (1998), data from Falkowski et al. (1985).

3.3. Calcification

An important characteristic of Coccolithophorids in general is their ability to utilise
bicarbonate in the production of calcium-carbonate. The function of this ability is still a
matter of debate. One important hypothesis holds that the primary aim of calcification is to

produce CO, for photosynthesis. In the marine environment most of inorganic carbon is
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present as bicarbonate, with only about 1% present as CO,. This molecule is thus in rather
short supply, and the additiona calcification-derived CO, might well give Coccolithophorids
a competitive advantage over other groups. This attractive hypothesis is mute with respect to
the intricate shape of the coccoliths, but can explain severa observations about physiology.
Although several other hypotheses concerning the function of calcification are possible, we
only modelled the one just described. Kooijman (2000; p 167-168) formalises this hypothesis
to arrive at, among others, quantitative formulations about relationships between light
intensity and calcification. This submodel is currently under investigation. Preliminary results
suggest that to accurately describe the data on the organic:inorganic carbon ratio, it might be
necessary to include an additional state variable in the model, namely the internal CO, pool of
the cell.
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Fig. 10 Competition for light between four species. Chlorella (closed circles), Scenedesmus
(open squares), Aphanizomenon (triangles), and Microcystis (plusses). Open circles indicate
the light intensity penetrating through the cultures. Solid lines show the time course of
competition predicted by the model. For details see Huisman et al. (1999).
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3.4. Towar ds ecosystem modelling

The direct am of our projed was to develop a modelli ng strategy that all ows accourting for
the impad of environmental variation oncdlular characteristics. However, the projed is part
of our research program, which utimate am is to make confident predictions concerning the
interadions between biota and climate. The modelli ng strategy is a necessary prerequisite to
fulfil this ultimate am. A next step in the diredion d our am is to study how model
eaosystems based onthe models developed behave. We did two such studies as the final part
of our projed.

First, we investigated the properties of our model-algaein competiti on experiments (Huisman
et a. 1999, Fig. 8). In line with the distinction between nurient-limited and light-limited
growth competition was also studied for these two limitations separately. Espedally the study
on competition for different nutrients exposed the wedness of the use of the minimum
operator, as deady states were often na attained. Despite this drawback, we were ale to
spedfy whether competitionis possible or nat. Although current theory on competition can be
refined somewhat, its major results remain urtouched.

Sewmnd, we studied a so-cdled canoncal ecosystem in a dosed and hanogeneous
environment: life in a dosed bdtle (Kooijman and Nisbet 2000, the system is closed for
nutrients, but open for energy.) This emsystem contains three popuations. an autotrophic
producer, a heterotrophic consumer and a hetetrophic decomposer; for example, a
phytoplankton — cili ate — baderia system. Of dired interest are the partitioning of various
nutrients over the three popuations, and the rate of cycling between them. Furthermore, we
studied theimpad of light onthese dharaderistics.

Third, and final, we made a first step to implement the modelling strategy into a spatially
heterogeneous environment by studying the performance of a one-spedes community of a
mixotrophic organism (Kooijman et a. submitted). The hypotheticd mixotroph is able to
phaosynthesise, as well as to consume deal hiomass The dioicefor a further simplificaion
of the emsystem invoved is motivated by future plans for implementation into ocean
circulation models. At the same time, as this model is thoroughly based in DEB theory, it is
till relevant for redity. Only if we understand the most basic situations, we might hope for an
understanding of more complex systems. The study shows verticd profiles for the distribution
of living and cead hiomass as well as the nutrients involved, and haw light triggers nutrient
cycling.
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4. PHYSIOLOGICAL STUDIES ON EMILIANIA HUXLEYlI AT STEADY STATE
CONDITIONSUNDER LIGHT, PHOSPHATE OR NITROGEN LIMITATION

An extensive laboratory study on the ecophysiology of Emiliania huxleyi was performed. In
continuous cultures, light-limitation was gudied at six different growth rates, and ntrogen-
and phaphate-limitation was dudied at four different growth rates. Actual and pdential rates
of phaosynthesis and nitrogen- and phephate uptake were meassured at a standard
temperature of 15 °C. Cellular composition, including C, N, P, pigments, and cdcite, was
determined for every steady state (Tables 1, 2,3). All analysiswere caried out in dugicae or
triplicae. The results were compared with the ecophysiology of other marine phytoplankton
spedes to evaluate the competitive aility of E. huxleyi under various environmental
condtions. More detail s can be foundin Riegman et al. (1999.
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Figure 1 (DD+DT)/Chl a ratios as function d photon flux density used to culture Emiliania
huxleyi. Line and 95 % confidence interval fitted through light-limitation data. N- and P-
limitation data ae included as well as batch culture data (Stolte & al. 200Q.

4.1. Light-limited growth.

Althouwgh the cdlular pigment content of E. huxleyi was highly variable between strains
(G.W. Kragj, pers. commun,), cetain pigment ratios are less sibjed to genetic variation
within the tested strains (Stolte & al. 2000Q. Especiadly the total fucoxanthin/chl-aratio proved
to be very constant between strains. In the turbidostat experiments, the ratio between the total
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caotenoids and chlorophyll-a was almost invariable. The reason for thisis not clea. Thereis
no evidence in the literature that fucoxanthin could be replaced by diadinoxanthin dredly.
However, in this gedes we find an amost stochiometric decrease of (FUCO + HEXA)
associated with an increase of (DD+DT).

The ratio ((HEXA+FUCO)/CHL-A) proved to be best correlated with culturing PFD (R? =
0.99 p=0.0005 Fig. 1). In a monaospedfic bloom of E. huxleyi, this could provide auseful
tod to oltain information about the light history of the cells. When E. huxleyi co-occurs with
cyanohacteria, the ratio could be disturbed by their chlorophyll-a. In that case, the ratio
between (HEXA+FUCO)/(DD+DT) could be a better measure for light history, since
cyanobacteriado nd contain any of these pigments.

The DT/(DD+DT) ratio has been used (Brunet et al. 1993 as an estimate of light adaptation
of phytoplankton in the field. It was foundto correlate well with the turbidity of the water. In
the light, DD is de-epoxycated to DT, which can ad as a nonphaochemicd quencher. DT is
enzymaticdly converted to DD in the dark, a processthat can be very fast (in the order of
minutes). Since we did na take spedal precautions to freeze the filters immediately after
filtering, part of the DT may have been converted to DD before freezing. For this reason,
DT+DD might be more useful as an indication to longer-term phaoacclimation than DT
alonre.

The turbidostat experiments in this sudy were dl performed in continuous light. Sincethisis
not the natural condtion the exad physiologica resporse of cdls in nature is additionaly
influenced by phaoperiodicity. In neture, a steady state will therefore never be reached.
However, it can be argued that phytoplankton cdls in nature ae continuowsly adapting
towards the stealy state situation that appeas from this study. The quantitative importance of
therole of phaoperiodicity in the physiology of E. huxleyi remainsto be studied.

The final resporse in physiologicd acdimation o pigment content, and phdosynthetic
adivity is refleaed in the speafic growth rate adieved at nonsaturating irradiance levels
(Fig. 2. Intercomparison with ather marine phytoplankton spedes is smewhat hampered by
the ladk of uniformity in the experimental set-up. It shoud be kept in mind, that in genera a
higher temperature will enhance pt (within the 0 to 25 T range) and that the continuous light
regime negatively affeds 1t in ou strain (Chapter 6).

A compilation d data from the existing literature gives the impresson that E. huxleyi has a
low compensationirradiancelevel for growth (I;) and arelatively (but not exceptionally) high
affinity (du/dl) for light (Riegman et a. 199B). These characteristics make E. huxleyi
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comparable to typical oceanic species such as Prochiorococcus and Synechococcus WH8103.
In fact, it could be stated that E. huxleyi shows a comparable performance as the latter two
species, but at a lower temperature. This agrees with the general impression that
coccolithophorid blooms are usually dominated by E. huxleyi in moderate and polar
climatological zones, whereas near the equator other coccolithophorids may dominate. On the
other hand, these results may be the consequence of the fact that we worked with a strain that
originally was isolated from the Odo fjord. There may very well be a difference in
temperature dependence amongst different isolates of one and the same algal species (Paasche
et al. 1996).

Table 1 Cell composition of Light limited Emiliania huxleyi strain L. Organic carbon (POC),
Inorganic carbon (IC), Carbon to nitrogen ratio (N/C), Nitrogen quotum (PN), Phosphorus
guotum (PP), Chloropyll a (Chl. @), Maximum photosynthesis rate (Pm), and respiration rate
(Rd).Riegman et a. 1998.

PAR p cellvol C/N sd. POCs.d. PN sd. PIC sd. PP s.d. IC/ s.d.
ocC

pmol. 4’ um’ mol pg C pgN. pg C. fmol P

mls?! mol”’ cell’ cell! cell’ cell’

5.6 0.14 255 6.53 0.69 545 0.78 098 0.151.48 1.02 542 0.87 0.27 0.18

125 0.28 27.7 6.66 0.36 6.13 097 1.08 0.204.01 3.73 545 1.00 0.65 0.73

25 0.40 50.0 6.65 0.57 7.69 1.20 1.37 033 226 2.90 0.29 0.28
50 0.53 559 792 055 9.63 451 1.41 0.61 800 9.49 6.42 0.76 0.83 1.36
70 0.57 50.1 8.12 0.30 109 0.83 1.58 0.14 3.26 2.56 0.30

100 0.65 359 794 1.03 8.00 141 1.00 0.09 408 3.19 7.70 1.33 0.51 0.22
200 0.63 48.1 8.58 1.60 9.27 1.68 1.29 0.23 431 5.16 104 0.87 0.47 0.24

400 0.61 41.0 10.5 0.88
PAR p Chl.a sd. Pm sd. Rd s.d.
pmol. 4’ fe pmol O, pmol O,
m’s’! cell! cell' h! cell' .k’

5.6 0.14 159.89 14.56 0.0281 0.0051 0.0021 0.0008
12.5 0.28 148.939.42 0.0360 0.0094 0.0070 0.0028
25 0.40 152.88 5.19 0.0524 0.0093 0.0111 0.0020
50 0.53 163.90 17.99 0.0390 0.0117 0.0163 0.0044
70 0.57 130.93 18.24

100 0.65 105.63 9.77 0.0133 0.0000 0.0071 0.0000
200 0.63 73.41 13.77 0.0128 0.0000 0.0082 0.0000
400 0.61
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Figure 2. 12Modd fitsfor light limited steady state data of Emiliania huxleyi. Data on carbon
quda, nitrogen quda, dark respiration, chlorophyll a and spedfic growth rate were fit
simultaneously using 14 perameters. Data obtained at 100 and 200pmol- m? s for carbon,
nitrogen and dark respiration were not used for modd fits (Stolte & al. in prep).

4.2 P-limited growth

Emiliania huxleyi showed some speda fedures with respect to its ability to compete for
phospharus. Induction d its phosphate uptake system under P-limiti ng growth condtionsis a
common feaure amongst phytoplankton species. However, the dfinity of the phasphate
uptake system is remarkably high. In fad, E. huxleyi has an affinity for inorganic PO,> which
isthe highest ever recorded for a phytoplankton spedes (Riegman et a. 198, 2000.

This enables E. huxleyi to oucompete other algae & levels of Pi down to the nM range. In
most field studies, Pi is determined as Soluble Readive Phosphaus (SRP) with detedion
levels down to 0.1uM. Since many organic phosphates aso read with the molybdenum-blue
reagent, Pi is generally over-estimated. Isotope studies reved indeed nM concentrations of Pi
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in P-controll ed easystems (Thingstad et al. 193). 3*P-PO,> uptake in laboratory cultures of
the freshwater cyanobaderium Anacystis nidulans indicated a threshold concentration for P-
uptake & 2 nM (Wagner et al. 1995 Falkner et a. 1996. The presence of such a threshold
concentration for P-uptake by E. huxleyi can na be excluded from our data.
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Figure 3. Calculated V ma for the two Apase systems of Emiliania huxleyi; the constitutively
synthesised system (open triangles), and the inducible system (closed circles). Riegman et al.
(2000.

Maintenance of E. huxleyi in P-controlled systems is additionally supported by its APase
adivity. Kuenzler & Perras (1965 reported the highest APase production rates for E. huxleyi
in comparison with 10 dher algal species. Here, we provide evidence, that E. huxleyi isin the
unigue possesson d two dfferent enzymatic APase systems (Fig. 3). One of them is
synthesised constitutively, with a cél-P based affinity for MFP of 8.7 L pmol™ h™*. The
induwcible APase is mewhat more complex in structure (according to its higher Qi0), can
read a five-fold higher Vi than the constitutive system, and hes a dlightly lower affinity
(6.0 L umol™ h'). Together, they dlow a deavage rate of an organic substrate & non
saturating levels which equals up to 73% of the inorganic P uptake rate cgadty at nM levels.
Thisimplies, that if Pi and aganic P would be avallable & the same concentration in the nM
range, roughly 40% of the growth o E. huxleyi would be suppated by organic P. At atenfold
increase of organic P (e.g. due to auto lysis of competing algae (Brussaad et a. 1999) this
value may increase up to 90%. Exad rates of cleavage will of course depend onthe nature of
the organic substrate.

In environments with fluctuating phosphate @mncentrations, Vmax and the ratio between Qmaxt
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and Qmin Will be important seledion criteria for algae which are mmpeting for phaspharus.
The cdl-P normali sed maximum phosphate uptake rate of E. huxleyi is within the same range
as the Vi Of other dlgae. The wefficient for luxury uptake, i.e. the ratio Qmaxt /Qmin Stands
for the maximum amount of cdls which padentially can be produced from one P-limited cdl
after asingle saturating phosphate pulse. The highest value for E. huxleyi (30.5at pu=0.14 d*)
is low, relative to aher spedes. Selenastrum capricornutum has a cefficient for luxury
uptake of 56 (Braddock & Brown 1994, Synedchococcus nageli expresses a wefficient of 63,
and for Navicula pelli culosa a value of 55 was reported (Brown et al. 1981). So, with resped
to its P-metabolism, E. huxleyi is espedally superior to ather algal spedes with resped to its
affinity for inorganic phosphate uptake, and its possesson d two APase enzyme systems, ore

of them being induced under severe P-limitation.

Table 2 Cell compaosition d P limited Emiliania huxleyi strain L. abbreviations asin Table 1.
Riegman et a. (1998.

ul Cell POC PIC PIC cell N cell P POC N
volume /POC | cellvol.! | cellvol."
d! B A peC pg C ratio pg N fmol P peg C pg N
cell cell! cell” cell” L.} L'
014 | 67620 | 151+1.1 7.6x13 0.50 1.5+0.2 | 2.6+0.1 0.22 0.028
029 | 495+1.1 10508 | 44+1.2 0.42 1.4+01 | 2.6+0.2 0.21 0.028
0.44 | 522430 | 106405 32=x12 0.30 134203 | 3.3204 0.20 0.025
0.59 | 47.3+1.2 890406 | 22406 0.25 13201 | 29402 0.19 0.028
063 | 49.0+2.8 9.0+23 | 2.1£0.6 0.23 14103 | 3.7+0.3 0.18 0.029

4.3 N-limited growth

With resped to N-limited growth, E. huxleyi showed lessexceptional properties (Riegman et
al. 1998, 2001 In comparison with most other algal species, its maximum nitrate uptake rate
is rather low. Its affinity for nitrate uptake is also na extremely high, considering the high
values reported for Dundiella tertioleda, Monochrysis lutheri, and Chaetoceros gracili s
(Riegman 1998. For Thalassosira dlenii, Monochiysis lutheri, and Dunaliell a tertioleda, it
was foundthat Vma" in the dark was 100, 30,and 6%, respedively, of the uptake rate in the
light (Laws & Wong 1978). After corredion for excretion d nitrite during the period o
uptake, these values were 97, 0.5 and 536, respedively. In ou experiments, nitrite

production by E. huxleyi during nitrate uptake in the dark was below the detedion level.
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The strong reductionin nitrate uptake in the ésenceof light as observed for M. lutheri and E.
huxleyi is not exceptional for phytoplankton spedes. The diatom Skeletonema costatum
reduced nitrate uptake down to zero duing the dark period (Epply et al. 1977). Obviously, a
reduction d nitrate uptake in the dark will reducethe competitive aili ty of the latter spedes.

We did not investigate the &ility of E. huxleyi to take up aganic nitrogen. It is known from
Pleurochivsis, Prvmnesium and Amphidinium spedes that they posses cell-surface L-amino
add axidases enabling them to utilise anino adds (Palenik & Morel 1990 1991). Growth of
E. huxleyi on amino adds has been reported, bu high cdl densities were obtained exclusively
on aanine, leucine, and serine (letswaard et a. 1994). This indicates the presence of an
uptake system for neutral amino adds only. Additionally, Ni dependent growth of E. huxleyi
on hypoxanthine and aher purines has been reported, as well as indications for uptake of
ureg thioureg hydroxyurea and acetamide (Palenik & Henson 1997). Thus, there seams a
limited pdentia for the use of demineralisation poducts by N-limited E. huxleyi. To which
extent this ability is relevant under natural conditions, where much lower concentrations

prevail compared to the experimental condtions which were used, is unkrnown.

Table 3 Cell composition d N limited Emiliania huxleyi strain L. abbreviationsasin Table 1.
Riegman et al.(1998.

n Cell POC PIC PIC cellN cell P POC N
volume /POC cellvol.'  cellvol.”!
d! fL pe C pg C ratio pg N fmol P pe C pg N
cell” cell cell’ cell” 10 1!
0.15 32.8+1.1 72+1.2 31035 0.5 0.6 £0.1 1.8 £3 0.22 0.018
030 285412 6508 33405 0.5 0.7 £0.1 39+4 0.23 0.025
045 42.0+x2.1 824109 34x12 04 1.0+0.1 6.0 +3 0.20 0.024
060 50.6+32 94x0.1 34401 0.4 1.3+0.2 - 0.19 0.026

4.4 On the global distribution of Emiliania huxleyi blooms and associated calcification

A comparison between the spedfic physiologicd feaures of E. huxleyi, and the predominant
environmental condtions which persist in areas where E. huxleyi blooms occur may give an
explanation for the performance of this edes and assciated cdcificaion in marine
eaosystems. Commonalti es between condtions prior to coccolith producing E. huxleyi blooms
in the Bjarnafjorden in Norway (Veldhus et al. 19949, the northern North Sea(van der Wal et
al. 1995, and in the NE Atlantic (Fernandez & a. 1999, are nitrate levels above 4 uM,
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phasphate below 0.2 uM, and a stratified water column which fadlit ates higher average PAR
levels in the upper mixed layer. Prior to the bloom, maximum densities of E. huxleyi cdls are
usually foundjust above the thermocline. From a nutritional paint of view, thislocaionin the
water column is generaly characterised by inorganic nutrient entrainment from below the
thermocline by internal wave forcing, organic nutrient import due to the sinking of particulate
matter which is produced in the upper layer, and sub-saturating irradiance levels. At sub-
saturating irradiance levels, the mccolith production per cell is low (Bach et a. 1996
Paasche 1998. In fad, naked cdls grow faster than cdcified ores at low light (Lecourt et al.
1996. The microzooodankton generated turn-over in phytoplankton cdls can paentially lead
to apopdation d naked E. huxieyi cdls near the thermocline. The maintenance of E. huxleyi
nea the thermocline & non-saturating irradiance levels is obvioudly fadlitated by its high
affinity for light. After aphysicd disturbance of the water column, either by a storm, or by the
passage of a large Eddy, subsurface popuations of phytoplankton are transported to the
surface. Espeaadly if the upper layer of the photic zone remains P-controlled duing this
transient state, the high affinity of E. huxleyi for Pi and its high APase adivity might favour
rapid growth.

It must be remembered that biomassaccumulation in netural systemsis the result of abalance
between gain and lossrates. Predation onE. huxleyi is amongst others by microzoodankton
(Hansen et a. 1996. Due to their high intrinsic maximum growth rates, microzoodankton
spedes have the potential to control the biomass of microalgac (e.g. Riegman et a. 199%).
One paosshility might be that surface blooms of E. huxleyi develop die to a cacade dfed
(e.g. Veity & Smetacek 1996 in the predatory foodchain. Charaderistic for the periods in
which E. huxleyi blooms have been observed, are a active microbia foodweb (including
microzoopdankton grazing on small algae) and associated recycling o nutrients via various
organic spedations. Only a dlightly enhanced hiomass of copepods reducing the
microzoodankton density, thereby releasing the biomass control of E. huxleyi, has the
patential to stimulate the blooming d the wcoolithophae. Such a ascade effect has been
shown to fadlit ate blooms of the Haptophyte Phaeocystis (Hansen et a. 1993. Indee, aso
for E. huxleyi this mechanism has shown to be operational in natural communities. In 11 m?
mesocosm experiments in Norway, Nestgaard et a. (1997 clealy demonstrated a cacade
eff ect by grazing of Calanus finmarchicus on microzoodankton, causing E. huxleyi to doom.
Elevated irradiance levels at the surfacewill stimulate the cdcification d individua cdls,
espedally under P-limitation (Paasche & Brubak, 1994, Passche, 198), and subsequent
satellite detedion (e.g. Balch et a. 1999 is a fad. The highest sinking velocities for heavy
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cdcified single cdlsislessthan 2m d™ in stagnant water (Leaourt et al. 1996. This makes it
most likely that the major source of calcite in sedimentary deposits is facilit ated by copepods
fecd pellet production (Honjo 1979 rather than the settlement of individual cdls.

It has been suggested that the remova of CO, from the biosphere via primary production in
the phaic zone of marine e@systems may be nitrogen controll ed (e.g. Falkowski et al. 1998.
These aithors published the hypothesis that the reduced atmospheric CO, during dgacial
periods was the result of enhanced N fixation in the oceans. The low competitive &ili ty of E.
huxleyi under N limitation explains the reduced E. huxleyi associated calcite deposition duing
glacial periods. From the eophysiology of E. huxleyi, we @nclude that P limitation
apparently occurred more frequently during the interglada periods. This hypotheticd
aternation d N and P limitation ketween glacia and intergladal periodsis dill hypotheticd
and ckeserves further attention with resped to its patential impad on the biogeochemicd
fluxesin the oceans. In agreement with the ecophysiologicd profile of E. huxleyi, this edes
mainly performs optimally in P controll ed environments.

The removal of CO, from the biosphere via the burial of cdcium-carbonate from a major
cdcifier in theworld' s oceans may be controll ed by phospharus rather than nitrogen.

In summary, it can be mncluded that Emiliania huxleyi:

* Isvery cgpable in growing at low irradiance levels which allows this edes to maintain
nea the thermocline,

» Has alow sensitivity to phdoinhibition which prevents this gedes from phaoinhibition

after transport to surface layers,

Has a very high affinity for phosphate which makes this pedes a good competitor for P.

Induces two alkali ne phosphatase systems under P-limitation which enables this gedes to

profit from the organic P production by the microbial foodweb.

From amechanistic point of view, E. huxleyi blooms are expeded to occur:

» When there is an enhancement of irradiance levels, fadlit ating coccolith production,

» When thereis P-control of the plankton community,

» When thereisrapid recycling of P via the organic P-pod in the pelagic zone,

» When microzoodankton grazing control is prevented, for example by cascade effedsin the
pelagic foodweb.

These onclusions clealy indicate that, to model the bloom dynamics of E. huxieyi, other

comporents of the pelagic foodweb such as predators and competitors should be included.
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5. COCCOLITHOPHORID GENESINVOLVED IN CALCIFICATION, NUTRITION,
AND PHOTOSYNTHESIS

In order to characterise the response of Emiliania huxleyi to a range of external conditions,
such as variations in light intensity and nutrient availability continuous cultivation was
applied. In the past, the response patterns could only be characterised in a gross way, ignoring
specific molecular aspects. The molecular genetic approach introduced in this research
permits following the response in unprecedented detail.

The idea underlying this project is to sequence genes encoding many key proteins, and to
guantitatively monitor the expression of these genes at the mRNA level as a function of the
growth conditions. As metabolic regulation is not aways reflected in expression at the level
of MRNA, we also envision quantification of the activity of a number of known enzymes.

The intention of this project was to lay the foundation for this biomolecular approach. In order
to contribute to the comparison between different coccolithophore species we concentrated
not only on E. huxleyi but also on Pleurochrysis carterae, a related organism extensively
studied at the physiological and biochemical levels.

From physiological experiments it is known that E. huxleyi cells calcify in the light and that
calcification is arrested in the dark. We produced two c-DNA libraries, one from illuminated
and the other from non-illuminated cells. In addition, a c-DNA library of calcifying P.
carterae cells was constructed. These libraries were used for the isolation of the genes that
were studied in this project. Some of the genes could be obtained directly from these libraries,
others were isolated using differential hybridisation of the libraries from illuminated and non-
illuminated E. huxleyi cells. Using these and additional methods, we identified and
characterised severa genesinvolved in calcification, photosynthesis and cell division.

This work is a continuation of long-standing research in the laboratory in Leiden University
and elsewhere. In our previous research we used biochemistry and cytology to characterise
the mechanism of calcification in these species. This older work resulted in a hypothesis on

the mechanism of coccolith production.
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5.1 Genesinvolved in calcification

5.1.1 GPA, a calcium binding protein

In the past, minute quantities of intermediates in the biosynthesis of a polysaccharide involved
in coccolith biosynthesis could be isolated in our laboratory (Borman et a 1987). In addition
to polysaccharide moieties, they contained an acidic protein. An antiserum against one of the
intermediates was raised (Nanninga et a 1996). This antibody was used to screen the c-DNA
library from illuminated E. huxleyi. This led to the isolation of a gene, gpa, which was
assumed to be involved in calcification (Corstjens 1998). We then produced recombinant
GPA, the corresponding protein, in a prokaryotic system. Sequencing of gpa revealed that
GPA is rich in glutamic acid, proline and aanine (hence the name, Table 1), and that it
contains a binding site for calcium ions (Fig. 1). Milligram amounts of recombinant GPA
were produced and the calcium-binding function was corroborated in in vitro studies. An
antiserum was raised against this material. Immunocytological localization on whole cells
indicated that GPA islocalised in the cell surface of illuminated E. huxleyi cells.

Table 1 Amino acid composition of the gpa-encoded Emiliania. huxleyi protein. Corstjens et
al. (1998).

Amino acid Mole % Amino acid Mole %
A Ala 23.0 M Met 0.3
C  Cys 0.6 N Asn 0.6
D Asp 6.1 P Pro 12.2
E Glu 18.0 Q Gln 1.4
F  Phe 0.8 R Arg 1.1
G Gly 4.4 S Ser 6.7
H His 0.0 T Thr 3.0
I Ile 1.9 V Val 8.9
K Lys 5.8 W Trp 0.0
L Leu 3.6 Y Tyr 1.7
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These data dlowed usto suggest that GPA is a componrent of the cacifying vesicle, and days
arolein the transport of cdcium to the site of cdcificaion. It would assume its extracel ular
locdi sation after the termination o coccolith formation when the cadcifying vesicle fuses with
the plasmalemma.

10 30 50
TCGCTCTCTCCGAAGCCATGGGTGTTTGCTCCTCCACTCCGAAAGACCAGCCGGTCGCCG
1 M G V C S S T P K D Q P V A E 15
70 90 110
AGCCCACGTACGACCCTGCGCCCGCTCCTGCGCCCGAGGTGCCCGAGGTGCCCGAGGTGC
16 P T Y DPA P A P AP EV P EV P E VP 35
130 150 x 170

CCGAGGGGGCGGTCGACACCGCCATCGACAAGCTCGAGACCAAGGTCGGCAGCGACCTTG
36 E G A VDT AIDTEKTLETTZEKUVG S8[D L D 55
150 210
ACGGCGACGGCCAAGTGGCTGGCGTACCCGTCGAGGAGGTGCCTGCCGACGCACCTGCCG
56 G DG QVAGUVYVUP|VETETV?PADATPAE 75
250 270 290
AGGCGGCCGACGCAGTCGAGCCGGCCGAGGACAAGAACATCCTCCAARAGGCGGCCGACT
76 A ADAVETPA AET DI KNTITULTZ QI KAATDY 95
310 330 350
ACGTCAAGTCCTTCTCGGGTCGCGTGGAGCCCGAGCCGGCCGCCGAGGAGCCCGCCGTCG
96 vV K S F S GRVETUPETPAAETEPAV E 115
370 390 410
AGCCCGAGGCAGCGCCGGAGGGCGGCTACGAGGCGCCGAAGGAGGAGGCGTCGGCCGAGG
116 P EAAZPETGTGTYEATPZKTETEA ASAE E 135
430 450 470
AGGCGCCGGCCGAGGAGGCGCCGGAGCCCGAGCCGGAGACCGCCTCGTTCCTCGACAAGG
136 A PAETEA ATPTETPETPETA ASTFL DK V 155
490 510 530
TGAAGAGCTACCTCTCGCCTCGGCCCGAGGTGCCCGAGGGGGCTGTCGACACCGCGATCG
156 K S Y L S PR P E V P EG AV DTATID 175
% 550 570 590
ACAAGCTCGAGACCAAGGTTGGCAGCGACCTCGATGGCGACGGCGAAGTGGCTGGEGTTC
176 X L ET KV G 8|D L D GDGEV A GV P 195
610 630 650
CCGTCGAGGCGGCTGCGGAGGAGGTGGAGGCGGCGACCGAGGCGGCCGCGGAGGAGGTGC
196 v E A AAETEVER AATTEA AA AR ATEE V P 215
i b B BLELELLE g P B SO
CGGTGGAGGCCGCCGCCGAGGCGETGGAGGCTGCGGTGGAGGCTGCGCCGGCGGTGCCGE
216 vV EAAAEAVERSARAMVYVER®ARBATPAV P E 235
o e g
AGAAGAAGGAGTCGTACCTCGGAAAGGTGGCCTCGATCCTCTCTCCGCGCAAGAAGGCGG
236 K XK ES Y L G KV A S I L S P R K K A A 255
790 810 830
CCTCCGACGCTTCGGCCGCCGATGCGCCCGCAGCTGACGACGCGGCGGAGGCAGCGGAGG
256 s DASAA ADA ATPAADTDA AATEAATE A 275
850 870 890
CGGAACCCGTGGCGGAGGCGGAGGCGGAGGCGGCGCCCGAGGTGGCACCGGAGGCGGAGG
276 E PV AEATEA ATETA AA ATPTEV APEAE E 295
910 930 950
AGGAGAAGCCGAGCCTGATCCAGAAGCTCTCCAAGGCCTTCTCCAGCATCATCCCCGCCA
296 E K P S L I Q KL S KA F S s I I P a T 315
970 990 1010
CGCCGCAGTGCCTTCCCGGCCGGCCCTCGGAGAGCACGCTGAACGCCTCCGAGACGTCCG
316 P g cLPGRUPSESTTLNA ASTET S A 335
1030 1050 1070
CCGACGCGCCGTCGGCGGCGGAGGAGGAGGAGGCCGCCCCCGCGTACAAGGCGGAGGCGT
336 D APSAATETETETET AATPA ATYZKATE A P 355
1090 1110 1130
CGGCTGAGGAGGTCAAGGCTTAGGGTCCTTGCGCAGGCGCTCTTCGGGCTGGGACATGCA
356 A E E V K A * 361
1150 1170 1190
CGTGTCGGCAGGAGAGCGCGTCGGGGGGGGGGCTCATCTTGCAGCGCTGCGGCCTGGCCG
1210 x 1230 1250
GCAGTCTCTCGACGCTGCCTCGAGGATCGAGGCCTGACGGGTGGTGGGCGGCGCGATTTT
1270 1290 1310
TATGCGCCCGCCAGTGCAAAGTCCAAAGACTGGTGCTAGGCCACCAGGGCCGCCGTCCTC
1330 1350 1370
GTGTTCACATGACCGTTTAATTTTGTCTTTCACTCAGTGGGAGTAACGCACGAGAACACG
1390 1410 1430
GCTCGCTCAGCACAGAGGATTCAAGACATCACGGCGTCGGCGCGTGCATTCTGCATATAT
1450 e 1470
TTTACATTTTCGAATTCTAAAAAAAAARAAAAAAAAA

Figure 1 Nucleotide sequence of the gpa gene and amino add sequence of the encoded GPA.
The 35-amino add repeat is underlined and shown bdd; the 17-amino add reped is indicaed
by dotted underlining; deviations in bah repeats are marked by asterisks. The two baxed
stretches represent the sequences homologous to the Ca®*-binding loop d the EF-hand motif.
The Xhol (x) and EcoRlI (e) restriction sites are indicated. The 5 and 3 multiple doning sites
(MCS) adjacent to the 3'- and 5-UTR of gpa are nat shown; the 5 MCS contains a Pstl and
an EcoRlI site; the 3 MCS contains a Xhol site. Corstjens et al. (1998.

-48-



5.1.2 ale, another geneinvolved in calcification

The second gene thought to be involved in calcification is ale. This gene corresponds to one
of the gene-clones originally isolated by means of differential hybridisation from cDNA
libraries of E. huxleyi (Corstjens et al. 1995). Nucleotide sequence anaysis reveaed that ale
encoded a protein with some features similar to GPA. The proteiniscalled ALE. Like GPA, it
is an acidic protein composed for a large part of only few amino acids. In case of ALE, the
most abundant amino acids are alanine, leucine and glutamic acid.

Because the original cDNA-clone only contained a small part of the ALE-encoding open
reading frame, we isolated clones with larger inserts from the cDNA libraries for further
nucleotide sequence information. The nucleotide sequence analysis of these new clones
showed the presence of a putative membrane-spanning region. Based on the amino acid
sequence of ALE and because ale is (differentially-) expressed during periods in which we
find active calcification, we speculate that this protein has a function in anchoring the
coccolith polysaccharide to the membrane of the coccolith vesicle.

Similar to the strategy followed for GPA, antibodies will be produced against recombinant
ALE to determine the cellular location of the native protein. Expression studies at protein and
MRNA level will then be used to study the hypothesised link with active calcification. This
work is being continued by J.P.M. de Vrind (Geophysiology, Leiden University).

5.1.3 hpp, a high affinity phosphate-r epr essible phosphate per mease gene

Low phosphate concentrations are known to affect growth and calcification rates in E.
huxleyi. Using a differential hybridisation method (Corstjens et a. 1995), a gene, hpp,
encoding a high affinity phosphate-repressible phosphate permease (as determined by amino
acid sequence homology) was isolated and analysed. In fungi and yeast, regulation of this
phosphate permease is at the transcriptional level. Hence, low phosphate concentrations in the
environment trigger the induction of this permease. It has often been demonstrated that in E.
huxleyi low environmental phosphate conditions lead to higher calcification rates. Hence, a
link between hpp-expression and calcification seems probable.

The permease has strong sequence similarity with several retrovirus permease receptors. This
may provide a clue for the rapid degeneration of many natural E. huxleyi blooms. Depletion
of phosphate in these blooms would lead to the accumulation of phosphate permease in the

cell membrane, and make the cells more susceptible for viral attack.
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In collaboration with Riegman (NIOZ) we shall test the mRNA expression level of hpp (using
RT-PCR) on culture material obtained from the phosphate limited continuous cultures
provided by Dr. Stolte (Chapter 4).

5.1.4 VAP, aV-type H(+) ATPase

A side effect of the production of calcium carbonate is acidification of the mother fluid whom
which the crystals are formed. In coccolith vesicles, the protons may accumulate and bring
calcification to a halt. For the calcification process to be completed, these protons must be
removed from the site of crystallisation. A V-type H(+) ATPase (VAP) would be capable of
fulfilling this function. Using a strain of the coccolithophorid P. carterae, we cloned a vap-
gene (Fig. 2), and immuno-localised the corresponding VAP protein in the cells. The presence
of the V-type H(+) APTase in the membrane of the calcifying vesicle could be
unambiguously demonstrated. A paper on this subject was published in the Journa of
Phycology (Corstjens et al. 2001).

Expression studies of vap mRNA were performed in P.carterae. Expression of vap mRNA
was studied in Northerns (slot-blot analysis) and by RT-PCR. For RT-PCR experiments
expression levels were normalised to level of Actin encoding act-mRNA (the cloning of act to
determine the necessary sequence information is described in Corstjens and Gonzalez (1999).
A paper describing the effects of N and P limitation on vap expression is in preparation
(Corstjens and Gonzalez in prep). So far, after normalisation to actin, expression results
indicate that vap is expressed at a constitutive level independent of growth rate, nitrate- and
phosphate concentration. However, since in some cases with Northern gdlot-blot analysis
variations in vap expression were observed, it may be necessary to reconsider the validity of
actin-normalisation. Nevertheless, the hypothesis that the level of vap-mRNA expression is a
measure for the synthesis-rate of calcifying vesicle-membrane was not yet verified with these
experiments. If vap expression indeed turns out to be constitutive, it is still possible that VAP
protein expression is a measure for calcifying vesicle synthesis. In order to be able to study
protein expression levels we have raised antibodies against a synthetic peptide covering the
most variable part of the vap-encoded 16 kD proteolipid of the V-type H+-ATPase. This
antibody was also used to verify the location of the vap-encoded protein in purified
Pleurochrysis cell-fractions. (Corstjens et al. 2001).

PCR amplification of the most variable vap-region from genomic DNA of diverse
coccolithophorids demonstrated that al Pleurochrysis strains had an intron sequence in that

specific vap-region. A similar intron was missing from all Emiliania strains. The intron
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sequence can be used as an identification marker for Pleurochrysis. Nucleotide sequence

variation in the intron can be used to study strain phylogeny (Corstjens et al., 1997).

N T1 L1 T2 L2
Pleurochrysis 1 MS--DLCPPTAPFFGFMGAAVALIFANLGAAYGTAKSGVGVSSMGVMKPDLVMKSIIPVVMAGVLGIYGLIIAVIIGNGVKGPE 82
Avena 1 ..SVFSGDE....... L...A..V.SCM............. A..... R.E...... Ve ST.INPK- 83
Oryza 1 ..SVFSGDE....... L...S....SCM............. A..... R.E...... Ve ST.INPK- 83
Gossypium 1 ..TTFSGDE....... L...A..V.SCM............. A..... R.E...... Ve ST.INPK- 83
Kalanchoe 1 ..STFSGDE....... L...A..V.SCM............. A..... R.E...... Ve ST.INPK- 83
Arabidopsis 1 ..-TFSGDE....... L...A..V.SCM............. A..... R.E...... Ve ST.INPK- 82
Nicotinia 1 .PSTFSGDE....... L...A..V.SCM............. A..... R.E...... Ve ST.INPK- 82
Beta 1 ..TVFNGDE....... L...A..V.SCM......couon.. A..... R.E...... Ve ST.INPK- 83
consensus 1 * Kokkkokkk kkk kk ok Fhkkkkkhkhkkhkhhdh hhkrkhk * hkkkkk hokdkkhkkkkokkkkh ok ok ok ok ok * 84
L2 T3 L3 T4 C

Pleurochrysis 83 GGKPQYSSFTGFAHLAAGLACGLSGMAAGIAIGIVGDAGVRASAQQAKLYVGMVLILIFAEALGLYGLIVGLILTSKEAPCS~~ 165

Avena 84 --AKP.FL.D.Y...SS...... A.L...M............ N...P..F...I......... Ao, I..S.RAGQSRAD 166
Oryza 84 --AKP.YL.D.Y...SS...... AL...M............ N...P..F...I......... Ao, I..S.RAGQSRAD 166
Gossypium 84 --AKS.YL.D.Y...SS...... ALS..M............ N...P..F...I......... Ao, I..S.RAGQSRAE 166
Kalanchoe 84 --AKS.YL.D.Y...SS...... A.LS..M............ N...P..F...I......... A....... I..S.RAGQSRAD 166
Arabidopsis 83 --AKS.YL.D.Y...SS...... A.LS..M............ N...P..F...I......... A....... I..S.RAGQSRAE 165
Nicotinia 84 --TKS.YL.D.Y...SS...... ALS..M............ N...P..F...I......... A....... I..S.RAGQSRAE 166
Beta - 84 --AKS.YL.D.Y...SS...... A.LS..M............ N...P..F...I......... A....... I..S.RAGQSRAD 166
consensus 85 * * Kk Kk kox hok ok ok ok ok K Kok kok ok ok ok ok ok ok ok ok ok ok Fokk  kk kokk kokkkkkokkk kkkkkkx kk ok 168

Fig. 2 Alignment of amino acid sequence for the 16-kDa proteolipid subunit of higher plant
V-type H'-ATPases. The structural domains are indicated above the dequence:N, the N-
terminal domain; T(1-4), the trans-membrane domains; L(1-3), the extramembrane domains;
and C, the C-termina domain. Amino acis sequences were compiled from the Swissprot
database, and accession numbers of the sequences are as follows: A. sativa (Avena) no.
P13957; O. sativa (Oryza) no. U27098; G. hirsutum (Gossypium) no. U13670; K.
daigremobtiana (Kalanchoe) no. U16244; A. thaliana (Arabidopsis) no. Q39039; N. tabacum
(Nicotiana) no. 95751; B. vugaris (Beta) no. 98851; Pleurochrysis sp.(Pleurochrysis) no.
U81519. Corstjens et al. (2001).

5.2 fcp ageneinvolved in photosynthesis

The process of photosynthesis was studied in both Emiliania and Pleurochrysis. Severa
(partial-) genes of the fucoxanthin-encoding multi-copy gene family of E. huxleyi were
isolated and sequenced. Isolation of these genes was accomplished by differentia
hybridisation of two cDNA libraries, one specific for mMRNA molecules present in the light
period (L1Light) and one specific for mMRNA molecules present in the dark period (L2Dark).

The fucoxanthin-encoding genes are generally called fcp. They encode the chlorophyll a/c
binding proteins of the light harvesting protein. Using sequence data obtained from E. huxleyi

fcp genes, afragment of afcp gene from Pleurochrysis was obtained. In the latter organism a
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positive correlation between the expression of fcp mMRNA, active cell growth and the externa
concentration of nutrient (N-source) was demonstrated using Northern slot-blot analysis. The
level of fcp expression was shown to increase with the growth rate (cell division) and external
nitrate concentrations.

Our experiments demonstrate that the expression pattern of fcp follows a pattern similar to the
production of chlorophyll a. In actively growing and dividing batch cultures, fcp expression is
high and the total amount of chlorophyll increases until nutrient levels become limiting. In
non-proliferating cells exposed to high concentrations of an N-source, a reservoir of
chloroplast material is formed. An increase can be measured of both the level of chlorophyll
per cell and the expression rate of fcp. As soon as the nutrients become depleted, fcp
expression is inhibited and the amount of chlorophyll per cell decreases.

We conclude that the expression of fcp is a useful marker to study growth and nutrient status.
However, it is not possible to conclude from high fcp levels that cells are actively dividing; to
study cell-division pcna expression (see below) is preferred.

Part of this expression work is presented in a paper describing expression of the coccolith
vesicle-proton pump in Pleurochrysis carterae (Corstjens and Gonzalez, in preparation).

5.3. pcna, ageneinvolved in cell division

In collaboration with Prof. Senjie Lin (Stoney Brook, NY), a gene encoding the Proliferating
Cell Nuclear Antigen (PCNA) was isolated from a cDNA library of P.carterae. Beside
molecular characterisation, we were able (using RT-PCR) to demonstrate that expression of
this gene is closaly linked to growth rate. Immunofluorescence with a heterologous antibody
(from rat) was used to demonstrate the presence of PCNA in the nucleus. Cross-reactivity of
the rat-antibody with protein material produced from the cloned P.carterae gene was used to
validate that the cloned gene indeed encoded a PCNA. Since PCNA is a conserved protein,
the corresponding gene is likely to be a useful probe for cell division in E. huxieyi. It could
then be used in (natural) samples of the latter species to study growth rates (Northern and
Southern analysis in P. carterae as well as E. huxleyi are underway). A paper describing the
isolation, the molecular characterisation, expression profile and localisation of this gene/-

product in coccolithophoresisin preparation (Lin et al.).
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5.4. Miscellaneous genes

A number of additional genes were identified, isolated and sequenced. The ones that are now
available now for expression studies include the following.

- Some P. carterae genes encoding proteins involved in carbon metabolism.

- Genes from the gene-family encoding the elongation factor 1-alpha from E.huxleyi (protein
biosynthesis).

- Severa E. huxleyi genes specifically expressed in the light-period; for these genes so far no
homology in data bases has been found.

- An E. huxleyi gene specifically expressed in the dark (no homology in data bases found).
Sequences from these genes have not yet been posted in the GenEMBL databank but are

available upon request. Furthermore, several uncharacterised partial sequences have been

determined which eventually will end up in a sequence-tag based library of E. huxleyi.
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6. AN INVENTORY OF ENVIRONMENTAL FACTORS THAT AFFECT DMSP
PRODUCTION BY EMILIANIA HUXLEY!

6.1 Salinity

If we ae to move forward into the diredion d a model that will include the output of the cédl
in terms of DM SP production it is necessary to understand hav environmental fadors will
affect DMSP production. Unfortunately, the function & DMSP is nat fully understood yet
(Stefels 2000. There is no doulh that DMSP, that is a wmpatible solute, contributes to the
osmotic balance of algal cdlsin salt water (Kirst 1996. The cellular DM SP content is often
foundto be wuged to sainity (Kirst 1996, Vairavamurthy et al. 1985,Dickson et al. 1982,
Dickson et al. 1987a,b; Stefels 2000,Karsten et a. 1995, 192, Redl, 1983).

300

250 -

DMSP (mM)

3]
=]
.
@

25 30 35 40 45
salinity (/)

Figure 1 The anourt of DMSP, expressed as DMSP per biovdume (mM), in Emiliania
huxleyi batch cultures at different salinity’s (van Rijssel and Buma, submitted).

The relationship between salinity and the cdlular DMSP concentration measured in this
projed (unpubished results) is given in Fig. 1. As expeded there was an increease in the
concentration & DMSPuponan increase in the environmental salinity: concentration (mM) =
13.4 sadlinity (%) — 303 , r? = 0.994 a 15°C and a mntinuots irradiance of 200 pmol
phaons m? s'. All samples were taken at the end o the exporentia phase of growth, in
addition a sample & mid-exporential phase was taken at the highest salinity. There was not
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much dfferencein the concentration & DMSPin the cdls between the two phases in growth.
The cell size, however, was different (35 and 43 pm®), resulting in a diff erent DM SP content,
resp. 8.9and 11.5fmol DMSP per cdl. The anount of DMSPthat was foundin the medium
increased from 4 upto 12.5% of the total DMSPin the alture with increasing salinity.

Release of DM SP into the medium could be the result of autolysis or of exudation. Abiotic
conversion & DMSPinto DMS and aaylate is dow in natural and baderia degradation was
excluded since no kacteria were present in the aultures. In al cultures DMS was deteded in
the supernatant indicaing the action & a DMSP lyase. Wolfe d a (199%) foundthat DM SP
and the DMSPlyase in Emiliania huxleyi are segregated within the cdls, therefore the
presence of DMS in the ailtures suggests autolysis as a way of DMSP release. However,
Laroche & al (1999) estimated the DM SP exudation rate of Phaeocystis globosa between 3
and 11% d™* of its DMSP quda using a modelli ng approach. For Phaeocystis DMSP release
via exudation seemed as important as autolysis. Combined exudation and autolysis DMSP

release for Emiliania huxleyi strain L was no more than 6% at 33 %o (natural salinity).

If the function d DM SPis confined to the osmolyte function oy, modelling would be simple
for Emiliania huxleyi since large fluctuations in salinity are not to be expeded in its
environment. However, apart from the osmolyte function there ae reports indicaing other
functions for DMSP. Variables sich as light regime, nutrient limitation, and temperature have
been reported to affect DM SP content as well .

6.2 Temperature

DMSP is most effedive as compatible solute (Grone and Kirst 1991) at low temperatures
(Nishiguchi and Somero, 1992, Karsten et a. 1996), ore reason why at low temperatures
maaoagae acumulate DMSPin ther tisuues (Karsten et a. 199, 1992, 1996. Microalgae
sean to have asimilar resporse to temperature: the anourts of DMSP per cdl in E. huxleyi
(Meyerdierks 1997 and Tertraselmis subcordiformis (Sheds and Rhodes, 1996 are higher at
low temperatures. It is unfortunate that the DM SP content in microalgae is often expressed on
a per cell or per unit chlorophyll a basis because both parameters are known to vary during
changes in the environment. To understand the role of DMSP as a compatible solute, an
expresson per cell volume gives more insight in the ncentration in the cdl and its
physiologicd functions (Stefels, 2000, Keller, 1991). Our results (van Rijssel and Gieskes
accepted, Fig 2) not only confirm the increase of the amourt of DMSP per cdl at low
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temperatures reported before, bu also show an increase in cellular volume. Nevertheless the
DMSP concentration in the cél expressed as DMSP per volume (in mM) doubled at low
temperatures. For the first time proof was obtained that in a miroalga the cncentration o

DMSPchanged uponadeaease in temperature.
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Figure 2 The dfed of temperature and light intensity on average cell volume, DM SP per cdl
and DM SP per volume at the end d the batch culture experiments. The dependent variables
were standardised for 20 pmol phaons mi# s'(temperature graphs) and 15°C (light intensity
graphs) using the regresson models (van Rijsel and Gieskes, accepted). Each padnt
represents one aulture value, (o) day-night regime and (o) continuous light regime.

The two-fold dropin DMSP per volume foundin the temperature range 5-15°C in culturesis

highly relevant since this is the temperature range of the surface waters where Emiliania
blooms occur (Brown and Y oder, 199). Although adjustment of the DM SP concentration is
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not a quick process cdls are likely to be ale to adapt to small temperature changes within
days. Weaher condtions during a bloom, therefore, will determine the total DM SP present at
the end d the bloom (the total amourt of biomassformed in the altures remained constant
and was most likely coupled to the anourt of nutrients that were suppgied at the beginning of
the batch cultures). When the bloom collapses and the DMSP is released into the water
column a mismatch in DM SP avail abili ty and the baderial reduced sulfur demand accurs and
superfluous DMSP is cleaved into DMS and acrylate fadlitating escape of DMS to the
atmosphere (Kiene ¢ a. 200Q. The wlder the bloom conditions the more DMS will be ale
to escgpe to the amosphere.

If the resporse of E. huxleyi is characteristic for al other DMSP producing microalgae a
deaease of DMSP concentration in the cdls must be expeded upan a temperature rise. This
result does not necessarily contradict the feedback medianism proposed by Charlson et al.
(1987. Only a small fraction d the total DMSP that is produced in microalgal blooms will
escgpe to the @mosphere. Changes in processes that determine dundance of DMSP
producing algae, the activity of DM SP consuming bacteria and physical seato-air transfer of
DMS, as aresult of ocean warming are hard to predict. Therefore, it isimpossble to foresee
what the over-all effed of ‘global warming onthe adua seato-air emisson d DM S will be.
However, ou observation d less DMSP production at elevated temperatures, assumed to
result in less DMS emisgon from the ocean, is in line with olservations of lowest
concentrations of the major oxidation groduct of DMS methanesulphorete (MSA), in ice
cores taken onAntarcticaduring intergladal periods (Legrand, 199).

6.3 Light regime

Light is a factor that is continuowsly changing in the environment of microalgae and was also
considered (and studied) as a candidate for the model. A higher light intensity and longer day
lengths induce devated DM SP contents in macoagae(Karsten et a 19%0b, 1991b, 199 For
microalgae the relationship with light is less apparent because of the use of different
expressons for DMSP content (or production rates). lllustrative is the study of Wilhelm et a
(1997 where increasing amourts of DMSP per chlorophyll a in Prymnesium parvum were
foundwith increasing irradiance The anourt of DMSPper cdl, however, was independent of
irradiance. The production rates of DMSP per chlorophyll a by Phaeocystis sp. have been
reported to be afunction d irradiance (Matrai et al 1995. Different light intensities used in
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the aulturing of four phytoplankton spedes, including E. huxleyi, did na yield significant
differencesin the anourt of DMSPper cdl (Keller and Korjeff-Bell ows, 1996).

In ou study (van Rijssel and Gieskes accepted) different combinations of temperature and
light were analysed for their effed on the @mncentration & DMSP in E. huxleyi (Fig. 2).
Apparently, DMSP per cell was influenced by light condtions but this was mostly due to cell
size differences. For DM SP expressed as amourt per biovolume neither light regime nor light
intensity (range 10-140 umol phatons m# s*) were foundto be of influencein batch cultures.
There was an increase (lessthan 20 %) between two stealy states in a turbidostat at two light
intensities (6 and1@ pmol phaons m? s%). Nanninga and Tyrell 1996 reviewed the literature
and olserved that blooms occur usually in stratified waters with a mixing depth of lessthan 20
m and a surfacelight intensity of 530 pmol phaons m? s*. The average light intensity in the
mixed layer is 350 pmol phaons m? s' assuming a atenuation coefficient of 0.1 m™.
Therefore, growth o E. huxleyi is not expeded to be light limited duing bloom condtions
(Chapter 4) In contrast, growth o E. huxleyi can be inhibited by continuous light (Fig. 3) The
20% difference in DM SP concentration olserved in the turbidostat must be interpreted as the

maximal effed possble.

] |
0 5 10 15 20 25
temperature (°C)
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Figure 3. Growth rates of Emiliania huxleyi in batch cultures at two regimes, (o) day-
night regime and (0) continuous light regime as a function of the incubation temperature
(van Rijssdl and Gieskes, accepted).

6.4 DM SP production as an over flow mechanism for excessreduced sulphur or carbon

An additional, more wmplex role for DMSP in the cdl was propased by Stefels (2000.
DMSP production as an overflow medhanism for excessreduced sulphu and as a means of
disspating energy excess. Within this concept DMSPlevelsin the cdl are regulated to match
sulphu and ntrogen metabalism. If the cdl is hort in nitrogen o stressed in some other way
that prevents balanced growth, DMSP can be overproduced and/or excreted. It isinteresting to
investigate nitrogen verses phaosphaus limitation in this resped. In some dgae nitrogen
limitation dd result in elevated DMSP contents (Dacey et al 1987, Turner et a 1988 Grone
andKirst 1992,Hanson et a 1994). Ancther natural stressfador that can be considered isUV-
B radiation.

6.4.1 Nitrogen ver sus phosphorus limitation

Turner et al. 1988 olserved that E. huxleyi produced lessinternal DMSP (on a per cell basis)
in a nitrogen supdemented culture. The mean cytoplasmic concentration of sea samples in
“high nitrogen areas” (> 0.2uM NO3) of 37 mM was sgnificantly lower than the 95 mM
observed for “low nitrogen areds” (<0.2uM NO3). It is tempting to speculate that DM SP, that
is the sulphur analog of the nitrogen containing dycine betaine (also knowvn as an osmolyte),
is produced when nitrogen is the growth limiti ng nutrient. However, glycine betaine was not
present in E. huxleyi strain camp370 (Maadonnald et al 1996. During the wurse of this
projed Keller et al. (1999 a &b) found that DMSP was far more dominant in E. huxleyi
ccmp378 compared to glycine betaine making a redprocd relationship between the two
osmolytes highly unlikely.

Table 1 Nutrient concentrations and N/P ratio’s used in batch cultures of E. huxleyi to induce
N or P limitation at the end d exporential growth phase.

N/P ratio NO; PO,*
(initial concentration, pM) (initial concentration, pM)
75 300 4
30 300 10
1838 300 16
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Figure 4 The effect of different initial concentrations of N and P, expressed as N/P ratio, on
end values of batch cultures of Emiliania huxleyi, (@) phosphorus quota, (b) average cell size,
(c) DMSP per cell, (d) DMSP per biovolume, (€) sugar per biovolume (van Rijssel,
unpublished results). Curves are drawn by hand to illustrate the trends.

Still the effects of nutrient supply had to be considered as environmental condition relevant to

the DMSP content in E. huxleyi. To this end batch cultures with different amounts of nitrogen
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and phaphaus were inoculated (Table 1). As a result the cells at the stationary phase of
growth would have adifference in nurient limitation which was confirmed by the phaspharus
quata of the clls (Fig. 4). The quaa were high in batches with an initial low N/P ratio-
medium and deaeasing towards higher values and were in the same range & those measured
in the chemostats (chapter 4). Cell size was affected, a minimum (25 pm?®) was foundbetween
N/P 12 and 19,suggesting a minimal size aound Redfield Ratio. The amourt of DMSP per
cdl seamed to increase with increasing phapharus limitation bu this was due to cdl size
diff erences because the concentration & DMSP was at an ogimum around 270mM DMSP.
The onclusion must be that at nutrient stress (both phaphaus and ntrogen) the
concentration d DM SP deaeases. The result again shows that cdl size differences shoud be

taken into ac@urt when considering effeds onthe DM SPconcentration d the cdls.

6.4.2 UV-B induced stress

When a cdl is at stresscondtions proteases come into adion that fadlit ate the production o
better adapted enzymes by the reuse of amino acids present in enzymes that are nat needed at
adverse @ndtions. DMSP production then serves as a means reallocate nitrogen from
methionine to the synthesis of new amino adds. In addition, Stefels (2000) postulated that
DMSP could be used as an owerflow of carbon when carbohydrate production exceels the
cdls nedls.

It is indisputable that solar ultraviolet radiation (UVR: 280-400) negatively affeds marine
microalgae judging from the many field experiments that have demonstrated UVBR-related
deaeases in primary production (Smith et al. 1992, Helbling et al. 1994 Nede & a. 1994,
Prezelin et al. 1994,Boucher and Prezelin 1996,Prezelin et al. 1998, McMinnet a. 1999.0n
top d naturally occurring UVBR stress enhanced UVBR as a result of springtime ozone
reduction is estimated to cause an additional inhibition d water column productivity
(Helbling et a.1994. Ozone depletion extends from polar into subpolar and temperate
regions including those where E. huxleyi forms massve blooms. E. huxleyi is rather sensitive
to UVBR, as concluded from laboratory studies (Buma @ a 2000. DNA damage ad
complete growth inhibition aready occurred at a daily weighted UVBR dosis of 400J.m™2.d*
(BEDpnasoonm)- Therefore, it is possble that increased levels of UVBR as a result of ozone
depletion induce damage and urbalanced growth in E. huxleyi and DMSP production by
could be dfeded aswell.
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Cultures of E. huxleyi were exposed to a range of UVBR doses for two consecutive days.
During and after these treatments growth, cell size, DNA damage, sugar accumulation and
DM SP concentrations were followed (Fig. 5) The vulnerability of E. huxleyi for relatively low
UVBR doses was demonstrated by the inhibition of growth and the simultaneous occurrence
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Figure 5 Effect of UV-B radiation on a batch culture of Emiliania huxleyi after two daiys of
exposure. (a) DNA damage, (b) amount of DMSP per cdll, (c) growth , (d) amount of DM SP
per biovolume, (e) total amount of DM SP produced in the cultures, (f) amount of sugars per
biovolume. Van Rijssel and Buma, submitted.

of DNA damage. Also, mean cell size increased and sugars accumulated as a result of the
UVBR treatments. In contrast, no effect was observed on the optimal quantum yield of PSII, a
measure for the efficiency of photosynthesis. With increasing UVBR dose, cellular DMSP
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content increased, but due to the accompanying cell size increase intracellular DMSP
concentrations remained constant. Although UVBR stress causes unbalanced growth in E.
huxleyi, DMSP, in this case of stress, was not used as an overflow metabolite.

The increase in cellular DMSP content did not compensate for the decreased growth rates.
Therefore, UVBR related decreases in growth rates caused an overall decrease in the total
amount of DMSP produced in the cultures. The UVBR effects as induced in this study are
assumed to be severe as compared with natura solar conditions, especially because high in
situ UVAR (315-400 nm) may ameliorate UVBR damage by activation of photorepair. Yet,
the here presented results imply that when (increased) UVBR causes growth rate reduction of
E. huxleyi in situ, DM S fluxes are likely to be reduced too.
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8. Short description

Biological climate forcing is important, bu the huge diversity of organisms sverely

complicaes a system's approad to global climate dynamics. The Global Emiliania Modelling

Initiative (GEM: an international collaborative effort between many research institutes)

provides the strategy and infrastructure which is needed to overcome this problem, at least in

so far as the pelagic ocean hiota is concerned. GEM condtcts an in-depth experimental and

modelling study of a single representative organism, the cdcifying alga Emiliania huxleyi,

relating the cdlular organisation d this phytoplankter to its emlogy and to the fate of its

products (CaCO3, arganic cabon,and DMS). To make the resulting models more generally
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applicable, little additional experimentation and minor alterations in model structure are
required.

Here, we address the central problem of GEM -- to establish a model of the E. huxleyi cell,
defining how environmental factors affect the production of the climaticaly relevant
products. An interactive experimental and modelling approach is proposed. To provide the
required data base, an extensive programme of laboratory cultures in chemostats is envisaged.

Further validation requires amolecular genetical analysis of crucial metabolic processes.

9. Rationale

A. General introduction

Three major mechanisms are distinguished by which the marine pelagic biota may influence
the global climate system: (1) the drawdown of CO2 from the upper mixed water layer and
the atmosphere to intermediate and deep waters by the formation, export and remineralisation
of particulate organic carbon (the organic carbon pump); (2) the production, downward
transport and partial dissolution of calcium carbonate (the carbonate pump); and (3) large-
scale dbedo effects mainly owing to the formation of highly reflective clouds following
gaseous emissions of dimethyl sulphide (DMS) from algal blooms.

The climatic effects of these mechanisms vary geographicaly and through time, as they
depend on the abundance of the participating organisms. Many species of algae, protozoa,
bacteria, viruses and animals interact with the physico-chemical environment and with each
other, and it is from all these interactions that the climatic effects emerge. In view of these
complexities, the crucial question is: Can we formulate general rules that adequately describe
these interactions and that at the same time are simple enough to be useful for climate
modelling? The Global Emiliania Modelling Initiative (GEM) addresses this problem. We are
convinced that at all levels of organization, biological systems obey a limited set of
fundamental rules. GEM is an attempt to track down some of these rules and to implement

them in models of biosphere-climate interactions.

GEM - a system's approach

The concept underlying the Global Emiliania Modelling Initiative (GEM) is clear and
attractive: a single dominant organism, the coccolithophore alga Emiliania huxley, is selected
as an exemplary model system, much as the bacterium Escherichia coli became a key to the
biochemistry of all living organisms. Climate forcing by E. huxleyi is studied in depth in an

interactive modelling and experimental investigation and the acquired understanding of this
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system then serves as akey to investigate the wider impli caions of biological climate forcing.
Fig. 1is an owerview of the mgjor oceanic and atmospheric processes associated with the E.
huxleyi phenomenon. E. huxleyi is a major component of virtually al open marine plankton
world-wide, and forms very large blooms, particularly at mid latitudes. The figure shows that
in E. huxleyi al three climate forcing functions are coupged, and that its history can be
recnstructed from the achive & the floor of the deg sea Major assts of the GEM strategy
are the following: (1) it offers a key to the problem of biologicd diversity, as in-depth
information onE. huxleyi may be extended to include awide range of other organisms; (2) it
highlights the highly non-linea character of the biologicd interventionin the dimate system;
(3) it dlows the intimate wuding of the three forcing functions to be modelled; (4) it
optimally exploits the excdlent accesshility of E. huxleyi for laboratory and field reseach;
and (5) the integration d biologicd and stratigraphic studies permits quantificaion o
caborate fluxes to the ocean floor as well as extensive model validation by comparing

biologicd resporsesto dverse dimate regimes.
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Figure 1. Couping of three dimatic effects of Emiliania blooms: organic carbon pump
(leading to lowering of atmospheric CO2), CaCO3 courter pump (increasing atmospheric
CO2) and DMS emisgons lealing to the formation o white douds, increasing the earth's
abedo.
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Structure of GEM and position of proposed programme

A simplified overview of the GEM research strategy is worked out in Fig. 2, which shows
how a combination of dedicated physiological and molecular genetical research on Emiliania
huxleyi leads to a model simulating the CaCO3, CH20 and DM SP output of asingle cell, asit
depends on physico-chemical environmental conditions (model 1) (NB. DMSP is the
precursor of DMS as it is produced by the alga). The correct formulation of model 1 is
essential for the entire GEM strategy and forms the prime goal of this grant proposal.
Laboratory studies additional to the work on E. huxleyi on the maor represented organisms
lead to a generalised model of CaCO3, CH20 and DMSP productivity (model 2) by the
calcifying biota.

By combining model 2 with a global ocean environment model, the potential production of
CaCO3, CH20 and DM SP by the calcifying plankton in general is predicted. To account for
the effects of competing organisms (e.g. diatoms, flagellates and cyanobacteria) which modify
the physico-chemical conditions, an extra modd must be included. Furthermore, special
models must be developed to implement the effects of consumers on the proliferation of the
calcifiers and on the fate of their products. These interacting factors are combined in model 3,
which predicts the actual global production of CaCO3, CH20 and DMS by the calcifying

biota. The model is validated by laboratory cultures in chemostats, mesocosms in the
Norwegian fjords, in situ studies of blooms in the ocean and by remote sensing.

Models 1 - 3, which apply to production in the photic ocean, provide an input for export
production and transformation models (mainly simulating CaCO3 and biomarker
sedimentation and dissolution fluxes in the dark ocean and the top sedimentary layer) and
subsequent carbonate palaeoflux (not shown in the figure). The latter models alow, vice
versa, an interpretation of the geological archive in terms of global productivity of carbonate,
organic carbon and DM S by the calcifying biota in the geological past. This geological part of
GEM research is funded by NWO (GOA) and concentrates on laboratory work of coccolith
dissolution and biomarker degradation, as well as sediment trap and core profiling at chose
localitiesin the N. Atlantic and the Pacific.

Comparison of the geological and biological data with model predictions allows extensive
validation of the GEM models. Optimisation of the models finaly leads to increasingly
realistic predictions of (paleo)fluxes and climate forcing by the marine calcifying plankton.
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Figure 2. Schematic overview of the GEM projed. Seetext for explanation

GEM - Sate of the art

In the last few decades, a steady flow of information kecane available on cocoolithophae
biology and climate forcing. Since 1989,when GEM was created, the information stream was
gredly amplified by the concerted effort of more than 60 scientists in some 30 institutions
world-wide. Some major results of this research are the foll owing:

— GEM has provided experimental evidence that cocoolith biosynthesis allows the cell to

utilise HCO3™ as a cabon source when CO2 is in short supfdy, a @ndtion which may

commonly occur in boom dituations. The problem is particularly important as
cdcification reduces the dkalinity and hence influences the spedation d dissolved

inorganic carbonin the surroundng ocean water.
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— E. huxleyi blooms are major contributors to DM S fluxes into the amosphere @dowe the
open ocea, particularly in the N. Atlantic. A spatial and temporal correlation between the
blooms and albedo increase has been detected.

— In situ measurement of coccolith (export) production in various E. huxleyi blooms
indicaes that the total annual oceanic uptake of atmospheric CO2 in these settings is
reduced by 17-25% as aresult of cdcification.

— GEM's geological program indicaes that the geographica distribution of Emiliania

blooms is very sensitive to climate dange.

The information gathered so far allows us to propose an overal structure of the models. The
predse formulation d the modelsisthe next step in this projed and thisis what this propacsal
is abou. Chemostat studies of E. huxleyi under preasely defined conditions are urgently
nealed, as well as new techniques by which the state of the cdlular regulation can be
monitored.

Comparison d the geological and bologicd data with model predictions allows extensive
validation d the GEM modes. Optimisation d the models finadly leads to increasingly

redistic predictions of (paleo)fluxes and climate forcing by the marine cdcifying plankton.

B. Specific information on this project

Central research question
The development and validation d the grey-box model of E. huxleyi is the focus of the
research pu forward in this grant propasal. We propcse atheoreticd part in which the model

is developed, and an experimental part that provides oppatunities to vali date the model.

Subproject. (a) Modelling the physiologicad organization d E. huxleyi

Sate of the art

To date, a plethora of models on algal growth exists (e.g. Arrigo & Sullivan 1994 Droop
1983 Kiefer & Mitchell 1983 Laws & Chalup 1990 Morel 1987 Sakshaug et al. 1989. A
considerable number of these ae restricted to steady state growth (e.g. Droop 1983 Kiefer &
Mitchell 1983 Sakshaug et a. 1989. Althoughthese models have provided considerable
insight, they necessarily negled the important dynamic environmenta fluctuationsin nutrient

and light availability that may dominate algal growth dynamics in natural environments.
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Models based on variable interna stores (VIS-models, e.g. Shuter 1979; Laws & Chalup
1990) are potentialy more suited to dea with such fluctuations. However, even these VIS-
models assume nutrient saturation in the environment, a situation which is unlikely to be
always fulfilled in the environment. Models dealing with light and nutrient limitation either
state different equations for both situations (e.g. Kiefer & Mitchell 1983) or neglect internal
stores and possible interactions between light and nutrient metabolism (e.g. Arrigo & Sullivan

1994).

Nitrogen llght 002 2H003
source %// l l
s~

\J

maintenance

Figure 3. Structure of the model that aims to describe mass and energy fluxesin Emiliania
huxleyi. Dashed arrows indicate energy fluxes; solid black arrows indicate carbon fluxes;
solid grey arrows indicate nutrient fluxes; white dashed grey arrows indicate feedbacks.
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Methodol ogy

The philosophy behind our approach is rather different from contemporary ones. Starting
point will be the scheme in Fig. 3. The state variable approach guarantees that the model will
be able to cope with a changing environment. The cell will be described by a small number of
state variables, e.g. the nutrient and carbon stores, and cell size. These change in time, in
response to changes in the input variables, e.g. medium nutrient concentration, light. The
output of the cell (growth, CaCO3, and DM SP) depends on the state and input variables. For a

complete model, it is necessary to formulate how the state variables change in response to the
input variables.

Additional assumptions are necessary to link the state variables to observed variables. An
advantage of this approach is that new experimental methods do not require a new model
formulation in terms of the measured variables. An additional assumption on how newly
measured variables relate to the state variables is sufficient.

This approach is a very powerful one. Since we start with concepts that are not species-
specific, the model for E. huxleyi can be used for other autotrophic organisms with only minor
adjustments. An example of such a general model is that of Kooijman (1993), who made a
single model for growth of both animals and micro-organisms. He used only two state
variables, viz. energy storage and volume. Despite the simplicity of the basic structure, he was
able to describe microbia product formation in a chemostat under aerobic and anaerobic
conditions. Also, the dynamics of a chemostat food chain of myxamoebae feeding on E. coli
feeding on glucose were nicely captured by this model (Kooi & Kooijman 1994). In the latter
case, the model for myxamoebae and the bacteria differed only in the parameter values.

Subproject (b)Physiological characterisation

Modelling of the physiology of E. huxleyi requires a strictly unambiguous data set, based on
chemostat cultivation under continuous illumination. However, the considerable body of
physiologica information published on E. huxleyi at present, is predominantly derived from
less constrained experimental conditions, mostly batch cultures or semi-continuous cultures
(e.g. Bach et a. 1992; Van Bleijswijk et a 1991; Nimer & Merrett 1992). The primary
objective of this subproject is to provide the data set required for the modelling study
described under (@). The impact of four variables, viz. nitrate concentration, Dissolved

Inorganic Carbon, temperature and light availability which are considered to be the principa
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factors determining the growth, CaCO3 and DMSP production of E. huxleyi will be
investigated in chemostat experiments.

Environmental variables like the concentration of nutrients, light intensity, and temperature
affect four physiological key processes in microalgal growth: calcification, photosynthess,
cell-division and nutrient metabolism. Application of the envisaged model to other
photosynthetic calcifying organisms will only become feasible when the interactions between
the different key-processes are known. To study interactions between cellular processes it is
necessary to know which enzymes, and on what time scale, are switched on in response to
specific external changes. Molecular genetics will be used for this purpose because it supplies
us the tools to look at the primary response, viz. the appearance of specific mMRNA molecules
rather than the corresponding enzymes, of the cell (Hildebrand et a. 1993). Collaboration
with experts in the field of photosynthesis, nutrient metabolism and calcification is warranted,
respectively with Prof. dr. C. Astier (CNRS, Gif-sur-Yvette), Prof. dr. Y. le Gal (College de
France, Concarneau) and Dr. C. Brownlee (MBA, Plymouth).

Little is known about the environmental conditions that induce E. huxleyi to produce the DMS
precursor DMSP, and that determine the rate of the processes that degrade DMSP to DMS. It
IS necessary to generate a large data set that allows the development of a model by which it
will possible to predict how DMS output depends on environmental factors such as nutrient
concentration, light and temperature. The output depends on the values of the state variables
(cellular nutrient pools) and input variables (light, temperature, medium nutrient
concentrations). Since the most important globa change issue is the expected future
temperature increase, the influence of temperature on E. huxleyi's DMSP production will
feature prominently in our experimental efforts.

Methoddogy

The experimental underpinning of the model of subproject a will initially be based on data
obtained from chemostat steday states. For the input variables studied, viz. nitrate, light, DIC,
temperature, a limited number of values will be chosen, each at different throughput rates.
Measurements will be made on a number of variables, e.g. cell quota of nitrogen, P-1 curves,
nutrient uptake kibnetics etc. (for details, see research plan).

Similar continuous cultures of E. huxleyi will be run with respect to the DMS work. Special
attention will be given to possible shifts in the production of DMSP and glycine-betaine in
response to nitrogen limitation.

cDNA libraries are the starting material for the genetical work. They represent the mRNA-
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pool of the cells a the moment of cell harvesting, and the mRNA-pool represents the
enzymatic activity of the cell. The different libraries represent a calcifying and a non-
cacifying strain, harvested at different periods in the light/dark cycle. Photosynthesis is
confined to the light period, calcification is strongly light-dependent, and cell-division is
confined to the dark period (Linschooten et a. 1991). Consequently the libraries from cells
harvested during the light period should contain genes functional in calcification and
photosynthesis, those resulting from cells harvested during the dark period should contain
genes functiona in cell-division. Two type of experiments will be performed: (1) the isolation
of genes encoding enzymes which are already known, using DNA probing, PCR and antibody
screening; (2) the isolation of novel genes, using differential hybridisation and subtracted

probes.

Connections between subprojects

Initially, the model development will be based on general concepts and knowledge from the
literature. The assumptions and model predictions will be tested against experimental
evidence from subproject b. The simultaneous execution and continuous interaction of both
subprojects is essential for the success of the whole GEM project. While the modelling will
steer the experimental programme, this itself provides a feedback and will correct erroneous

assumptions.

Innovative aspects

Biological forcing is an essentially unknown factor in climate modelling. GEM offers a
strategy by which this enormous problem can be overcome. Primarily, GEM addresses the
calcifying plankton in the ocean. Ultimately, this strategy has much wider implications asit is
easily extended to include al oceanic plankton. It relates many scales of biological
organisation (from molecular to global) and time (milliseconds to tens of millennia).

The research proposed herein forms a limited, but centra component of the GEM project. A
major innovating aspect is that it extends the Dynamic Energy Budget model of Kooijman
(1993) to include autotrophic and calcifying systems. Novel molecular approaches in biology,
such as molecular genetics, are insufficiently used in marine ecology. In our programme, they

play afundamental role.
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Relevance for NOP |1
The gplicaion d GEM is esential for the improvement of climate models as it helps in the

implementation of biologica climate forcing.

Links with NOP-I research

NOP-I fundng has adlowed us to develop the mgor insights as well as the international
infrastructure for redising the GEM approach. The present propasal builds on from a general
picture of the E. huxleyi cdl which was created in this first period. The difference with the
NOP-| phase is that we ae now in a position to develop a general model of E. huxleyi cel
dynamics. This new system's approad to the E. huxleyi cdl isthe cornerstone of GEM's goal
to understand the role of cdcifying ocean panktonin global climate, and in addition permits
generalisation d the result to include amuch wider variety of plankton. NOP Il aims at a

higher level of organisationthan NOP I.

10. Objectives and expected results

The objedive of the proposed research is to construct the centra model for the Global
Emiliania Moddlling Initiative. Primarily it will describe the e®logicd behaviour of the
Emiliania cdl. In association with ather models it will be capable of simulating biosphere-
climate interactions. More spedficdly, the objedives are (1) to develop a dynamic model of
the physiology of E. huxleyi as far as climatically relevant products are @mncerned; (2) to
generate asolid data base on the stealy state performance under various nutrient, light and
temperature levels; (3) to implement this model in an ocean environment; and (4) to obtain
insight in the gplicability of our results to ather cdcifying organisms through moleaular
geneticd studies.

Expeded results are: (1) a mode sucdnctly describing the relationships between
environmental circumstances, cdlular characteristics, and the production d new biomass

DMSP and CaCOg3; (2) predse eperimental evidence on the dependence of cdlular

characteristics on environmental circumstances.

11.Relevance and usefor policy making

The importance of biological cdcium carbonate production for climate modelli ng, espeaally

over time scales of more than afew hurdred years, was recently underlined by Maier-Reimer
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et a. (Nature, 1994. In Emiliania this processis couded to the organic pump and to DMS-
derived cloud production, which operate on much shorter time scdes. With the blooms
shifting poewards and their surface area decreasing upan further global warming, the codling
effect of DMS may deaease and a positive feedbad re-enforcing the greenhowse dfect may
be set in operation. Quantification d such important relationships require a thorough
understanding of the physiology of the participating organisms.

12-13 International collaboration

GEM was creded in the Netherlands in 1989,with financial suppat from NWO (CO2), NOP
and NIOZ. It was redised that, in order to appropriately addressthe huge complexity of the
problem, an international network of dedicated investigators was required. In five
international sympasia organised by the Dutch team at Chéateau de Blagnac, nea Bordeaux,
France the GEM reseach strategy was worked out in detail, results were discussed, fundng
was organized and the international team erected. Presently, about 50 investigators from 7
courtries, including the US, Canada and Japan, participate in GEM. Elaborate common
experimental and field programmes were carried ou (e.g., cruises in the N. Atlantic aea and
2 mesocosm experiments, 6 weeks each, in the Norwegian fjords). The communicaion
between the participating projeds is fadlitated by an extensive modelling programme.
Fundng obtained from the European projed MAST |l suppats extensive @llaboration in
Europe. Important contributions were dso oltained from national agencies, particularly in the
Netherlands and in Norway. GEM was part of the JGOFS experiment in the N. Atlantic anda
speda 1990BOFS cruise was dedicated to E. huxleyi blooms S. of Iceland.

14. Relevant expertise/experience of theresearch groups

The Geobiochemistry Unit at Leiden University has a long-standing experience with
biochemicd and molecular geneticd research on ewlogically important biochemicd
proceses. The laboratory is internationally highly respected and very well equipped for this
research. Dr. P. Westbroek is the heal of this department.

Koajman has been research dredor at the department of environmental toxicology of TNO-
MW from 1977till 1985. Since 1985 leis professor of the department of theoreticd biology,
VUA. This group represents a substantial expertise in the kind d models necessary for this

projed. The tenure staff consist of two mathematicd biologists, a statistician, a wmputer

-87-



scientist, and a systems theorist, al spedalised in applying mathematics to biology. The group
participates in the MAST-II projed and in the NWO-program 'Verstoring Aardsystemen'
collaborating with the group d Dr. Mur, Dr. van Stam (UVA), and van Gemerden (RUG).
This program links up well with the present proposal.

Dr. Riegman is adively involved in reseach for 13 years. During a period d 2 years het was
heal of the Microbiology Laboratory of the Food Inspedion Service

Dr. Gieskes received his Ph.D. at the university of McGill, Montred. From 1970till 1987 he
worked at the NIOZ. From 1987 omvards het is associate professor at the university of
Groningen. He is coordinator of the european DM S program. The group of Dr. Gieskes has
built up a internationally recognized expertise in the field of DMS reseach, partly funded by
NOP-I and partly with EG funds. Both at NIOZ and at RUG there is athorough expertise in
runnng and manipulating chemostat cultures of E. huxleyi cultures. Immuncchemistry
applied on aga cells, necessary for deteding DMSP lyase, has been a hat item at the

Department of Marine Botany since afew years.

15.Long term resear ch strategy of theinstitutes

The present proposal is well embedded in ather work of the department of Theoreticd
Biology VUA. In the past 10 years a dynamic energy budget theory has been developed that
has, among other things, been successully used in the modelling of product formation in
micro-organisms, and in the description d the dynamics of chemostat based food chain
experiments (for many of the results, see Kooijman 1993. Several Ph.D. students are working
on related topics, such as microbia physiology, simultaneous limitations in autotrophic
systems, and popuiation and food chain dynamics (financed by the NWO priority program
"Nonlinea and dynamic systems and the NWO priority program Verstoring Van
Aardsystemen’. The cantral isdue is in mass and energy fluxes through biota, and more in
particular, the relationships between dfferent levels of biologicd organisation and their
characteristic time scdes.

"Geobiochemistry' has been a recognised line of research since 1970, when the
geobiochemistry unit was founded at the Biochemistry Laboratory. The University has an
informal commitment to continue this research until 2002 (retirement Westbroek).

The long term strategy of the NIOZ isto urravel the cycles in the marine eavironment with a
high degree of relevance to society and to the @nreded pditicd management. The
phytoplankton research focusses on topics related to algal bloom assciated carbon and

nutrient fluxes, anditsimpads on globa change.
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16 Description of research plan

@ Modelli ng the physiologica organisation d E. huxleyi

starting date 01-01-19% final date 31-12-1998

input Literature on microalgal growth models; literature on experimental evidence of the
processes to be modelled. More specificdly, the latter point concerns literature on nurient
uptake, phdosynthesis, the interadion d these two processes, the dependence of
cdcification on phtosynthesis and nurient status, and the dfeds of temperature on all
proceses mentioned. For bath subjects a considerable literature data base is aready
avail able (over 150 highly relevant references).

activities The first will be the identification d inpu, state and ouput variables. Next, the
conredions between the variables have to be defined. Finally, precise assumptions We will
model mass fluxes of a limited number of chemicd spedes, for instance 2 nurients and
cabon (see Figure 3), espedaly paying attention to the law of mass conservation. Any
model not satisfying this constraint is uselessin an elogica context.
We will distinguish between structural biomass and a small number of nutrient storages.
Any comporent has a constant composition, bu the various comporents (may) differ in
composition. Growth is determined by the states of the storages. The storages are
replenished by uptake from the environment. This uptake depends on the nutrient
concentrations in the environment, and may be driven by light.
Several routes in modelling will be followed. The various models will be tested against
experimental evidence, partly taken from the literature. The data to be generated by
subprojed (b) will provide the final test for the model. This also al ows the estimation d the

values of the model parameters pedficdly for Emiliania huxieyi.

products
— Review of existing approachesin microalgal growth modelli ng.
—Model for growth ontwo substrates, under light-saturating condtions.
— Model for growth on DIC under various light regimes, other nutrients at saturating
concentrations.
—Model for growth onone nutrient and light, DIC saturating.
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— Integrated model that describes growth and CaCO3 as dependent on nurient

concentrations and light.
— Incorporation into the model of the dfeds of temperature.

— Implementation d integrated model in mesocosm environment.

responsible scientist Prof. Koojman

organization Vrije Universiteit Amsterdam

(b) Physiologicd charaderisation d Emiliania huxleyi

starting date 01-01-19% final date 31-12-1997

input At present E. huxleyi is studied in continuots cultures at the Geobiochemistry groupin
Leiden (investigation d the formation d poysaccharides) at the NIOZ (uptake of carbon
dioxide/bicarborete), and at Groningen (DMYS). These experience will be used in the present
projed.
Recent fundng within the MAST Il-project enabled us (GeoBiochemistry group, Leiden
University) to set up most of the required moleaular techniques for this projed. At the
moment cDNA libraries of a calcifying strain and a non-calcifying ‘mutant’ are avail able
(Corstjens and Westbroek 1994. These cDNA libraries will form the starting material for
thisreseach.

activities
— Installation d equipment for cultivation and preparation d analyticd equipment.
— Data generation. Under all condtions, the first step is to arrive & stealy state wndtions
of chemostat cultures under continuous ill umination. Measured characteristics under steady
state conditions. biomass (cdl number, dry weight); nutrient quaa (nitrogen, carbon);
chlorophyll a; dislved inorganic nutrients in effluent; DMSP and glycine-betaine
production. In addition to measuring chemostat stealy states charaderistics, uptake kinetics
of nutrients in steady state will be investigated. Pl curves in al steady states will be
constructed. The experiments will be performed under the foll owing condtions:
* nitrogen as nutrient, under li ght-saturating condtions. Stealy states at 4 dil ution rates.
* light limited chemostats under nutrient-saturating condtions.
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» simultaneous nutrient and li ght sub-saturating conditi ons.

With resped to moleaular genetics, two experiments will be performed: (1) the isolation d
genes encoding enzymes with are dready known using DNA probing, PCR and antibody
screening; and (2) the isolation d novel genes, using dfferential hybridisation and
subtraded probes. The dDNA libraries are @nstructed in such a way that they can be
screened by using DNA probing as well as antibody screening. If heterologous DNA-probes
and antibodes canna be used, we will use the PCR technique with DNA primers
constructed against short but highly conserved DNA regions. (if these sequences are
available). Differential hybridisation will be used to identify novel genes functiona in
cdcification, phdosynthesis or cell-division. First we focus on the identificaion d genes
involved in the processof cdcification. The ideal result from the experiments will be three
classes of hybridising clones: (i) clones containing probably common 'howsehold genes
functional in the light as well as the dark period; (2) clones containing genes functional only
during the light period, including genes functional in cdcificaion and photosynthesis; and
(3) clones containing the spedfic genes functional in cacificaion. After identificaion and
isolation o spedfic dones DNA sequence analysis will be used to characterise the genes
that have been isolated. Northern blotting will then be used to determine when and how

transcription d these specific genesisinduced.

products The expeded results of this subprojed is a unique data base on a number of
important characteristics of E. huxleyi under a diversity of relevant environmental
circumstances. At present, such a complete data set does not exist for any spedes of
phytoplankton. Therefore, the generation d this data set is highly important, na only to
badk upthe moded subprojed, bu also for phytoplankton ecology in general.

responsible scientistsDr. R. Riegman (chemostat cultures at N1OZ), Dr, M. Veldhus (CO2

limited growth, NIOZ), Dr. W.W.C. Gieskes (DMS at RUG), and P. Westbroek (moleaular
genetics, RU Leiden).

organisation NIOZ, Texel; RU Groningen; RU Leiden.
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Table 1. Specification of reserach plan (milestones marked with '\').

Sub-projed Product Time Schedule Report date
() Moddling
Post doc Review of growth models 3 months \ 01-06-95
Analysis model for growth
on 2 nuarients 3 mornths 31-12-95
Model for growth with sub-
saturating light and nurient 6 months \ 31-12-96
Implementation d model in
mesocosm environment 6months 31-12-97
Final model validationand
parametrization 6 morths \ 31-12-98
0][e] Orientation onsubjed 6 months
Model for growth onDIC
with varying light 1 year \ 01-06-96
Incorporation d temperature
effects 1 year \ 01-06-97
Integrated model 1 year \ 01-06-98
Writing of PhD thesis 6 months \ 31-12-99
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Table 1 (continued). Specification of reserach plan (milestones marked with V'),

(b) Physiology
NIOZ

Install ation o equipment 6 months

Experiments with varying

nutrient, light constant 6 months
Experiments with varying

light and nurient 1 year
Temperature eff ects 1year

RU Groningenlnstall ation d equipment 6 months

RU Leiden

Experiments with varying

nutrient, light constant 6 months
Experiments with varying

light and nurient 1 year
Temperature eff ects 1 year

I solation and sequencing of
genes coding for enzymes
with knavn functionsl year

Isolation o novel genes 1year

01-01-97

01-01-98
31-12-98

01-01-97

01-01-98
31-12-98

31-12-96
31-12-97
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APPENDIX 2. PROJECT PUBLICATIONS

Peer -reviewed publications in scientific magazines
(including papers in preparation)

Corstjens P.L.A.M., Araki Y. & Gonzalez E.L. 2001. A coccolithophorid calcifying
vesicle with a V-type ATPase proton pump: cloning and immunolocalization of the Vo
subunit c(1). J. Phycol. 37: 71-78
Corstjens P.L.A.M. & Gonzalez E.L. (in prep). Effects of N and P limitation on expression of

the coccolith vesicle-proton pump (subunit c) of Pleurochrysis (Haptophyta).

Corstjens P.L.A.M., van der Kooij M., Linschooten C., Brouwers, G.-J., Westbroek P. & de
Vrind- de Jong. 1998. GPA, a cacium-binding protein in the Coccolithophorid
Emiliania huxleyi (Prymnesiophyceae). J. Phycol. 34: 622-630.

Huisman, J. and Jonker, R.R. and Zonneveld, C. and Weissing, F. J. 1999. Competition for
light between phytoplankton species: experimental tests of mechanistic theory. Ecology
80: 211-222.

Kooijman, S.A.L.M. 1998. The Synthesizing Unit as model for the stoichiometric fusion and
branching of metabolic fluxes. Biophys. Chem. 73:179-188.

Kooijman, S.A.L.M. 2001. Quantitative aspects of metabolic organization; a discussion of
concepts. Phil. Trans. R. Soc. B 356:331-349.

Kooijman, SA.L.M., Auger, P., Poggiale, J. C. & Kooi, B.W. (in prep). Eight quantitative
stepsin the evolution of endosymbiosis and homeostasis.

Kooijman, SA.L.M., Dijkstra, H. A. &. Kooi, B. W. (submitted). Light-induced mass
turnover in a mono-species community of mixotrophs. J. Theor. Biol.

Lin, S, Corstjens P.L.A.M. & Carpenter E.J. (in prep). Conservation and evolution of
proliferating cell nuclear antigen in the coccolithophorid Pleurochrysis carterea.

Nisbet, R.M., Muller, E.B., Lika, K. & Kooijman, SA.L.M. 2000. From molecules to
ecosystems with Dynamic Energy Budget models, J. Anim. Ecol, 69:913-926.

Riegman, R., Stolte, W. & Noordeloos, A.A.M. 1999. A model system approach to biological
climate forcing: the example of Emiliania huxleyi. NIOZ-rapport 1998-8

Riegman, R., Stolte, W., Noordeloos, A.A.M. & Slezak, D. 2000. Nutrient uptake and
Alkaline phosphatase (EC 3:1:3:1) activity in Emiliania huxleyi (strain L) during N- and
P-limited growth in continuous cultures. J. Phycol. 36:87-96.
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Stolte, W., Noordeloos, A.A.M., Zonneveld, C. & Riegman, R. (in prep). Towards modeling
the growth of Emiliania huxleyi: Cell composition and photosynthesis under steady state
light limitation in turbidostat at different photon flux densities.

Stolte, W., Noordeloos, A.A.M., Kraaij, GW. & Riegman, R. 2000. Genetic and
physiologica  variation in pigment composition of Emiliania huxleyi
(Prymnesiophyceae) and the potential use of its pigment ratios as a quantitative
physiological marker. J. Phycol. 36:529-539.

Van Rijssel, M., WW.C. Gieskes. 2001. Temperature, light, and the dimethyl-
sulfoniopropionate (DMSP) content of Emiliania huxleyi (prymnesiophyceae). J.
Phycol. (accepted)

Van Rijssel, M., Buma, A. (submitted). UV-B induced stress does not affect DM SP synthesis
in Emiliania huxleyi. Mar. Ecol. Prog. Ser.

Zonneveld, C. 1996. Modelling the kinetics of non-limiting nutrients in microalgae. J. Mar.
Syst 9:121-136.

Zonneveld, C. 1997. Modeling effects of photoadaptation on the photosynthesis-irradiance
curve. J. Theor. Biol.186:381-388

Zonneveld, C. 1998. Photoinhibition as affected by photoacclimation in phytoplankton: a
model approach. J. Theor. Biol.193:115-123

Zonneveld, C. 1998. Light-limited microalgal growth: a comparison of modeling approaches.
Ecol. Modell. 113:41-54

Zonneveld, C. 1998. A cel-based model for the chlorophyll a to carbon ratio in
phytoplankton. Ecol. Modell 113:55-70.

Zonneveld, C., Berg, H.A. van den & Kooijman, S.AA.L.M. 1997. Modeling carbon cell quota
in light-limited phytoplankton. J. Theor. Biol 188:215-226.

Zonneveld, C. (submitted). The Photosynthesis--Irradiance relationship and the dark

reactions. an inconvenient marriage? submitted to Ecological Modelling

Books (book chapters)

Kooijman, SA.L.M. 2000. Dynamic Energy and Mass Budgets in Biological Systems.
Cambridge University Press, Cambridge.

Kooijman, S.A.L.M. and Nisbet, R.M. 2000. How light and nutrients affect life in a closed
bottle. In: J¢rgensen, S.E. (ed), Thermodynamics and Ecological Modelling, CRC Publ.,
BocaRaton, FL, USA, pp 19-60
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Kooijman, S.A.L.M. (submitted). Global aspects of metabolism; on the coevolution of life
and its environment. In: Miller, J., Boston, P.J., Scheider, S.H. and Crist, E. Scientistsin
Gaia: 2000 MIT Press.

Kooijman, S.A.L.M. 2000b. Van herbivorie, via symbiose naar mixotrofie. In: Heesterbeek,
H., Diekmann, O. & Metz, J.A.J. (eds) Theoretische biologie, Epsilon, Utrecht.

Stefels, J., Van Rijssal, M., Hansen, T.A., Dijkhuizen. L. & Gieskes, W.W.C. (eds). 2000
Biological and environmental chemistry of DMS(P) and the role of Phaeocystis in
marine biogeochemical cycles. Special issue J. Sea Res. 43.

Riegman, R. and Stolte, W. and Noordeloos, A. A. M. 1999. A model system approach to
biologica climate forcing: the example of Emiliania huxleyi. NIOZ-rapport 1998-8

Published abstracts

Corstjens P.L.A.M., Westbroek P. & Gonzalez E.L. 1997. Coccolithophorid phylogeny:
sequence analysis of the highly conserved proteolipid subunit of the V-type ATPase
gene. Phycologia 36 supplement: 21-22.

Corstjens PLAM & Gonzalez EL. 1996. Cloning, molecular characterization and expression
of avacuolar H+-ATPase 16 kD proteolipid gene of Pleurochrysis carterae. J. Phycol.
32S: 13.

Published gene sequences

Corstjens P.L.A.M. & Gonzalez E.L. 1999b. Nucleotide sequence of genes encoding Actin of
the coccolithophorid Pleurochrysis carterae str. 136.Plant Physiol. 120:933.
Corstjens PLAM, Araki Y, Westbroek P & Gonzalez EL. 1996. A gene encoding the 16 kD
proteolipid subunit of a Vacuolar-type H(+)-ATPase from Pleurochrysis carterae strain
136 (accession no. U48365 and U53182). (PGR96-038) Plant Physiol. 111: 652.

Publicationsfor broader public

Gieskes, W.W.C. 1997. Mariene microalgen dragen bij aan thermoregulatie van de aarde.
Bionieuws 16, 11 oktober, jaargang 7.
M. van Rijssel. 2000. DMS, a biogenic climate-regulating gas. Change 51:11-13.
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M. aan de Brugh. 1999.Interview met P. Westbroek: Het dier aade. NRC handelsblad 20 nw
1999. g 51.

P. Westbroek. 1999. Gaia en de zadte kanten van het leven.. Rede uitgesproken hij
aanvaarding van het ambt van hoogleraar in de Geofysiologie aan de Universiteit van

Leiden.

Publications via internet

http://www.bio.vu.r/thb/deb/

Dynamic Energy Budget Theory.

http://www.bio.vu.r/thb/deb/deblab

An eledronic laboratory has been opened at, which presents downloadable software to

encourage (international interdisciplinary) collaboration in developing the DEB theory, and
its many applicaions. The main program is named “DEBtod”’, and automizes computation
on the ewo-physiology of micro-organisms, algag plants, animals and symbioses. Future
developments will include the popuation and ewsystem levels, as have drealy been
elaborated in the DEB theory.
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APFENDIX 3 COORDINATION WITH OTHER PROJECTS AND PROGRAMMES

The program was preceded by:

The NOP | projed “Phytoplankton and the oceanic cabon cycle; Emiliania huxleyi as a
model system.”

The European Emiliania huxleyi program MAST II- funded program: “Coccolithophaid
dynamics (EHUX)” for identification d genes involved in cdcification d Emiliania
huxleyi.

The EU program “Role and significance of biological processes in DMS release from ocean
to atmosphere: a dose examination d the bladk box.” (EV5V-CT-93-0326.

The projed was embedded in:

The Global Emiliania Modeling Initiative (GEM) that was created in the Netherlandsin
1989, with financial support from NWO (CO,), NOP and NIOZ. Presently, about
50 investigators from 7 countries, including the US, Canada and Japan, participate
in GEM. The communication between the participating projectsisfacilitated by an
extensive modelling program and by the recent foundation of the Gaia Research

Center for Biogeology (RUL).

The Dynamic Energy Budget (DEB) reseach program of the department of Theoretical
Biology (VUA).

The project linked with:

NWO-priority program “Perturbation d Earth Systems.” Dr. Mur, Dr. van Stam (UVA), and
van Gemerden (RUG).

NWO-priority program “Non-linea and dynamic systems.” Dr de Roacs (UVA), Dr de Boer
(VUA).
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EU-MAST Il program “Entangled Sulfur and Carboncycles in Phaeocystis dominated
Ecosystems (ESCAPE), Prof. Dr Dijkhuizen, Dr Ir Hansen, Dr Stefels, Dr. Faber
(RUG).

NWO Gobal Change “ the partial presaure of CO, in seavater as a antrol on marine

biologicd productivity and cdcification.” Prof. Dr de Baa, Drs Buitenhus (N10OZ).

EU-5" framework programme - Iron Resources and Oceanic Nutrients- Advancements of
Global Environment Simulations” (IRONAGES), Dr Stefels (RUG), Prof. Dr de Baar
(N1O2Z).

CAO-GOA “Effeds of UV-radiation on fhytoplankton.” Dr Buma, Dr Gieskes (RUG).

Note

Part of the work performed by Corstjens at the Department of Organismic Biology, Ecology
& Evolutionin the group of Prof. E. Gonzalez (University of California Los Angeles) was
financed by apersona grant to Prof. E. Gonzalez from the Office of Naval Reseach,

Department of Defence, USA.
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APPENDIX 4 SPECIAL ACTIVITIES AND ATTENDANCE AT NATIONAL AND
INTERNATIONAL MEETINGS

A.1 Organisation of meetings:

Leiden

199909/11-17 Global carbonand sili cacycles. Les Treill es, France

NIOZ

199705/25-26. T international Emiliania huxleyi workshop on modelling the growth of
Emiliania huxleyi

199806/10. 2% international Emiliania huxleyi workshop

RUG
199908/25-28. Biological and Environmental. Chemistry of DM S(P) and related compound.
199908/28-30.Therole of Phaeocystisin Marine Biochemica Cycles

A.2 Attendance at national and international meetings

Corgtjens:

199706/5-11. Cocoolithophaic cacification:Intracdlular coccolith production by the
unicdlular agae Emiliania huxleyi and Pleurochrysis carterae. Workshop
“Biomineraisation: its role in the canbian diversity of life”, Fondation des Treill es,
France

199708/6-16. 6" International phycologica congress Leiden, Netherlands. Oral presentation:
Cocoolithopaid phylogeny: sequence analysis of the highly conserved proteolipid
stuburnit of the V-type ATP-ase gene.

Van Rijs=H:

19970325 26. T International Emiliania huxleyi workshopNIOZ, Texel

199802/9-13. Ocean Science Meeting San Diego, USA

199806/10. 2% international Emiliania huxleyi workshop,NIOZ, Texel

199908/25-28. Biologica and Environmental. Chemistry of DM S(P) and related compound.

Rijksuniversiteit Groningen.
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199908/28-30. The role of Phaeocystis in Marine Biochemical Cycles. Rijksuniversiteit
Groningen

Gieskes:

199810/29. Symposium NRP-II “Globa Change’, haed 't Speulderbos, Garderen.

199908/25-28. Biologica and Environmental. Chemistry of DM S(P) and related compound.
Rijksuniversiteit Groningen.

199908/28-30. The role of Phaeocystis in Marine Biochemical Cycles. Rijksuniversiteit
Groningen

Westbroek:

199708/6-16. 6" International phycologica congress Leiden, Netherlands. Oral presentation:
Cocoolithopaid phylogeny: sequence analysis of the highly conserved proteolipid
stuburnit of the V-type ATP-ase gene.

199706/5-11. Coccolithophaic cacification:Intracdlular coccoolith production by the
unicdlular algae Emiliania huxleyi and Pleurochrysis carterae. Workshop
“Biomineralisation: its role in the canbian dversity of life”, Fondetion des Trelll es,
France

199909/11-17.Global carbonand silicacycles. Les Treill es, France.
K ooijman:

199603/05. Theorie voor dynamische energie budgetten. Caput P. Westbroek, Gorleus Lab.,
Leiden.

199604/23. Samenhang van hiologische organisatie-niveau's. Caput P. Westbroek, Gorleus
Lab., Leiden.

199604/25. De rol van Emiliania huxleyi in de globale C-cyclus. ACES Sympaosium
biogeochemie, VUA, Amsterdam.

199610/21. The dynamics of microbial food chains. Workshop a1 Mathematica Ecology,
ICTP, Trieste, Italy.

199702/11. Scding problems in massand energy balances in hiologicd systems. a dynamic
energy budget modeling approach. University of California, Santa Barbara, USA.
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199709/15. Modelli ng simultaneous nutrient limitationin algal growth. 7™ GEM conference,
Blagnac, France.

199804/23. Dynamische Energie Budget theorie en toegpassngen. NIOZ, Texel.

199804/28. Genera phil osophy of the Dynamic Energy Budget theory for the uptake and wse
of substrates by organisms. Institut Universitaire Européen de laMer, Brest, France.

19980511. Mass and energy balances in relation to bady size scaling relationships.
Workshop “Energetic and Thermodynamic Foundations of Ecological Systems’, Santa
Fee New Mexico, USA.

199810/05. The Dynamic Energy Budget Mode for structuring popuations on the basis of
physiologicd processs. " First Internationa Conference on Mathematical Ecology"”,
Colegio de San lldefonso, Alcda de Henares (Madrid), Spain.

199810/29. The role of phytoplankton in the global carbon cycle in relation to climate
change. Symposium NRP-I1 “"Global Change", hotel 't Speulderbos, Garderen.

199812/15. How toxicants can effed life in a dosed bdtle. Workshop “predicting
Popuation Level Effects of Toxicants’, National Center for Ecologicd Analysis and
Synthesis, Santa Barbara, California, USA.

199903/22. Moddling diatom metabdism, in relation to primary production. Silica
Workshop, Southampton, UK.

199909/13. The gplication d the DEB theory to analyse trophic interadions. cdcifying
coral/zooxantellaesymbiosis. Biological participation in the global carbonate cycle. Les
Treill es, France.

200002/17. Six ledures on Dynamic Energy Budget theory. Humboldt University, Berlin,
Germany.

2000/02/28,29,30.Dynamic Energy Budget theory Physiologically structured popuation and
easystem dynamics Applicaions of DEB theory. 5th Workshop on Mathematica
Ecology, ICTP, Trieste, Italy.

200003/13. Hea disgpation from biologica systems, the eergy-mass couging,
International Onsager-Workshop, Oud Poelgeest, Leiden.

20000501. The Synthesizing Unit as model for in interadion d substrates in the uptake by
organisms. Ledure & Arizona State University, Tempe, USA.

200005/03. Stoichiometric constraints on food upake. NCEAS workshop onstoichiometry
and on pedicting popuiation level effects of toxicants, University of California, Santa
Barbara, USA.
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200005/25. The role of the individua organism in the dhain from molecule to ecosystem.
NWO Symposium on Nonlinea Systems, University of Twente, Enschede.

20000%30. Stoichiometric contraints in Dynamics Energy Budgets. Workshop on
Stoichiometric oconstrains on cabon sequestration in eosystems, Det Norske
Videnskaps-Akademi, Oslo, Norway.

2000/06/19. Quantitative aspeds of metabadlism and its global impad. Chapman Conference
onthe Gaia Hypathesis, University of Valencia, Spain

200007/20. Dynamic Energy Budget theory for mixotrophs. Third World Congress of
Nonlinea Anaysts, International Federation d Nonlinea Analysts (IFNA), Catania,
Sicily, Italy.

200702/19 Quantitative aspeds of metabalic organization. Van Gogh exchange programme,
Université Claude Bernard, Lyon, France

200203/12. Multiple nutrient limitation and dynamic energy budgets. Workshop Modelling
Nutrient Limitation: Liebig and Beyond. Mathematics Institute, University of Warwick,
UK.

200706/14 The evolution d endosymbiosis and homeostasis. 21-th siminar of the French
Society for Theoreticd Biology, Paris, Van Gogh exchange programme

Stolte:

199703/25 26. Organisation d an international Emiliania huxleyi workshop by W. Stolte &
the Netherlands Institute for SeaResearch, Texel

19970529-30.W. Stolte and A. Noordeloos visited ‘ European Network on Integrated Marine
System Analysis (ENIMSA) in Brussdl, Belgium.

199708/11-15. W. Stolte presented an oral presentation on"Cell-size dependent nitrate and
ammonium uptake kinetics in marine phytoplankton’. At the 6" International
Phycologicd Congress Leiden, The Netherlands.

199709/13-17. 7" Emiliania huxleyi meding, Blagnac, France.

199710/21. Prof. Dr. EIma Gonzalez, who was visiting the University of Leiden, was invited
by W. Stolte to present a ledure & MOZ titled: "A Cedlular Perspedive of
Cocoolithophaid Calcificaion.”

199710/3. W. Stolte presented a lecture & a meding of the Dutch-Flamish Society for
Diatomists at the RIZA institute in Lelystad, The Netherlands. Title: Size dependent

restrictions on competition for nutrients by marine phytoplankton.
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1998/02/9-13. W. Stolte presented an oral presentation entitled "Light-limited growth and cell
composition of Emiliania huxleyi in turbidostat" at the "Ocean Sciences meeting" of the
"American Society for Limnology and Oceanography” (AS LO) in San Diego, USA.

1998/05. W. Stolte visiting Prof. Dr. Edna Graneli of the Department of Marine Sciences of
the University of Kalmar, Sweden to discuss possible co-operation in the future.

1998/06/10. Organisation of the second international Emiliania huxleyi workshop by W.
Stolte at the Netherlands Institute for Sea Research, Texel. W. Stolte presented two
papers: Titles: "Light-limited growth of E. huxleyi” and" Modelling phosphate uptake
by phytoplankton”. Doris Slezak presented a paper on phosphate uptake kinetics and
alkaline phosphatase activity in phosphate limited E. huxleyi".

1998/07/9. W. Stolte presented an ora presentation titled "Phosphorus-limited growth of
Emiliania huxleyi" at the Department of Marine Microbiology of the University of
Bergen. Also, the results were discussed more thoroughly with Prof. Dr. T.F. Thingstad
of this department.

Zonneveld:

1996/08/11-18. First European Phycological Congress. Poster: Microalgal growth: a new
modeling approach. Cologne, Germany
1996/10/31. Colloquium NIOZ.
1997/04/11, 3% Marine life sciences platform (MLP) lezingendag, Amsterdam
1997/05/20-26. International JGOFS Modelling Symposium.. Poster: A process-based model
for the chlorophyll to carbon ratio in phytoplankton. Oban, Scotland
1997/08/6-16. 6" International phycological congress. Oral presentation: A process-based
model for the chlorophyll to carbon ratio in phytoplankton. Leiden, Netherlands
1997/09/16-19. 1st European Ecologica Modelling Conference. Oral presentation 1. Light-
limited growth in phytoplankton: a critical appraisal of current modelling methodology.
Oral presentation. 2: A cell-based model for the chlorophyll to carbon ratio in
phytoplankton. Pula, Croatia
1998/06/10. 2™ international Emiliania huxleyi workshop
1998/06/21-26 5™ Int Conf Math Pop Dynam. Zakopane, Poland. A cell-based model
for the chlorophyll to carbon ratio in phytoplankton.
1998/09/4-8, Alcala 1st Conference on Mathematical Ecology. Phytoplankton,

nutrients and resource competition: the concept of invasibility.
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199810/29. Sympaosium NRP-1I "Global Change", hael 't Speulderbos, Garderen.

199804/28, Universite de Bretagne Ocddentale, Brest

199906/29 -3, 4h EMSTB meding. Poster: Luxury consumption and resource mmpetition
among phytoplankton.
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