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Preface

Herewith | present to you my graduation paper for the study applied biology. This report forms a
combination of information gathered from fundamental research and applied research. The reason for
this combination is because during my study applied biology my interest in fundamental research
increased. This with special focus on how fundamental principles play a role in ecosystems and how they
can be used in applied biology. Therefore, this report starts with the function and characterizations of
pigments. Thereafter the role and dynamics of pigments in ecosystems is discussed and how this
influences the distribution of phytoplankton. But also, the role of pigments in for example biofuel and
healthcare products is being discussed. This report, therefore, forms an overall source of fundamental
and applied information on the effect of nitrogen and light on pigments and phytoplankton.

During the writing of this report and the last year of my study, | have spent my time at IBED-AMB under
the supervision of Maayke Stomp and Jolanda Verspagen. It is also thanks to Maayke Stomp and Jolanda
Verspagen who made the writing of this report possible. | would especially like to thank Jolanda
Verspagen for reading and checking all these pages. But also would I like to thank her for always being
there whenever | had a question, even questions not directly concerning this report. | am very thankful
for your help and guidance. | also would like to thank Maayke Stomp. It is Maayke Stomp by whom | got
inspired most. Furthermore, | would like to thank you for all your help, time and guidance during the last
year and | hope to follow another internship under your supervision in the future. Furthermore, | would
like to thank Veerle Luimstra and Hans Matthijs for their help and time while explaining about their work
of field and about applied (phytoplankton) research.

| especially would like to thank Maaike Cox for willing to supervise me during my graduation year. Where
Maayke Stomp inspired me to continue my study at the UvA, you where the one that inspired me to
apply for the study applied biology. For the last years | have learned a lot from you as my teacher in
animal ecology but certainly also as my mentor. Thank you for the past four years! Furthermore, | would
like to thank Roos van Maanen. Being my mentor for the past two years you have always been more
than helpful. Thank you for your involvement and guidance. Finally | would like to thank the following
people that were not directly involved during my graduation year: Coby van Dooremalen, Naresh
Devarajan, John Poté and all the people who had helped me during my education and from whom |
learned the things necessary to write this graduation paper.



Abstract

Phytoplankton, known by many for its surprisingly high biodiversity, provides important resources for
the planet and its human inhabitants. Distributed throughout the globe they inhabit many different
aquatic environments. These environments differ in their resource availability, such as light and nitrogen.
But also within one water body the light and nitrogen availability differs over depth often with opposite
availability. Phytoplankton uses pigments to capture photons from the light spectrum. To assimilate
these pigments, nitrogen is used. Interestingly, the costs of these pigments in terms of nitrogen and the
benefits in terms of photon absorption, differs per pigment group. Furthermore, the pigment
composition varies between phytoplankton species, resulting in differences in wavelength absorption
and nitrogen requirements. In addition, phytoplankton species are dynamic organisms, capable of
changing the composition and quantity of pigments through complementary chromatic adaption and
photoacclimation.

So far, many studies have been conducted on the effect of light or nitrogen on pigment composition,
phytoplankton growth or phytoplankton community assembly. However, few studies have been
conducted on the combined effect of light and nitrogen availability. In addition, these factors could have
an effect on the large-scale distribution patterns of phytoplankton. The effect of nitrogen and light is of
great importance for phytoplankton cultivation used in several applied sciences for new sustainable
products. Therefore, this graduation paper forms a literature review focusing on the overall effect of
light and nitrogen availability on the composition of pigments, phytoplankton communities and
distribution. Furthermore, there is a special focus on the findings can be used within applied sciences.
Prior to writing and during writing literature has been collected, data on the N-content within pigment-
protein complexes has been retrieved from the NCBI data bank. Global data of phytoplankton
distribution, nitrogen and light availability was collected using Giovanni system utilizing data from the
MODIS mission (NASA).

Phytoplankton is a group of photosynthetic prokaryotic and eukaryotic microorganisms. Within the
prokaryotes Cyanophyta are the only organisms considered as phytoplankton belonging to the gram
negative bacteria. Common eukaryotic divisions are: Heterokontophyta, Dinophyceae (Dinoflagellates),
Rhodophyta (red algae), Chlorophyta (the green algae and Prasinophyte) and Haptophyte
(coccolithophores). The habitat of phytoplankton differs greatly. Overall, clear waters have a low
nitrogen content where blue light is able to penetrate the deeper layers. In contrast, waters rich in
nutrients tend to absorb light in the blue part of the spectrum causing a deeper penetration of green or
red light. While light is abundant in the top layers, the availability of NO3" increases with depth.

All phytoplankton species synthesize pigments that bind to protein complexes to absorb light energy in
different parts of the light spectrum. Once a photon is captured by a pigment, the energy is transferred
to the reaction center within the photosystem where light energy is being converted to chemical energy.
Within phytoplankton, three main pigments are known, chlorophylls, carotenoids and phycobilins.
Chlorophylls absorb light in the blue and red part of the spectrum. Furthermore, since the centered
pigment (the so called primary donor) in the reaction center is a chlorophylla, all species of
phytoplankton synthesize chlorophylla. Carotenoids may have a photosynthetic function by strongly
absorbing light in the blue part of the spectrum or a photoprotective function by quenching singlet



oxygen caused pigments exposed to excess energy. Most chlorophylls and carotenoids are built in light
harvesting complexes (protein-structures) surrounding the photosystem within the membrane.
Phycobilins absorb light in the green and red part of the light spectrum. Phycobilins are built in protein-
structures called phycobilisomes that are attached to the membrane of cyanobacteria and red algae.
Depending on the size of the pigment-protein structures, sufficient nitrogen is required for synthesis.
Most nitrogen is invested in large protein structures while less nitrogen is required for small structures.
Expensive pigment-protein structures are phycobilisomes and require a fourfold larger amount of
nitrogen than structures such as chlorophyll a/b complex (synthesized by e.g. green algae).

To obtain energy, photosynthetic organisms such as phytoplankton are in need of light energy. However,
too much light, blue light or ultra violet can become damaging to cells while too little light might not be
enough to stimulate growth. If light is limited or only red light is available, cells synthesize more
thylakoid membrane, pigment-protein complexes and photosynthetic pigments such as phycobilins,
phycobilisomes (especially phycocyanin) Chlb and Chld, while photoprotective pigments decrease. Also
the photosystem changes by synthesizing more reaction centers. Cells under low light are efficient in
transferring energy, due to the increase of photosynthetic pigments. However, the efficiency per
chromophore is low due to the low amount of photons absorbed. This results in an overall lower growth
rate. In contrast, species (such as species from cyanobacteria) that synthesize pigments which are
efficient in harvesting light during low light availability, have a higher growth rate at a relative low light
irradiance.

At high light pigment-protein complexes become saturated. Hence, synthesizing large pigment-protein
complexes becomes redundant. Too much light or ultra violet results in a decrease of chlorophylib,
chlorophylld, phycocyanin, the highly light sensitive PCB light-harvesting protein and photosystems. In
contrast, during high light exposure more photoprotective pigments, chlorophylic and phycourobilin
(relative to phycoerythrobilin) is synthesized. A fast response to protect the cell of light inhibition is the
xanthophyll cycle where excess light is being discard as heat. Phytoplankton within the classes
Bacillariophyceae, Xanthophyceae, Haptophyceae, and Dinophyceae have a xanthophyll cycle and are
therefore well protected against intermittent high light exposure. Furthermore, light harvesting
complexes stress-related proteins bind a large amount of photoprotective pigments. Therefore, classes
such as diatoms that assemble these complexes are better protected than classes such as cyanobacteria
that do not synthesize light harvesting complexes stress-related proteins. During high light, interaction
between pigments is suppressed due to the decoupling of pigments or photoprotective pigments. As a
result, the efficiency of energy transport and the photosynthetic efficiency of the cell is decreased but
less reaction centers become damaged. Due to the lower photosynthetic efficiency, of, for example
photoprotective pigments, high light adapted classes require more light for growth.

When nitrogen becomes limited more carotenoids, chlorophylic and phycourobilin (relative to
phycoerythrobilin) are synthesized while chlorophyllb, phycobilisomes and reaction centers decrease.
Furthermore, light sensitive pigments require indirectly more nitrogen to repair the damaged structures
which also costs more energy that cannot be invested in growth. Depending on the species or strain
different chemical forms of nitrogen are used to synthesize pigment-protein complexes. In general
diatoms or strains living in deeper parts of the water column prefer NO3;” while cyanobacteria,



cryptomonads and dinoflagellates or species inhabiting surface waters prefer NH,", urea, dissolved free
amino acids and adenine. And because these species synthesize expensive pigment-protein complexes
they bloom when reduced nitrogen is highly available. In contrast diatoms bloom when the water
column is well mixed and NOj’ is available and whereas coccolithophores bloom when nutrients are
often too low for other species.

By reviewing literature novel trends such as the trend between light absorption and pigment-protein
complex costs have been found that are useful for the applied field of research. Knowing the costs of
pigment-complexes of different phytoplankton species helps to culture phytoplankton or to prevent
harmful algae blooms. Therefore, if carotenoids or lipids (bind to the cheaper pigment-protein structure
or lipids) are of interest, phytoplankton species such as diatoms and green algae should be exposed to
high light while NOs™ should be slightly N-limited. In contrast, if expensive pigment-protein structures
such as phycocyanin are of interest cyanobacteria should not experience light stress and preferable
grown under light near the red part of the spectrum while having sufficient NH," available.

Most cases of harmful algae blooms are due to cyanobacteria and dinoflagellates. While extensive
blooms are often a result of eutrophication, cyanobacteria but also dinoflagellates are favored by stable
stratified environments. Stimulating water mixture such as applied in het Nieuwe Meer in Amsterdam
causes light stress to these species but favors species which adapt fast to changes such as diatoms and
green algae. Therefore, cyanobacteria and dinoflagellates have to repair their pigment-protein structure
that might at a certain moment cost too much energy which cannot be used for growth. However, the
ultimate goal would be to treat the cause of the blooms. Because nitrogen is often a trigger for
phytoplankton with expensive pigment-protein complexes to bloom, nitrogen run-offs have to be
limited. Cyanobacteria are well capable of depleting water bodies of nitrogen, because they use high
concentration of nitrogen for the synthesis of protein structures. Therefore, cyanobacteria can be used
in sustainable waste water treatment plants to limit the N-flow into the environment. Because
stratification and N-deposit increases due to increasing temperature and increased rainfall respectively.
If, in addition, anthropogenic N-deposit will not be limited, light will become the limiting factor that
favors species with expensive pigments that will outcompete other species. While the diversity of
phytoplankton is the highest when resources are limited.

In conclusion high light adapted pigment-protein complexes absorb strong in the blue part of the
spectrum and require low amounts of nitrogen. Species synthesizing these complexes are often well
adapted to high light and produce high amounts of carotenoids and lipids. Pigment-protein complexes
adapted to low light or red light, are expensive in terms of nitrogen. Species synthesizing these
complexes are often good competitors over light and may be used in waste water treatment plants to
depleted waters of nitrogen. Still little is known on the additive effects of light and nitrogen. Therefore,
investigating these effects is highly recommended.



Samenvatting

Fytoplankton staat niet alleen bekend om hun verassend hoge biodiversiteit, maar is ook vanwege zijn
vele toepassingen een belangrijke bron van verschillende producten en diensten voor de samenleving en
de planeet. Verspreid over de aardbol zijn fytoplankton cellen in vele aquatische habitatten te vinden.
leder van deze habitatten verschilt in nutriént en licht beschikbaarheid. Deze verschillen zijn er niet
alleen per gebied maar ook over de diepte van één gebied. Zo is er bijvoorbeeld genoeg licht beschikbaar
aan de oppervlakte van een water kolom terwijl daar juist minder stikstof beschikbaar is. Nutriénten als
stikstof zijn belangrijk voor het opbouwen van pigmenten. Deze pigmenten worden gebruikt om licht
energie op te vangen en zo de cel van energie te voorzien. Maar de hoeveelheid stikstof nodig voor het
opbouwen van pigmentcomplexen en de lichtabsorbtie van de pigmenten verschilt per klasse en soort.
Bovendien kunnen fytoplankton cellen ook de compositie van hun pigmenten en de hoeveelheid
pigmenten veranderen door middel van complementaire chromatische aanpassing en lichtacclimatisatie.

Tot nu toe zijn er veel onderzoeken uitgevoerd omtrent het effect van licht of stikstof op pigmenten,
groei en de samenstelling van fytoplankton soorten. Er zijn echter maar weinig studies uitgevoerd
betreffende het gecombineerde effect van stikstof en licht op fytoplankton, terwijl deze combinatie wel
grote effecten kan hebben op de verspreiding, maar ook het kweken, van fytoplankton. Om deze reden
vormt dit afstudeerwerstuk een literatuur review waarin de effecten van licht en stikstof op pigmenten,
fytoplankton gemeenschappen en de verspreiding van fytoplankton wordt behandeld. Ook is er een
speciale focus gelegd op hoe de resultaten toegepast kunnen worden binnen het watermanagement of
algenkwekerijen. Voor en gedurende het schrijven van dit afstudeerwerkstuk is er literatuur verzameld,
de gegevens over de kosten van pigment complexen zijn opgevraagd bij de NCBI data bank. Globale data
betreffende de fytoplankton verspreiding, licht en stikstofbeschikbaarheid is verzameld door middel van
het Giovanni programma van de MODIS missie uitgevoerd door NASA.

Fytoplankton is een groep fotosynthetiserende prokaryotische en eukaryotische organismen. Binnen de
prokaryoten zijn de Cyanophyta de enige organismen die vallen binnen de groep fytoplankton en
behoren tot de gramnegatieve bacterién. Veel voorkomende eukaryoten zijn: Heterokontophyta,
Dinophyceae (Dinoflagellaten), Rhodophyta (roodalgen), Chlorophyta (de groenalgen en Prasinophyte) en
Haptophyta (coccolithophores). Het leefgebied van fytoplankton verschilt sterk; over het algemeen,
heeft helder water een laag stikstofgehalte, waar blauw licht doorschijnt tot de diepere lagen van het
kolom. Daarentegen eutrofe wateren absorberen het licht in het blauwe deel van het spectrum
waardoor er relatief meer groen of rood licht beschikbaar is. En terwijl de licht beschikbaarheid afneemt
met toenemende diepte, neemt de beschikbaarheid van NOs juist toe met de diepte.

Alle fytoplanktonsoorten synthetiseren pigmenten die binden aan eiwitcomplexen om lichtenergie te
absorberen in verschillende delen van het lichtspectrum. Wanneer een foton wordt opgevangen door
een pigment, wordt de energie overgedragen aan het reactiecentrum dat is gelokaliseerd in het centrum
van het fotosysteem. In het reactiecentrum wordt lichtenergie omgezet in chemische energie. Binnen
fytoplankton zijn er drie belangrijke pigmenten bekend, chlorofyl, carotenoiden en fycobilinen.
Chlorofyllen absorberen licht in het blauwe en rode deel van het lichtspectrum. Aangezien de
gecentreerde pigment (de zogenaamde primaire donor) in het reactiecentrum een chlorofyla molecuul
is, synthetiseren alle soorten fytoplankton chlorofyla. Fotosynthetische carotenoiden absorberen licht



voornamelijk in het blauwe deel van het lichtspectrum. Cel beschermende carotenoiden doven
singletzuurstof moleculen, die worden gecreéerd wanneer pigmenten worden blootgesteld aan te veel
lichtenergie. De meeste chlorofyl en carotenoiden zijn gebonden aan eiwit complexen (genoemd LHC)
rondom het fotosysteem in het membraan. De laatste veel voorkomende pigmenten zijn fycobilinen en
worden gesynthetiseerd door cyanobacterién, rood algen en cryptomonads. Fycobilinen absorberen licht
in de groene en rode deel van het lichtspectrum. Fycobilinen zijn ingebouwd in eiwit-structuren
genaamd fycobilosomen. Fycobilosomen zijn in tegenstelling tot LHCs bevestigd aan het membraan.
Hoeveel stikstof nodig is voor de synthese van deze pigment-eiwitstructuren is afhankelijk van de
grootte. Grote hoeveelheden stikstof worden geinvesteerd in grote eiwitstructuren, terwijl minder
stikstof nodig is voor kleine structuren. Stikstof rijke pigment-proteinestructuren zijn fycobilosomen en
vereisen een 4 keer meer stikstof dan structuren zoals chlorofyl a/b complex (gesynthetiseerd door
bijvoorbeeld groenalgen).

Fotosynthetiserende organismen zoals fytoplankton hebben licht-energie nodig voor synthese en dus
groei. Echter, te veel licht, blauw licht of ultra violet, kan schadelijk zijn voor de cellen. Terwijl als er
weinig licht beschikbaar is, er niet genoeg energie beschikbaar is voor groei. Als er weinig licht of alleen
rood licht beschikbaar is, synthetiseren cellen meer thylakoidmembranen, pigment-eiwitcomplexen en
fotosynthetische pigmenten zoals fycobilinen, fycobilosomen (vooral fycocyanine), chlorofylb en
chlorofyld, terwijl fotobeschermende pigmenten afnemen. Ook de fotosystemen veranderen door de
synthese van meer reactiecentra. Door de toename van fotosynthetische pigmenten zijn cellen onder
weinig licht efficiént in het overbrengen van energie. Maar de efficiéntie per chromosfeer is laag door
het lage aantal beschikbare fotonen dat resulteert in een totale lagere groei en lagere biomassa. Echter
soorten (zoals cyanobacterién) die pigmenten synthetiseren welke efficiént zijn in het absorberen van
licht hebben een hogere groei snelheid bij een relatief lage lichtinstraling.

Bij hoge licht beschikbaarheid raken pigment-eiwitcomplexen verzadigd. Hierdoor is het synthetiseren
van grote pigment-eiwitcomplexen overbodig. Te veel licht of ultra violet resulteert in een daling van
chlorofylb, chlorofyld, fycocyaninen, de lichtgevoelige PCB eiwitten en fotosystemen. Echter de
hoeveelheid van lichtbeschermende pigmenten, chlorofylc en fycourobilin (ten opzichte van
fycoerytrobilin) neemt toe. Een snelle reactie om de cel te beschermen tegen licht is de xanthofyl cyclus,
waarbij overtollig lichtenergie wordt uitgestoten als warmte. Fytoplankton binnen de klassen
Bacillariophyceae, Xanthophyceae, Haptophyceae en Dinophyceae hebben een xanthophyl cyclus en zijn
dus goed beschermd tegen afwisselende (hoge) blootstelling aan licht. Bovendien LHC stresgerelateerde
eiwitten binden een grote hoeveelheid lichtbeschermende pigmenten. Daarom zijn klassen zoals
diatomeeén die deze complexen synthetiseren beter beschermd dan klassen zoals cyanobacterién die
deze complexen niet synthetiseren. Tijdens blootstelling aan veel licht worden pigmenten ontkoppelt
van de reactiecentra of extra lichtbeschermende pigmenten worden gesynthetiseerd. Hierdoor wordt de
interactie tussen pigmenten onderdrukt. Waardoor de efficiéntie van het energie transport en
fotosynthese daalt, hierdoor raken echter ook minder reactiecentra beschadigd. Door de lagere
fotosynthetische efficiéntie van beschermende pigmenten hebben klassen die voorkomen in wateren
met een hoge licht beschikbaarheid ook meer licht nodig voor groei in vergelijking met klassen die niet
zijn blootgesteld aan veel licht.



Wanneer stikstof beperkt beschikbaar is, worden meer carotenoiden, chlorofylc en fycourobilin (ten
opzichte van fycoerythrobilin) gesynthetiseerd, terwijl de hoeveelheid chlorofylb, fycobilosomen en
reactiecentra afneemt. Bovendien, lichtgevoelige pigmenten vereisen indirect meer stikstof omdat licht
beschadigde structuren moeten worden gerepareerd. Deze reparaties vereisen stikstof en energie wat
vervolgens niet geinvesteerd kan worden in de groei. Afhankelijk van de soort of stam kunnen voor het
synthetiseren van pigment-eiwitcomplexen verschillende chemische stikstofvormen worden gebruikt. In
het algemeen hebben diatomeeén of stammen die leven in diepere delen van de waterkolom een
voorkeur voor NO3', terwijl cyanobacterién, cryptomonads en dinoflagellaten of soorten die leven in het
oppervlaktewater een voorkeur hebben voor NH,*, ureum, opgelost vrije aminozuren en adenine. Omdat
deze laatst genoemde soorten stikstof rijke pigment-eiwitcomplexen synthetiseren, bloeien ze wanneer
gereduceerd stikstof ruim beschikbaar is. Dit is in tegenstelling tot diatomeeén die bloeien wanneer de
waterkolom goed gemengd en NOs™ beschikbaar is en coccolithoforen juist vaak bloeien wanneer de
beschikbaarheid van voedingsstoffen te laag is voor andere soorten.

Door het verzamelen van literatuur zijn er nieuwe trends gevonden omtrent de beschikbaarheid van licht
en stikstof. Zoals de trend tussen de licht absorptie en de stikstof kosten van pigment-eiwitcomplexen;
waarbij stikstof goedkope pigment-eiwitcomplexen meer licht absorberen in het blauwe deel van het
lichtspectrum, terwijl stikstof rijke pigment-eiwitcomplexen sterk absorberen in het rode deel van het
lichtspectrum. Het kennen van de kosten van de pigment-complexen helpt om fytoplanktonculturen te
optimaliseren of om een schadelijke algenbloei te voorkomen. Bijvoorbeeld als carotenoiden of lipiden
(carotenoiden binden aan de goedkopere pigment-eiwitstructuur of lipiden) van belang zijn, moeten
fytoplankton soorten zoals diatomeeén en groenalgen worden blootgesteld aan veel licht, terwijl NOs”
beperkt moet worden. Daarentegen voor de productie van stikstof rijke pigment-eiwitstructuren zoals
fycocyanin is het van belang dat cyanobacterién niet worden blootgesteld aan veel licht en dat er
voldoende NH," beschikbaar is.

De meeste gevallen van schadelijke algenbloei zijn te wijten aan cyanobacterién en dinoflagellaten,
welke vaak het gevolg zijn van eutrofiéring. Bovendien bloeien cyanobacterién maar ook dinoflagellaten
optimaal in stabiele gestratificeerde wateren. Het mixen van de waterkolom is een goede oplossing
tegen schadelijke algenbloei. Een voorbeeld hiervan is het mixen van de water kolom in het Nieuwe
Meer in Amsterdam. Dit veroorzaakt licht stress bij cyanobacterién terwijl de groei van diatomeeén en
groenalgen wordt bevorderd. Echter het uiteindelijke doel is om de oorzaak van het probleem op te
lossen en niet de symptomen te behandelen. Omdat stikstof vaak een trigger is voor een algenbloei,
vooral soorten met stikstof kostbare pigment-eiwitcomplexen, moet de afvoer van stikstof in wateren
worden beperkt. Juist omdat cyanobacterién veel stikstof nodig hebben voor de synthese van hun
eiwitstructuren, nemen ze veel stikstof op in een korte tijd. Ze nemen zelfs zoveel stikstof op dat de
stikstof beschikbaarheid gelimiteerd wordt. Daarom kunnen cyanobacterién gebruikt worden in
duurzame waterzuiveringsinstallaties, om zo de afvoer van stikstof in het milieu te beperken. De
beschikbaarheid van stikstof neemt niet alleen toe door de directe gevolgen van de samenleving. Door
toenemende temperaturen en meer regenbuien zal de stratificatie van wateren en de stikstof neerslag
toenemen. Als daarbij de antropogene stikstof afvoer niet wordt beperkt, zullen de soorten met dure



pigmenten wateren gaan domineren. Terwijl ook in aquatische milieus de diversiteit (van het
fytoplankton) het hoogst is wanneer nutriénten beperkt zijn.

Kortom, pigment-eiwitcomplexen geadapteerd aan een hoge licht beschikbaarheid, absorberen sterk in
het blauwe deel van het spectrum en gebruiken lage hoeveelheden stikstof voor het synthetiseren van
de complexen. Deze soorten produceren grote hoeveelheden van carotenoiden en lipiden. Pigment-
eiwitcomplexen geadapteerd aan weinig licht of rood licht, zijn kostbaar in termen van stikstof. Soorten
die deze complexen synthetiseren zijn vaak goede concurrenten om licht en kunnen worden gebruikt in
waterzuiveringsinstallaties om wateren te ontdoen van stikstof. Toch is er nog steeds weinig bekend
over de additieve effecten van licht en stikstof terwijl er verbanden zijn tussen het effect van stikstof en
licht. Verder onderzoek omtrent de combinaties van licht en stikstof is daarom zeer aan te raden.
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1. Introduction

Phytoplankton account for less than 1% of earth’s photosynthetic biomass, yet they contribute to almost
half (namely, 45-50 billion tones inorganic carbon uptake in their cells) of earth’s total primary
production (Falkowski, 2012). In addition, phytoplankton plays a role in the climate feedback loop
(Charlson et al., 1987; Monastersky, 1987), provides our air with oxygen, their remains provide our cars
with fuel and is used in healthcare products and as fertilizers (Haubner et al., 2014; Snoeijs & Haubner,
2014, Steinhoff et al., 2014). Furthermore, phytoplankton does not only provide crucial resources, but
they are also known for their surprising high biodiversity. Within the Baltic Sea only, an estimated more
than 1700 species exist (Ojaveer et al., 2010).

Phytoplankton species are found in both fresh- and salt water bodies, as well as in extreme habitats like
extremely acidic lakes (pH 2.6; Kamjunke et al., 2004) and nutrient poor mountain lakes (Catalan et al.,
2006). Light and nitrogen are considered critical resources for the growth of phytoplankton (Colijn &
Cadée, 2003; Ryther & Dunstan, 1971). Both nitrogen and light availability show a great variety within
aquatic ecosystems, ranging from clear oligotrophic oceans towards turbid eutrophic lakes. The amount
of nitrogen and light also varies within the same water body over depth (and time). Furthermore, light
and nitrogen have opposite gradients. Light availability is high in the top layers of the water column but
decreases with depth (Cullen & Horrigan, 1981). Nitrogen availability is low in the top of the water
column but increases in the lower layers of the water column (Kerimoglu et al, 2012). Furthermore,
different water bodies absorb photons with different wavelengths, due to different concentrations of
dissolved substance (gilvin) and inorganic particulate matter (tripton) (Kirk, 1994). In clear lakes or
oceans, containing little gilvin and tripton, light absorption at the blue side of the spectrum is low.
However, in peat lakes containing high levels of gilvin and tripton, photons at the blue side of the
spectrum are absorbed, letting red light penetrate the water column (Stomp et al., 2007a). Often,
nutrient availability and gilvin concentration are correlated, e.g. oligotrophic waters often have a low
gilvin content, whereas eutrophic waters generally have a high gilvin content.

Not only their habitat, but also, their characteristics such as size and shape (Montoya et al., 2004; Paerl,
1990) and composition of phytoplankton species (Kilham & Hecky, 1988) differ greatly. Common groups
of phytoplankton are: cyanobacteria, diatoms, dinoflagellates, green algae and coccolithophores.
Phytoplankton carry up to three major classes of pigment, namely: chlorophylls, carotenoids and
phycobiliproteins (Greg-Mitchell, 1988; Rowan, 1989; Sathyendranath et al, 1987; Wright, 2005). These
pigments are crucial for the phytoplankton’s survival, as they harvest light used for photosynthesis. The
pigment composition differs greatly between species (Colyer et al., 2005; Green & Parson, 2003; Kutser,
2004; Paerl, 1984). Furthermore, pigments absorb photons of different wavelengths within the light
spectrum (Hunter et al., 2008; Rowan, 1989; Wright, 2005). Hence, differences in pigment composition
between species allow partitioning of the light spectrum which may promote phytoplankton diversity
(Stomp et al. 2004; 2007b). For example, two related types of picocyanobacteria , one with the pigment
phycoerythrin absorbing photons in the green-yellow part (560-570nm) of the spectrum and one with
the pigment phycocyanin absorbing photons in the orange-red part (620-630nm) of the spectrum, could
coexist when exposed to a full spectrum of light (Stomp et al.,2004).

However, the amount of pigments in a cell is restricted to the availability of nutrients like nitrogen. The
production of chlorophyll a is assumed to be coupled to nitrogen assimilation within phytoplankton cells
(Geider et al., 1998).Therefore, it seems likely that the assimilation of pigments by a phytoplankton cell
requires nitrogen. It differs per pigment class how “expensive’ the costs of assimilation are in terms of
nitrogen. The pigments within the group phycobiliproteins need more nitrogen to assimilate than
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chlorophylls and carotenoids (Raven, 1984). However, phycobiliproteins are capable of absorbing more
photons in shaded aquatic environments compared to other pigments (Raven, 1984).

Phytoplankton species are capable of changing their physiology in response to changing environments.
Some species are capable of complementary chromatic adaptation (Bogorad, 1975). With
complementary chromatic adaption, species are able to adjust their pigment composition in response to
changes in the spectral composition of light (De Marsac et al., 1988). Furthermore, some species within
phytoplankton are capable of photoacclimation, adjusting the pigment chlorophyll a to higher
concentrations when exposed to lower light intensity (Dubinsky, 2009; Macintyre, 2002). However, when
phytoplankton cultures in a stationary-phase are exposed to both nitrogen and light limitation the ability
to photoacclimate to the lower light intensity is lost (Prézelin, & Matlick 1983). But, the rate at which
they lose this ability and how phytoplankton species deal with a depletion of nitrogen and light is diverse
among species, with the greatest difference between cyanobacteria and eukaryotic algae (Kromkamp,
1987). However, most studies have focused only on the effect of light or nutrients on phytoplankton
growth and physiology (Ficek et al., 2004; Six et al., 2007; Stomp et al., 2004, 2007a, 2007b; Young &
Beardall, 2003). Here the aim is to investigate the combined effect of light and nitrogen on
phytoplankton growth and pigment composition.

Considering the interest in phytoplankton cultivation for biofuels, fertilizers, and health products, an
overview of the effect of nitrogen and light is not only important information for ecologists and biologist
but also for companies manufacturing products using phytoplankton (Haubner et al., 2014; Snoeijs &
Haubner, 2014; Steinhoff et al., 2014). Recent
years, scientists are searching for sustainable
products as a replacement for current fuel,
fertilizers, but also food and medicine
(Aourahoun et al., 2014; Burton et al., 2014;
Morar et al., 2008). An important aspect of
this process is the cultivation of phytoplankton
and to enhance products of interest within
these cells (Figure 1-1). Because all
phytoplankton species use pigments as their
‘energy converters’ it is of great importance to
understand the effect of factors involved in
the pigments formation, composition and

Figure 1-1 Sapphire Energy's phytoplankton cultivation tanks in
i Columbus, NM USA. Source:

therefore phytoplankton composition. http://biofuelsdigest.com/bdigest/wp-

Furthermore, often are the pigments of content/uploads/2010/06/sapphireenergy.jpg
phytoplankton itself the products of interest

(Li et al., 2014; Pallela, 2014).

In addition, within applied research, knowledge on nutrient and light requirements of individual species
is of major importance for water managers in order to predict and prevent the occurrence of
phytoplankton blooms. In 1984 Tilman presented the resource-ratio hypothesis. The resource-ratio
hypothesis suggests that if species A is superior competitor for resource X and species B is superior
competitor for resource Y, species A will dominate and win the competition at a low X:Y ratio. Whereas
species B will dominate and win the competition at a high X:Y ratio. Traditionally, the ratio of nitrogen
and phosphorus loading (N:P ratio) has been used as predictor for phytoplankton community
composition, for example for the presence of toxic algal blooms (Dignum et al., 2004; Elser, et al., 1990).
However, phytoplankton growth is limited by more resources than N and P. Recent work indicates that
with increasing nutrient load, the system switches from nutrient to light limitation due to shading
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effects, called the Nutrient-Load hypothesis (Brauer et al., 2012). Hence, the combined effects of
nutrients and light availability play an important role in phytoplankton communities. Therefore, a new
approach for lake managers to predict the composition of phytoplankton communities would be to take
the nitrogen-costs of the photosynthetic apparatus into account. For instance, the occurrence of dense
blooms of blue-green cyanobacteria in eutrophic lakes can be explained by the high nitrogen
requirements of their expensive pigments (Raven, 1984; Yang & Jin, 2008).

Not only lake managers deal with toxic blooms
of phytoplankton: the oceans and coastal
waters can also experience toxic blooms
(Figure 1-2). An example is the toxic red tide of
dinoflagellates responsible for “neurotoxic
shellfish poisoning” (Baden & Mende, 1982;
Lindholm & Nummelin, 1999). To prevent or to
predict phytoplankton blooms,
oceanographers build models and distribution
maps. An important tool used to estimate
phytoplankton distribution is remote sensing,
where satellite observations are used to
quantify chlorophyll concentrations. However,
chlorophyll concentrations differ per
phytoplankton group and are depending on the
environmental resources available (Bautista &
Figure 1-2 a dinoflagellates bloom called "a red tide" because of Necchi-Junior, 2008; Glover et al., 1987;
the red appearance. Source: Woods Hole Oceanographic Partensky, et al., 1997; Schagerl & Miiller,
Institution, www.whoi.edu. 2006). Other technics applied for the
estimation of phytoplankton distribution is
Differential Optica Absorption Spectroscopy used in the NASA Ocean Biochemical Model (NOBM). This
technics allows to analyze the distribution of different phytoplankton classes such as cyanobacteria and
diatoms based on the different optical characteristics of phytoplankton classes. Based on the absorption
spectra, the density of phytoplankton cells is estimated (Bracher et al., 2009). Despite the fact that
NOBM is the most accurate estimation available, it does not take the changes of the pigment
composition per cell and thus the dynamic light absorption of a phytoplankton cell in account.
Furthermore, models are available on the global light irradiance and nitrate availably. However,
considering only nitrate as a resource for nitrogen would not be accurate since the preference differs per
phytoplankton group and therefore if they use nitrate, nitrite, ammonium, urea or nitrogen gas as a
source of nitrogen (Lomas, 2004; Maldonado & Price, 1996; Waser et al., 1999).

1.1 Objective

Within the Institute for Biodiversity and Ecosystem Dynamics (IBED) of the University of Amsterdam,
biologist of the department aquatic microbiology (IBED-AMB) work on the effect of abiotic and biotic
factors on the molecular, physiological and ecological characteristics of phytoplankton and
phytoplankton communities. Most of the research conducted has a fundamental focus that often results
in conclusions used for applied science. Therefore, this bridge between fundamental and applied science
often leads to new innovations. An example is the technique developed to mix water through an
aeration system that prevent stratification or the application of H202 reducing the photosynthetic
capability of cyanobacteria and therefore reducing cyanobacteria blooms in lakes during the summer
time (Huisman et al., 2004; Matthijs et al., 2012; Visser et al., 1996). Furthermore, associated workers at
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IBED-AMB conducting fundamental research on topics like energy efficiency of photosynthesis, use the
results for further research within applied science such as the optimization of phytoplankton growth for
commercial purposes (Matthijs et al., 1996).

To continue on the subject of physiological and ecological characteristics of phytoplankton the
knowledge on requirements of individual species in terms of nutrients and light as provided in this
review is of major importance in order to understand and predict the resources needed by different
species, the distribution of phytoplankton and the occurrence of nuisance phytoplankton blooms in lakes
and oceans. It will therefore help to optimize water management strategies for preventing and
predicting nuisance phytoplankton blooms, optimizing plankton growth or pigment composition for e.g.
biofuel industries or health care products.

Therefore, the goal of the graduation paper is to write a literature review on the effect of light and
nitrogen availability on the pigment composition, photosynthesis and growth of different phytoplankton
groups. Therefore, the following questions will be asked:

1. What is the effect of light- and nitrogen availability on the composition of pigments from different
phytoplankton species?

2. How dynamic are phytoplankton species relative to the availability of light- and nitrogen changes in
their environment?

3. How does light- and nitrogen availability affect the distribution patterns of pigments and therefore
phytoplankton?

4. How can the new knowledge of nitrogen and light be applied in the working field of applied science?

Furthermore, it will be discussed if there are any trade-offs such that, some species are superior
competitors for light but have high nitrogen demands, whereas others are worse competitors for light
but with lower nitrogen demands? Moreover, the gradients of nitrogen and light availability over depth
in aquatic ecosystems, ranging from eutrophic and turbid lakes towards the clear oligotrophic oceans are
taken into account.

A broad range of information from different fields of ecology and biology has been gathered. And
because this is the first review describing the effect of nitrogen and light on the pigment composition of
phytoplankton in combination with the distribution of phytoplankton, this graduation paper will be
useful for a broad range of fields covering science, applied science, but it is also useful for organizations
dealing with water quality such as municipalities, water boards, or organization such as Wetsus dealing
with sustainable water technology. It adds information to the already well-studied effect of phosphate
and temperature on phytoplankton blooms. Furthermore, this study will provide an answer whether
nitrogen and light availability could be implicated in the cultivation of phytoplankton and prevention of
nuisance phytoplankton blooms. To make sure the information will be useful the report will be sent to
the employees of the University of Amsterdam who are associated or working together with water
boards, municipalities and Wetsus.

The report consists of 8 chapters discussing the effects of nitrogen, light and the application of these
results. To give a good overview of the different phytoplankton classes chapter 2 describes the different
phytoplankton classes and their habitat. Chapter 3 gives an overview of what pigments are, how
expensive the pigments are in terms of nitrogen and what the pigment composition of different
phytoplankton classes are. Chapter 4 discusses the effect of light on the pigment composition of
phytoplankton and the distribution of phytoplankton. The effects of nitrogen availability on the pigment
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composition and the distribution of phytoplankton is discussed in chapter 5. The effect of the
combination of light and nitrogen on pigments and phytoplankton classes is discussed in chapter 6.
Chapter 7 gives an overview of the possibilities in which the results can be used, subjects such as harmful
algae blooms and biofuel are discussed. Finally, in chapter 8 the conclusion of this report is given.

1.2 Methods

Prior and during the writing of this report literature has been collected and read. The nitrogen costs of
the protein-pigment complexes has been calculated according the calculation of Raven, 1984. To do so
the following values had to be known: the molecular mass of the protein, the number of chromophore
within the protein, the percentage of N per protein and the molecular weight of N (all values are
attached in appendix I). An algal protein complex consists on average of 1.16 mol of N. The molecular
weight of N is 14, resulting in 16.24 g of N per mol protein making up 16.32% of the proteins compounds
(Appendix IA). The nitrogen costs of the protein-pigment complexes expressed as mol N/mol
chromophore, had been calculated according the following formula:

ol P
r chr

molN/mol chromophore = 0.1632/14

Where mol P is the molecular weight of the pigment-protein complex and Nr chr the number of
chromophores within the protein-pigment complex. The percentage of N is expressed as a fraction
0.1632 and 14 is the molecular weight of N (all results are in attached in appendix IB). Molecular weights
of the pigment-proteins were found using NCBI-pdb and NCBI-structure search. Further analysis and
picture of protein-pigment complexes have been extracted using the software. Correlation coefficient of
metadata has been calculating with Spearman’s rank using Microsoft Excel 2010.

Cn3D 4.3.1 macromolecular structure viewer (NCBI). Analysis and graphs created of global
phytoplankton distribution in relationship to nitrogen and light availability was done using Giovanni
system utilizing data from the MODIS mission (NASA).
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2. Phytoplankton and their habitats

Phytoplankton, literally translated form Greek, means phytos: plant planktos: wandering and consists
mostly of single celled photosynthetic organisms drifting in the currents of fresh- or salt water.
Phytoplankton extend from the prokaryotic cyanobacteria to the eukaryotic picoplankton (< 2pm)
(Falkowski et al., 2004), inhabiting aquatic environments from the deep aphotic zone (250-3,000 m
deep) in the Antarctic’s (Lépez-Garcia et al., 2001) to the peat pog pools of Argentina (Quiroga et al.,
2013). To present an overview of the variety of phytoplankton chapter 2 and 3 will discuss the different
groups of phytoplankton, their habitats and the pigments used for photosynthesis.

2.1 Habitat

The habitat of phytoplankton ranges from the open oceans to freshwater ponds and the frozen water of
the Arctic (Thomas & Dieckmann, 2002) as well as wetlands (Rojo et al., 2010), streams and rivers (de
Domitrovic et al., 2014), estuaries (Jiang et al., 2014), intertidal zones such as lagoons (Lafabrie et al.,
2013) and the ocean pelagic zone (Brotas et al., 2013). However, there is a significant difference
between these waters in terms of light availability and nitrogen availability.

In the habitats of phytoplankton,

light is an important factor a Clear ocean b Coastal water
. . Surface Surface

creating niches throughout the

water body and among water

bodies. Light is an

electromagnetic radiation

consisting of photons with

wavelengths (the frequency of
the wave) ranging from 400 to
700 nm; the smaller the
wavelength of the emitted

C

Siiiface Peat lake

photon the higher is its energy
level. Water itself absorbs light
mostly in the red region of the

v

100m Tm

Figure 2-1 A conceptual figure of the light irradiance in different water bodies. In clear
wavelength of ~415 nm have the  oceans the blue light penetrate deepest, while in coastal waters blue light is being
lowest absorption coefficient, absorbed by dissovled organic matter. The high concentration of organic matter in peat
lakes causes a strong absorption in the blue-green part of the spectrum, resulting in the
deepest penetration of red light (Stomp et al., 2007a).

light spectrum. In pure distilled
water, photons with a

causing the blue color to
penetrate deepest and thus
causing the blue color of the clear oceans (Figure 2-1A). However, dissolved substances in water absorb
photons at other wavelengths. Most important of these dissolved substances are gilvin and tripton.
Gilvin is a yellow substance composed of dissolved organic matter (Kirk, 1994), and absorbs light in the
violet and blue part of the spectrum with an average absorption peak at 440nm (Davies-Colley & Vant,
1987). In addition, Tripton, or inanimate particulate matter, also absorbs light in the violet and blue part
of the spectrum (Kirk, 1994). Gilvin and tripton absorb mostly violet and blue light, and in combination
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with the light absorption of water in the red part of the spectrum, in waters with moderate amounts of
gilvin and tripton, green light has the lowest absorption coefficient and penetrates the deepest (Figure 2-
1B). If high amounts of organic matter are dissolved in water, most photons are being absorbed in the
blue part of the spectrum, shifting the remaining light into the red part of the spectrum (Figure 2-1C).
And once photons in an area of the spectrum are absorbed by any substance, these are not anymore
available for phytoplankton. Therefore, it depends on the characteristics of the water body, which part
of the spectrum is available for phytoplankton photosynthesis (Stomp et al., 2007a).

Lakes that contain high levels of gilvin and thus lower light availability, more nutrients are available
compared with the clear oceans (Hecky et al., 1993). In addition, nitrogen and light have opposite
gradients, with more light available in the top layers compared to the lower layers (Cullen & Horrigan,
1981), while nitrogen concentrations are higher in the lower layers of the column (Kerimoglu et al,
2012). However, different forms of nitrogen may have different vertical distributions. Nitrate (NO5s) is
usually more abundant than ammonium (NH,"). NH," is, for phytoplankton, easier to assimilate.
However, when NH," reacts to NH; at high pH, it easily diffuses out of the water (Raven, 1984). While
NH, is more or less equal distributed throughout the water column, NOs™ is more abounded in the lower

Nitrate (uM) Ammonium (pM)
0 5§ 10 15 200 05 1 15 2 25

During the summer time lakes may 0 § 9

layer of the water column (Figure 2-2)
(Findlay et al., 2014).
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o
o
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Therefore, in the northern hemisphere,

Depth {(m)

—
o
o
-
X

during months of more sunshine,
nutrient levels decreases until

September. In addition, form 200 - :
approximately October till March, when

less sunlight is available, nutrient

concentrations in the water column are  Figure 2-2 The nitrate and ammonium concentration at the Rockall bank
. . . in the Atlantic Ocean. The availability of NO; decreases with depth while
relative high, and peak during seasonal the less abundant NH," remains relative constant over depth (Findlay et

turnovers (Fujita et al., 1989). al., 2014)

2.2 Common phytoplankton classes

In this section a selection is made of most common classes of phytoplankton (Jeffrey et al., 2011;
Falkowski & Raven, 2013). The classes, with commons names are presented in Table 2-1 together with
the known estimated number of species and the division of species habiting fresh- and marine water.

2.2.1 Division of Cyanophyta
Cyanobacteria are the only prokaryotic organisms within phytoplankton, and belong to the gram
negative bacteria. Cyanobacteria are found in most temperate and tropical habitats, with a great number
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of species found in freshwater (Kilham & Hecky, 1988), in a unicellular or filamentous form (Roy et al.,
2011). They often dominate eutrophic freshwaters, often causing, harmful blooms for other organisms
(Paerl et al., 2001; Steffen et al., 2014). One of the distinguishable features of this class is the capability
to morphologically change in a reaction to their environment (Carr & Whitton 1982). In a reaction to
combined nitrogen starvation, filamentous cyanobacteria are capable of developing heterocysts (Adams,
2000), allowing them to fix atmospheric N, (Flores & Herrero, 2009; Wolk et al., 2004) and thus having an
advantage over other organisms that are not capable of fixing atmospheric N,. Another important
differentiation, triggered by several environmental factors such as limitation of light and nutrition, is the
development of hormogonia filaments (Campbell & Meeks, 1989; Carr & Whitton 1982; de Marsac,
1994). Hormogonia cells distinguish them self from their parental cell by the property of gliding motility
(Campbell & Meeks, 1989). Many species of cyanobacteria possess gas vacuoles which give cells
buoyancy and the advantage to float up to the water surface where light availability is high (Carr &
Whitton 1982). In contrast to some phytoplankton species cyanobacteria lack flagella, which, as
mentioned earlier, do not necessarily make cyanobacteria immobile (Waterbury et al., 1985).
Furthermore, some species of cyanobacteria are found in the deep layers of euphotic zones (Stramski &
Morel, 1990), where they are abundant in the lowest layer of the water column were chlorophyll a can
still be found, namely the deep chlorophyll maxima (DCM) (Camacho, 2006).

Table 2-1 classification of the largest phytoplankton classes with the approximated number of known species and the
distribution over fresh- and marine water (Adapted from: Falkowski & Raven, (2013) and Roy et al., (2011))

Division Class Common name Known species (marine/freshwater)
Prokaryote
Cyanophyta Cyanophyceae Cyanobacteria 1500 (150/1350)
Eukaryote
Heterokontophyta Bacillariophyceae Diatoms 10.000 (5000/5000)
Chrysophyceae Golden-brown algae 1000 (800/200)
Pelagophyceae Pelagophyte A
Raphidophyceae Raphidophyte A
Synurophyceae Synurophyte 250 (0/250)
Xanthophyceae Xanthophyte 600 (50/550)
Rhodophyta Rhodophyceae Red algae 6000° (5880/120)
Chlorophyta Chlorophyceae Green algae 2500 (100/2400)
Prasinophyceae Prasinophyte 120 (100/20)
Dinophyta Dinophyceae Dinoflagellate 2000 (1800/200)
Euglenophyta Euglenophyceae Euglenophyte 1050 (30/1020)
Haptophyta Prymnesiophyceae Coccolithophorid 500 (100/400)
Cryptophyta Cryptophyceae Cryptomonad 200 (100/100)

! Missing number of species, but taken into account because the tides these species cause (Imai et al., 2001; Lomas et al., 2001)
2 Approximated count includes as well +/- 4000 macrophytes species
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2.2.2 Division of Heterokontophyta

With an estimated 10.000 species, the diatoms form the larges class within the Heterokontophyta
(Falkowski & Raven, 2013). Most diatoms are unicellular and although there are some species that form
colonies, there is little difference between colonial and unicellular species (Round et al., 1990). In
addition diatoms are lacking flagella. Diatoms are broadly distributed over fresh- and marine waters and
even found in sea-ice (Horner et al., 1992; Roy et al., 2011; Thomas & Dieckmann, 2002). Some of the
most common diatom species form an endosymbiosis relation with unicellular cyanobacteria, allowing
some diatom species to live in environments with relative low available fixed nitrogen (Fiore et al., 2010;
Rai et al., 2002; Usher et al., 2007).

Furthermore, diatoms are distinguished by their silicon shell and therefore, in contrast to most
phytoplankton, require sufficient free available silicon in their environment for growth (Armbrecht et al.,
2014; Werner, 1977). The silicon shells provide diatoms a number of benefits. The shell provides a
mechanical protection again predators (Hamm et al., 2003; Pondaven et al., 2007). Furthermore, based
on the properties of silica gel, it has been suggested that diatoms are more effective in absorbing low
concentrated nutrients in comparison to other phytoplankton (Werner, 1977). In addition the
polycondensation of Si(OH), in silica walls of diatoms is energetic more economical than formation of cell
walls such as e.g. cellulose or chitin (Raven & Waite, 2004; Werner, 1977). However, increased silification
in diatoms increases the sinking rate of the cells. Higher densities of silica walls in diatoms —relative to
the density of water- are induced by increased levels of SiO2 and reduced levels of iron or nitrogen in the
water. Once the density of the cells increases, the cells will sink to lower levels of the column where
more nutrients are available (reviewed in: Raven & Waite, 2004).

Not only diatoms have silica shells. Some species within the class of golden-brown algae (Chrysophyceae
and Synurophyceae) also obtain a silica shell (Hansen, 1996; McGrory & Leadbeater, 1981; Sandgren et
al., 1996). The golden-brown algae are distributed worldwide in both marine- and freshwaters, but most
species are found in freshwater (Croome & Tyler, 1985; Hoffmann et al., 2000). Also species of
Synurophytes are widely distributed, ranging from the polar seas to tropical freshwater. A unique trait of
species within the golden-brown algae and Synurophyte, is the capability to form stomatocysts, when
going into a resting stage. Stomatocysts are found often in the sediments of water bodies (Jordan &
Iwataki, 2012).

Species within the class Xanthophyceae are as well widespread, although most species are found in
freshwater (Falkowski & Raven, 2013). Both Pelagophytes and Raphidophytes do not count a great
number of species in the division Heterokontophyta. However, they are capable of forming harmful
blooms (Gobler et al., 2005; Jeong et al., 2013). Pelagophytes consist mostly of pico- and nanoplankton
(0.2-20 um), and can cause brown tides in lagoons (Gobler et al., 2013; Roy et al., 2011). Raphidophytes
are mostly found in oligotrophic acidic freshwater (Menezes & Bicudo, 2010; Roy et al., 2011), but are
also capable of forming harmful blooms in coastal waters (Kim et al., 2013).
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2.2.3 Division of Dinophyta

Species within the class Dinophyceae (Dinoflagellates) are considered along with diatoms major
contributors to primary production (Kirk, 1994). Dinoflagellates consist of photosynthetic- as well as
heterotrophic plankton (Brown et al., 2004; Schnepf & Elbrachter, 1992). Dinoflagellates are widely
distributed over many waters, with most species living in marine waters. Dinoflagellate blooms often
occur near coastal regions (Roy et al., 2011); preferring overall well-illuminated water surfaces (Paerl et
al., 2001). Dinoflagellates have two distinguishable organelles, the pusule and extrusomes. The pusule
might function in the uptake of macromolecules, osmoregulation and or secretion (Dodge, 1972; Klut et
al., 1987). Several kinds of extrusomes may exist in dinoflagellates, which also play a role in the secretion
of material (Hausmann, 1978; Rosati & Modeo, 2003). Beside phototrophic and heterotrophic, some
dinoflagellates are mixotrophic, which makes them capable of photosynthesis and engulfing particulate
organic matter. This gives mixotrophic dinoflagellates an advantage over purely phototrophic
dinoflagellates in nitrogen limited environments (Bockstahler & Coats, 1993; Falkowski et al., 2004;
Schnepf & Elbrachter, 1992), and waters with low light availability dinoflagellates (Jones, 2000).

Furthermore, dinoflagellates can have a symbiotic relation with cyanobacteria (Carpenter & Foster,
2002; Usher et al., 2007). This increases the abundance of dinoflagellates in the summer months when
nitrogen is often low (Fiore et al., 2010). In addition, heterotrophic dinoflagellates form a symbiotic
relation with cyanobacteria causing original unpigmented dinoflagellates to show color (Carpenter &
Foster, 2002). There is no evidence, however, that the cyanobacteria provide energy to these
dinoflagellates by photosynthesis (Raven, 2002).

2.2.4 Division of Rhodophyta and Chlorophyta

Within the division Rhodophyta, the class red algae contain both aquatic plants and phytoplankton
(Falkowski & Raven, 2013; Gomez Garreta et al., 2001). Red algae are found in both fresh- and marine
water (Falkowski & Raven, 2013; Meyer, 1969). Furthermore, within the class of the red algae there is
still a great uncertainty concerning the taxonomy and classification (Broadwater & Scott, 1994). Among
the division Chlorophyta two classes of phytoplankton are abundant, namely: the green algae and
Prasinophytes. Green algae are widely distributed in freshwater bodies (Roy et al., 2011). In contrast,
species of the class Prasinophyte are found mainly in marine waters and are often well presented in deep
chlorophyll communities (Falkowski et al., 2004). There are places where also the distribution of green
algae increases with increasing depth (Riegman & Kraay, 2001).

2.2.5 Remaining divisions

Many species of coccolithophores (Haptophyte) inhabit freshwaters (Falkowski & Raven, 2013), but
overall dominate the marine waters (Kilham & Hecky, 1988) and are well abundant in the euphotic layer
of the oceans (Honjo, 1976) where the blooms are often seen form space. Coccolithophores assimilate
surface scales named coccoliths consisting of calcium carbonate crystals (Paasche, 1968). Thus,
coccolithophores need to grow in environment rich with calcite, often in the top layers of the oceans
(Paasche, 1968). Another reason for the strong blooms of coccolithophores in the top layers of the
oceans is that the calcification of coccoliths is strongly light depended (Paasche, 2001); making
coccolithophores in general more light depended. However, some species, such as that Emiliania huxleyi
can grow well at environments with low light availability (Zondervan, 2007).
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Cryptomonads are ubiquitous in freshwater, marine water and brackish water as well as groundwater
and snow (Felip et al., 1995; Loquay, et al., 2009; Roy et al., 2011; Taylor, & Lee 1971). Some species
within the cryptomonad class are mixotrophic, and preferably ingest organisms such as cyanobacteria
and small plankton (Roberts & Laybourn-Parry, 1999; Tranvik et al., 1989). However, it seems that the
bacterivory of cryptomonad cells does not contribute to the carbon content of the cells, but is more
likely to an important source of inorganic nutrients (Tranvik et al., 1989). Furthermore, mixotrophic
strategies could allow species of the class Cryptophyta to live in environments such as snow and
groundwater with no availability of photosynthetic active radiation (Marshall & Laybourn-Parry, 2002).

Euglenophyta are considered a taxonomic puzzle because of their diversity, unrelatedness and yet their
resemblance to other phytoplankton (Kivic & Walne, 1984). Most found in freshwater habitats with high
levels of decaying organic matter (Amengual-Morro et al., 2012; Caljon, 1987), but are also found in
marine- and brackish waters (Roy et la., 2011).
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3 Pigments
The different colors of pigments depend on the absorption and reflection of photons. Pigments absorb
suitable photons and reflect the photons, and therefore the color, they cannot absorb. The absorption of
photons depends on the structure and the bonds between atoms in the chromophore, which functions
as the light capturing molecule (Table 3-1; Prathapan et al., 1993). Molecule groups with double and
triple bonds contain conjugated 1t bonds. In these it bonds, the difference between the ground state and
the exited state of electrons is lower than in stable covalent
bonds (the o bonds). Because the energy gap is lower in 1t bonds,
less energy is required to excite an electron (Beaujuge et al.,
2010; Valeur & Berberan-Santos, 2012). In other words, the
energy carried by the absorbed photon is equal to the difference
between the exited state and the resting state of the
chromophore (Croce & van Amerongen, 2014; Falkowski &
Raven, 2013). Therefore, m bonds absorb photons with less
energy, longer wavelength, yielding light absorption closer to the
red part of the light spectrum. The probability and the amount of
light absorption (e= extinction coefficient) is depending on the
atomic bonds and increases when bonds are less stable or

contain less energy in the bonds (Beaujuge et al., 2010;
Falkowski & Raven, 2013). However, the extinction coefficient o U zaHzs

and wavelength absorption of the pigments in an organism
Figure 3-1 The structure of chlorophyll a, a

depends on many more factors than the molecular composition ) !
pigment found in all phytoplankton

of the pigment (Adeloye & Ajibade, 2011).

The light harvesting complex (LHC) is assembled of chromophores and proteins and is responsible for
transferring energy tot the photosystems (PS) which is responsible for the conversion of light energy to
chemical energy. Within the LHC, pigments are conformation dependent (Scholes et al., 2011), where
the efficiency and the spectral absorption of the chromophore depends on the lattice structure within
the LHC (Croce & van Amerongen, 2014; Noy et al., 2006). However, it should be noted that these
structures are built in a cell, and thus the reflection of the cell wall and the cell size (light absorption
decreases as the cell size increases) have also a major influence on the spectral absorption of pigments
(Rabinowitch & Govindjee, 1969; Kirk, 1994).

In phytoplankton, three main pigments are known, chlorophylls, carotenoids and phycobilins (Table 3-
1).There is a significant difference between the architecture and absorption of these pigments. In
addition, there is also a distinction between the pigment chlorophyll a and other pigments, the so called
accessory pigments. In the following five sub-sections the characteristics of these pigments are
discussed.

3.1 Chlorophylls
Chlorophyll is assembled of four pyrroles, which is a five-membered ring (C4H;NH) consisting of four
carbons and one nitrogen atom (Figure 3-1). The nitrogen atoms are coordinated towards a
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magnesium atom, forming a ring around the centered magnesium atom. Based on their molecular
structure, chlorophylls are distinguished in two groups, the chlorin and porphyrin derived structures.
Chlorins, Chla and Chlb, have in the fourth ring a statured bond, whereas porphyrin derived structures
(Chlc) have an unsaturated bond. This double bond in the fourth ring of Chlc causes an absorption shift
towards the red part of the light spectrum (Falkowski & Raven, 2013). Chlorophyll a (Chla) is a group that
is present in all photosynthetic organisms, with the exception of photosynthetic bacteria that use the
related bacterial chlorophyll a (BChla).

All chlorophylls have two major absorption bands in the blue part and the red part of the spectrum. In
the red part of the spectrum, Chla has a narrow but strong absorption band (the so called Q, band). This
band causes a high probability of fluorescence emission (685nm), giving Chla the advantage of
transferring energy (Falkowski & Raven, 2013; Scholes et al., 2011). In addition, light energy harvested by
accessory pigments is always being transferred to a primary donor consisting of Chla (e.g. Chla P680)
(Glazer, 1985). Hence, Chla is the only pigment which is capable of directly converting photo energy into
chemical energy (Motten, 2004).

3.2 Carotenoids

Carotenoids (Car) exist of two main groups,
namely the carotenoids and xanthophylls,
forming a large group of more than 750
different pigments (Britton et al., 2004).
Carotenoids consist of an open chain

Figure 3-2 The structure of B-carotene, a carotenoids common found

structure with 9-13 conjugated double . :
in phytoplankton species.

bonds ending with ionone rings

(Rabinowitch & Govindjee, 1969; Vershinin, 1999). Carotenoids absorb light near the blue part of the
light spectrum, reflecting orange red light. Carotenoids are extremely hydrophobic, and thus nested into
the membrane of the cell (Gruszecki & Strzatka, 2005).

Except for harvesting light, carotenoids function as antioxidants in the feedback de-excitation process of
oxygen molecules (Vershinin, 1999). Due to the high energy level of Chlg, in high illuminated
environments Chla can react with oxygen forming singlet oxygen. Singlet oxygen molecules are unstable
molecules causing damage to proteins, DNA and lipids (Di Mascio et al., 1990). Thus, carotenoids are
capable of quenching singlet oxygen, making them no longer harmful for the cell (Krinsky, 1989). When
plant cells are exposed to high light illumination more carotenoids are synthesized. Especially, high light
activates the formation of zeaxanthin from violaxanthin via the xanthophyll cycle (Holt et al., 2005), thus
changing the Chl/Car ratio (as further described in 3.6 “Photo inhibition”).
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3.3 Phycobilins

Phycobilisomes are pigment complexes shaped by the open-chain tetrapyrroles named phycobilins and
linker proteins, absorbing light shifted to the red light of the light spectrum. Phycobilisomes consist of
two main parts: the peripheral rods and a core (Figure 3-3 A). The antenna-like peripheral rods are
composed phycobiliproteins (PBP), which bind phycobilins (PB): phycourobilin (PUB), phycoerythrobilin
(PEB) and phycocyanobilin (PCB) that act as chromophores (Beale, 1994; Glazer, 1985; Ke, 2003; Sidler,
2004). Where the PBs are assembled as a lattice structure attached by pigment-bearing proteins, which
serve to keep the PBs in a precise and a more absorbent active position (Fetisova et al., 1988). Centered
by phycobiliproteins, lays the core. The core is mostly assembled of three rods consisting of the
phycobiliprotein allophycocyanin (Glazer, 1985).

Unlike other pigment complexes, phycobilisomes (PBS’s) are attached to the surface of the
photosynthetic membrane, with the PBs acting like light harvesting antenna (Sidler, 2004). PBs occur in
two or three homologous a, B or y subunits, which differ in molecular mass (De Marsac, 2003; Gant,
1981). Three a B subunits form a trimer ((af)s) each consisting of six to fifteen PB’s. A double trimer

x Photon n Photon forms a hexamer ((aB)sy), where also the
§ - heavier ‘y’ subunit may be assembled
‘ \g\ Kiompmrythin 2 _ (Chang et al., 1996; Glazer, 1985; Sidler,
" ” 6 Phycocyanin (1 éé 2004). Furthermore, to connect the trimers
'{I_‘,\ ‘ Allophycocyanin (0 g g and the hexamers, linker polypeptides are
"' e "' : £= assembled between the trimers and the
i : Chiorophyll o LS - hexamers to form the rods (Ke, 2003). Both
r) ;;/}:;”J = the composition and the construction of
© 7@ Q/O % % trimers and hexamers as well as the linker
S O < °  polypeptides have an influence on the

Figure 3-3 A: The architecture of a phycobilosome. In this example the ~ absorption wavelength (Ke, 2003; Sidler,
peripheral rods are formed by phycoerytrin and phycocyanin,

surrounding the the core assembled of allophycocyanin. B: the
structure and electron transfer with the antenna of the phycobilosome ~ Phycobiliproteins and their wavelength

(Govindjee, 2011). absorption is presented in Table 3-2.

2004). The composition of

Because of the different architecture and composition of PBPs, each kind of PBP has different
wavelength absorptions. However, the distal PBPs in PBS absorb photons from the environment,
emitting exited electrons with a greater wavelength, which then get absorbed by the other PBPs
(Grossman et al., 1993). Each time, there is a transfer in energy in the PBP, energy gets lost. That is why
electrons emitted have a greater wavelength than when they were absorbed.
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Table 3-2 The composition and the spectral characteristics of phycobiliproteins. The architecture of phycobiliproteins (PBP)
occurs in two forms: a trimer assembled from three a and B subunits ((ap);) and a hexamer assembled from two trimers
((aB)sy) with an additional heavier subunit y. Each trimer or hexamer bind phycobilins: phycourobilin (PUB),
phycoerythrobilin (PEB) and phycocyanobilin (Table assembled from Sidler (2004) and Glazer (1985)).

Phycobiliproteins (PBP) Architecture *” Phycobilins content per unit (ap)s; A, nm' A%, nm' Reference
R -Phycoerythrin (R-PE) (aB)ey @ 2PEB;B2PEB; BPUB;y1PUB;3yPEB 564, 536 576 2
B-Phycoerythrin (B-PE) (aB)ev o 2 PEB; B3 PEB; y 2PEB; y2PUB 562, 543 576 3
C-Phycoerythrin (C-PE) (aB)s o 2 PEB; B 3PEB 564 577 4
Phycoerythrocyanin (PEC) (aB)s o PVB; B 2PCB 568 607 4
R-Phycocyanin (RPC) (apB)s o PCB; B PCB; B PEB 553, 618 642 4
C-Phycocyanin (CPC) (aB)s o PCB; B 2PCB 620 648 3
allophycocyanin (APC) (aB)s a PCB; B PCB 620, 650 660 5
allophycocyanin B (APC-B) (aB)s o PCB; B PCB 618, 673 680 1

Reference: 1 Gantt (1981); 2 D'Agnolo et al. (1994); 3 Glazer & Hixson (1977); 4 Glazer & Hixson (1975);
5 Cohen-Bazire et al. (1977); 6 Sidler (2004); 7 Glazer (1985)

For this reason, phycoerythrin, phycocyanin, which absorb photons with a lower wavelength, are located
at the distal site of the PBS. Once a photon is absorbed by a phycoerythrin (\*y.x =564nm) or a
phycoerythrocyanin (M nax =568nm), trough phycocyanin (A max *620nm), energy travels through the core
PBPs allophycocyanin (A n.x =650nm) and Allophycocyanin B (A s *670nm) to the primary donor P680
(chlorophyll a A . 680nm) where it continuous the photosynthetic energy transfer chain (Croce & van
Amerongen, 2014; Glazer, 1982; Glazer, 1985) (Figure 3-3 B).

3.4 Pigment composition in phytoplankton

The phytoplankton classes and the pigments they carry are presented in Table 3-3. Because Chla is part
of photosystem ll, it is present in all photosystem complexes of phytoplankton. Chlb is found in fewer
species and is mainly found in the light harvesting complex LHCsR. The LHCsR complex is a stress
responsive complex found in brown and green algae. Furthermore, an LHCsR comparable complex, the
Lhcx1 complex is found in diatoms (Bailleul et al., 2010; Mou et al., 2013; Zhu et al., 2010). All classes
within Heterokontophyta obtain, more or less, Chlc. The protein-pigment complex LHCaR found in
diatoms bind beside Chlic also the carotenoids fucoxanthin and diadinoxanthin (Grabowski et al., 2001).
Another Chlc binding complex is fucoxanthin chlorophyll a/c2proteins (FCP) and is also found in diatoms
and in addition found in coccolithophores (Premvardhan et al., 2000). It binds just like LHCaR
fucoxanthin but lacks diadinoxanthin. Present in most dinoflagellates is the peridinin-chlorophyll a-
protein, binding mostly the carotenoid peridinin.
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Phycobiliproteins are only obtained by a few species of phytoplankton. However, in cyanobacteria

phycobilisomes are present in most species. The phycobilisomes in cyanobacteria, optional with

additional zeaxanthin, build up their light harvesting antenna (Niyog & Truong, 2013). Red algae might
additionally obtain a functional phycobilosome assembled to their LHCaR1 (Grabowski et al., 2001,

Green & Parson, 2003). Although dinoflagellates and cryptomonads do assemble phycoerythrin and

phycocyanin they do not contain allophycocyanin, the core of the phycobilosome and cannot transfer

the energy to the reaction center. This difference results in a different metabolism, where cyanobacteria

and red algae store their energy as carbohydrates while in cryptomonads the assimilated carbon is

directly used for assimilation for lipids and proteins (Kunath, et al., 2012).

Table 3-3 The major pigments of the largest phytoplankton classes. Table assembled from (Kirk 1994; Roy et al., 2011)

Chlorophyll Carotenoids phycobiliproteins
& . S
Pigments ‘\5&& 0@“@ (\"6;6\ (\,@\(‘ <& +r§$° (\%‘\(\\ & c\’\@ﬂ\(\ \\@(é\ . d:\’b(\
F L F S F s SEESS
A T A RS S
“
Phytoplankton class
Cyanobacteria +* - ¥ 4= 3= 3=
Diatoms +* + - + - - ¥ -
Golden-brown algae +* + - + + + +
Pelagophyte +* +* - + + + - +
Raphidophyte +* + - + - - #
Synurophyte +* + - + + - -
Xanthophyte +* - - + - -
Red algae +* + + ¥ - _
Green algae +* + + - +
Prasinophyte +* + + - + - +
Dinoflagellate R + - - + + - + 4+ &4
Euglenophyte +* + - -5 + - -
Coccolithophorid +* + - + + -
Cryptomonad +* ¥+ - - £ £

+* found in all spedes

+ pressent
- pressentin less or variable quantities
# found in anlya few species

: Only presentin thylakaid lumen [not found in a phycobilosame)

The only cyanobacteria not obtaining phycobilisomes are Prochlorococcus. Instead they form protein-

pigment complexes from chlorophyll a/b-binding proteins. These chlorophyll a/b-binding proteins

imbedded in PSII differ from other photosynthetic organisms because they are capable of binding divinyl-

derived chlorophylls. Chlorophyll a/b-binding proteins (here after named as Pcb) are derived from the

Pcb genes from for example in Prochlorococcus (Garczarek et al., 2011). The number of genes expressed

and therefore the number of different protein complexes differs per Prochlorococcus strains.
Prochlorococcus SS120 the ‘low light’ strain expresses 8 Pcb genes (PcbA-H), the ‘moderate light’ strain
MIT9313 expresses 2 Pcb genes (Pcb A-B), while the ‘high light’ strain only expresses PcbA (Bibby et al.,

2003).
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3.5 Costs and benefits of pigments in term of nitrogen and light

When considering the molecule structures of the chromophores only small amounts of nitrogen are
imbedded in the molecule (Table 3-2): phycobilins and chlorophylls both contain four nitrogen atoms. In
addition, considering single chromophores, chlorophylls and carotenoids have a higher extinction
coefficient and thus
absorb more photons.
However, it is not only
the chromophores
which determine the
costs and benefits of
photosynthesis. In
addition, pigment-
protein complexes
make up most of the
costs in terms of energy
per synthesized unit

(Manceau et al., 2011).

Furthermore, there is a Figure 3-4 Two pigment-protein complexes, where the wormlike structures represent the
proteins and the ball and stick structures the chromophores. The structure on the left hand
site presents a peridinin-chlorophyll structure with 30 chromphores. The structure on the
between different right hand site presents allophycocyanin with six proteins (three monomers) and six
pigments.

difference in costs

pigment-protein
complexes. Raven
(1984) concluded that the phycobiliprotein complex, allophycocyanin costs four times more in term of
nitrogen compared to a chlorophyll a/b complex. This difference is caused by the overall composition of
the pigment complexes. Relative ‘cheap’ pigment-protein structures like peridinin-chlorophyll complexes
(PCP) carry more mol chromophores per mol protein comparison to an ‘expensive’ pigment like
allophycyanins (APC) (Figure 3-4), and thus making them relative cheaper in terms of nitrogen. However,
the extinction coefficient of APC is almost four times greater than of a PCP (Table 3-4), and is especially
greater when compared relative to the number of chromophores (Zehetmayer et al., 2004).
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Table 3-4 An overview of the pigment-protein complexes their composition, the costs in terms of mol nitrogen per mol
chromophore and the benefits in terms of light absorption.

molN per mol

Pigment-protein complex Composition chromophore Reference € M-t em-? (7\Amax) Reference
peridinin-chlorophyll a-protein 6 Chl a; 24 peridinin 46,34 Haxo etal., (1976); Kamiya & Shen g 44 x 10* (=463nm) Songetal., (1976)
(2003)
fucoxanthin chlorophyll a/c2 8 Chl-a; 8 Fuco; 2 Chl-c2 23,32 Premvardhan et al., (2000) 1.85 x 10° (553nm) Ikeda etal., (2013)
complex (FCPa+b)
LHCaR1 (Rhodophyceae) 8Chl a; 4 Zea 20,69 Grabowski et al., (2001)
LHCaR1 (Bacillariophyceae) 7 Chl a; 1 Chl ¢; 1 Fuco; 22,57 Grabowski et al., (2001) -
2 diadin
LHCsR3 6 Chl a; 1 Chl b; 3 Car; 22,42 Bonente etal., (2011) -
1Viox; 2 Lut
PcbA gene (D1) 6Chl a; 2 pheophytina 56,12 Bibby etal., (2013); Dekker & Boekema, -
(2005)
PcbB gene (CP47) 16Chla 29,68 Bibby et al., (2013); Dekker & Boekema, -
(2005); Kamiya & Shen, (2003)
PcbC gene (CP43) 14Chl a; BCar 33,42 Rocap etal., (2003); Kamiya & Shen, -
(2003)
PcbD gene(D2) 6Chl a; 2 pheophytin 42,75 Bibby etal., (2013); Dekker & Boekema, -
a; BCar (2005)
R -Phycoerythrin (R-PE) a 2 PEB; B 2 PEB; B PUB; 89,15 Gantt (1981) 1.03 x 10° (565 nm) D'Agnolo etal. (1994)
vy 1PUB; 3y PEB
B-Phycoerythrin (B-PE) a 2 PEB; B 3 PEB; 89,15 Gantt(1981) 2 41x10°(545nm)  Glazer &Hixson (1977)
y 2PEB; y 2PUB
C-Phycoerythrin (C-PE) a 2 PEB; B 3PEB 178,76 Gantt(1981)  488x10°(562nm)  Glazer & Hixson (1975)
R-Phycocyanin (RPC) a PCB; B PCB; B PEB 168,40 Gantt(1981)  151x10°(555nm)  Glazer &Hixson (1975)
C-Phycocyanin (CPC) o PCB; B 2PCB 155,44 Satyanarayana etal. (2011) 2.41x 10° (545 nm) Glazer & Hixson (1977)
allophycocyanin (APC) o PCB; B PCB 204,02 Marx & Adir (2013) 6.96 x 10° (650 nm) Cohen-Bazireetal. (1977)
Cr-PE555 6 PEB; 2DBV 65,08 Harrop etal., (2014) -
Cr-PC612 (cryptomonads) 6 PCB; 2DBV 86,72 Harrop etal., (2014) -

This difference between free phycobilins and bounded bilins is due to the lattice structure, where they
are being ‘stretched’ and lose their symmetric structure and thus becoming more unstable (Fetisova et
al., 1988; Zehetmayer et al., 2004). However, phycobilisomes which cost more in terms of nitrogen also
cost more in terms of photons (Marosvolgyi & Gorkom, 2010; Raven, 1984), and thus need to have more
light to assemble the pigments than other pigments need. This means that in the first time less energy is
available for growth. Therefore, it would be expensive for a cell to assemble phycobilisomes only for a
short period of time.

In contrast to phycobilins complexes, light harvesting complexes (LHCaR or LHCsR) are composed of
many chromophores. LHCsR3 (Light harvesting complex stress response 3) consist of seven chlorophylls
and five carotenoids, causing LHCsR3 to obtain a function which is more related to repelling light energy
than harvesting light energy with the function to limit cell damage caused by light (Green & Parson,
2003).
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Chlorophyll a/b-binding proteins are subunits imbedded in PSIl and found in many photosynthetic
organisms. However, Prochlorococcus differs in this complex by binding different amino acids and DV-Chl
(Bibby et al., 2003; Garczarek et al., 2001; Kettler et al., 2007). The amino acids in the complex protect
‘high light’ strains (55120) against excessive light, whereas DV-Chl in low light strains (S5120) transfers
energy more efficiently (Yokono et al., 2012). However, once DV-Chl is exposed to high light
environments it alters into a triplet-state making it non-reactive (Andrizhiyevskaya et al., 2005; Mella-
Flores et al., 2012). Although the SS120 strain is efficient with harvesting light in environments with low
light irradiance, Pcb’s are relative to LHC expensive in terms of nitrogen. Furthermore, it should be noted
that S5120 expresses 8 Pcb genes (PcbA-H) while the high light strain MED 4 expresses PcbA only (Bibby
2003 et al.,) and thus acquiring less nitrogen. However, in general Pcb proteins have fewer costs in terms
of nitrogen than phycobilisomes, these cyanobacteria might have an advantage over cyanobacteria
which do assemble phycobilisomes in the eutrophic oceans.

In conclusion, theoretically, phytoplankton with cheaper pigment-protein structures assembled of Chls
and carotenoids, pose the cell with the advantaged to be better protected in rich illumined environments
(Falkowski, 1993). Hence, they are better capable of surviving in N limited environments, such as the
aphotic-oligotrophic zone of the oceans. In contrast, phytoplankton containing phycobilisomes require
more N but would be more efficient in harvesting light. And thus, might survive better in oligotrophic
lakes which are in general environments containing light absorbing particles such as gilvin and tripton.

3.6 The adaption of pigment composition in response to changing light
intensity

When phytoplankton cells (with exception of cyanobacteria, Cryptophyta and most Rhodophyta) are
exposed to high light the pH in the thylakoid membrane drops, in response to this acidification a process
called the xanthophyll cycle will be activated. Two xanthophyll cycles are known in phytoplankton: the
violaxanthin cycle and the diadinoxanthin (Jahns et al., 2009). Among others, pigments formed in this
process are quenching pigments. These pigments quench the excess light energy in the cell (Holt et al.,
2005), by capturing the light energy and releasing it as heat. Therefore, excess energy cannot reach the
reaction center in the cell and thus damage to the reaction center caused by excess light energy is
limited (Miiller et al., 2001).

3.6.1 Mycosporine like amino acids

Additional photo protective molecules are the mycosporine like amino acids (MAAs). MAAs are small
(<400Da) secondary metabolite molecules, with a still relative unknown biosynthesis pathway. MAAs
absorb light in the UV part of the spectrum, mainly between 310-362nm (Singh et al., 2008). In
dinoflagellates and cyanobacteria MAA has a high absorption at 310nm, while in green algae the
absorption in slightly shifted to the red part of the spectrum and has an absorption peek at 324nm
(Groniger & Hader, 2002; Klisch & Hader, 2002). Because, of the absorption near UV-B, MAAs mainly
guench photons near the range of UV-B. Furthermore, the exact function of MAAs is still not clear and
susceptibly they might have an additional function to UV protection (Carreto & Carignan, 2011; Singh et
al., 2008).
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4. Effects of light

Light is the main energy source used by photosynthetic organisms such as phytoplankton. Therefore,
without light phytoplankton growth would not be possible. However, light availability in different
environments differs quantitatively (in total amount) and qualitatively (in amount per wavelength) and
changes over time. It is therefore important that phytoplankton species can adapt to the available light
climate. To understand the composition of pigments and phytoplankton in different light environments,
this chapter will discuss: the effect of light availability on pigment composition of different
phytoplankton species, how light availability affects the distribution patterns of pigments and
phytoplankton, and the dynamics of phytoplankton species relative to the light changes in their
environment.

4.1 Light limitation

Phytoplankton species adapted to low light synthesize more chlorophyll per cell and have a smaller cell
size compared to high light adapted species (Harrison et al., 1990). A smaller cell size means a larger
surface-volume ratio that increases light absorbance per volume. Furthermore, synthesizing more
chlorophyll per (a relative small) cell increases the chance of absorbing a photon, thus increasing the
photosynthetic efficiency per biomass. This means that the few photons available are absorbed as
efficiently as possible and can be invested in the synthesis of new pigment-protein complexes (Geider et
al., 1996). Photosynthetic efficiency per biomass is higher during light limitation. However, the
photosynthetic efficiency per chlorophyll and the growth rate are lower during light limitation because
energy is invested in synthesizing more pigments rather than the growth rate (Geider et al., 1996; Zou &
Gao, 2009). Therefore ultimately, under low light the amount of pigment per liter medium is lower than
in high light (Schagerl & Miiller, 2006) due to an overall lower growth rate and therefore a lower biomass
during light limitation.

4.1.1 Pigment composition in phytoplankton adapted to low light availability

Phytoplankton classes that are adapted to low-light synthesize a different pigment composition
compared to classes that are not adapted to low light (Falkowski, 1980). When light availability
decreases the total photosynthetic pigment content increases, whereas photo protective pigment
content decreases (Deblois et al., 2013; Fujiki & Taguchi, 2002, Lavaud & Kroth, 2006; Partensky et al.,
1993). For example, green algae grown in low light synthesize up to four fold more chlorophyll (=4 fold),
but four fold less carotenoids compared to cells grown in an environment where light is sufficient
(Bautista & Necchi-Junior, 2008; Melis et al., 1998). However, the increase in chlorophyll under light
limitation is not evenly distributed among the different types of chlorophyll. For example, in low light up
to three times more Chlb and Chld compared to Chla is synthesized (Gan et al., 2014; Gloag et al., 2007;
Melis et al., 1998; Partensky et al., 1993; Partensky et al., 1997).

Unlike many other classes can cyanobacteria often maintain growth in light limited environments and
are thought to be superior competitors for light (Downing et al., 2001). Indeed, cyanobacteria pose a
number of adaptations to low light; cyanobacteria adjusted to low light environments contain more

thylakoid membranes, which contain more PBSs, which increases the chance of a photon absorbance
(Kana & Glibert, 1987). Furthermore, when cells of cyanobacteria are faced with low-light availability

The effect of different light and nitrogen availability on the composition of phytoplankton communities 36 | Page



they synthesize more PC compared to PE (De Marsac, 1977). Also cryptomonads faced with a light
limitation assemble about four fold more PE and chlorophyll with a slightly increased PE/Chl ratio (from
=3 to 4.2) (Akimoto et al., 2012). However, it is unknown if in cryptomonads the PC/PE too increases,
resembling the pattern seen in cyanobacteria.

Low light High light

Figure 4-1 An electron tomography of a Haptophyte cell (Phaeocystis) grown in low light and high light. The cells show three
distinct differences, the cell grown in low light has: 1 a smaller volume, 2 more and stacked thylakoid membranes (dark
green structures), and 3 less starched stored in the cell (the light blue structure). Reference: Moisan et al., (2006)

A good example of a species that is adapted to different light environments is the marine
cyanobacterium Prochlorococcus. Prochlorococcus can live in the oceans up to 200 meters depth but is
most abounded at 100 meters depth, and contributes the largest part of the deep chlorophyll maximum
(DCM) (Agusti, 2004; Campbell and Vaulot 1993; Cordeiro et al., 2013; Shibl et al., 2014). This extreme
difference in depth distribution results in a large range in light irradiance. Phytoplankton in the top layers
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of the ocean are exposed to 1500 photons m™2s™, while at great depth as little as 0.1 photon m?s™
remains available for photosynthesis. There are three strains of Prochlorococcus described in the
literature, namely: MED4 a high light adapted strain, MIT9313 a moderate light adapted strain and SS120
a low light adapted strain. While being exposed to relative high light (80 pmol photons m? s) all strains
reduced the number of D1 (part of the PS reaction center). However, the high light adapted strain MED4
reduced the concentration of D1 more strongly compared with the low light adapted strain SS120. This
faster decrease in D1 found in MED4 might due to the rapid replacement of an alternate D1 protein (D1,)
or because of the degradation of D1 which might be replaced later on in the process during longer
exposure to high light (Aro et al., 1992; Clarke et al., 1993; Garczarek et al., 2008; Thiele et al., 1996).

The high-light adapted strain MED4 not only has a stronger decrease in D1 when exposed to light, but
also has fewer genes encoding for core protein-pigment complexes D1 and none for the second reaction
center D2 (Rocap et al., 2003). However, the protein-pigment complex CP43 (encoded by the isiA gene)
occurring in the reaction center complex containing carotenoids is higher in MED4 compared to the low
light adapted strain SS120 (Table 4-1). Furthermore, also in both the moderate and low light adapted
strains CP43 increased with increasing light irradiance (Partensky et al., 1993). Due to the carotenoids,
CP43 protects PSIl from photo-inhibition and therefore protecting high light adapted strains from
excessive light irradiance (Cadoret et al., 2004; lvanov et al., 2007). Furthermore, changes in D1 and
CP43 are not only seen in Prochlorococcus but in more cyanobacteria (Ilvanov et al., 2007; Lohscheider et
al.,, 2011). However, it should be noted that other phytoplankton species do not assemble CP43 encoded
by the isiA gene, but assemble a different CP43 encoded by the psbC gene which is lacking the quenching
capability (Green & Durnford, 1996).

Table 4-1 The relative concentration of pigments and the pigment-protein complexes D1, D2 and CP43 of the strains
Prochlorococcus MED4 and Prochlorococcus SS120. The complexes D1, D2 and CP43 are all located in PSII. In PSII CP43 passes
energy to the reaction center complexes D1 and D2 that are located in the core of PSIl. The complexes D1 and D2 are
responsible for the energy conversion process.

Pigment complex or ratio MEDA4 (high light adapted) $S120 (low light adapted)
D1reduction High Low
D2 None Present
CP43 High Low
DV-Chl a / zeaxanthin Low High
DV-Chl a/DV-Chl b High Low
Chla/Chld High Low

The differences between these strains not only concern the amount of pigment-complexes but also the
pigment ratios. For example, MED4 has a higher DV-Chl a/DV-Chl b ratio and a lower DV-Chl
a/zeaxanthin ratio. Thus, when cells are exposed to high light this leads to a pigment composition where
zeaxanthin > DV-Chl a >> DV-Chl b. The low light adapted SS120 strain contains approximately a ten
times lower DV-Chl a/DV-Chl b ratio and a five times higher DV-Chl a/zeaxanthin ratio (Partensky et al.,
1993, Partensky et al., 1997).
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4.1.2 Photosynthetic efficiency and growth of cells during low light availability

When pigments of phytoplankton are exposed to low light the pigments transfer the light energy as
efficiently as possible, so that less energy is lost and a higher percentage of energy reaches the reaction
center (Akimoto et al., 2012). Despite the high efficiency of energy transfer, less light is available and
therefore less carbon for growth can be fixed. Furthermore, most energy is invested in synthesizing more
pigments rather than growth (Geider et al., 1996; Zou & Gao, 2009). Because low light irradiance
decreases the growth rate, the growth rate of cryptomonads plummeted until 20 hours after decreased
light irradiance, thereafter the number of cells stays relative the same. Despite the fact that cells grown
in low light have a slower growth rate, there is a difference in optimal light irradiance depending on the
strain or species and the pigment they synthesize. Strains and species adapted to high light synthesize
higher amounts of PE relative to PC, Chla and carotenoids relative to Chlb and Chld would, theoretically,
have lower growth rates grown under low light environments than high light environments. For example,
the high light adapted cyanobacterial strain MED4 has an optimal growth between a light irradiance of
15 and 80 umol photons m™ s™. In contrast, the optimal growth of the low light adapted strain $5120
occurs at a lower irradiance between 8 and 30 pmol photons m™ s (Partensky et al., 1997).

4.2 Light inhibition

Light is an important source of energy for phytoplankton. However, high photosynthetic active radiation
(PAR) and ultra violet (UV) irradiance causes photo oxidative damage to the photosystem that leads to
photo inhibition (Falkowski, 1984; Murata et al., 2007; Vass, 2012). Therefore, with increasing light, the
cellular content of quenching pigments such as zeaxanthin or diadinoxanthin increases, while the cellular
content of photosynthetic pigments such as Chl decreases (Deblois et al., 2013; Fujiki & Taguchi, 2002,
Lavaud & Kroth, 2006; Partensky et al., 1993). The increase of the quenching pigments zeaxanthin and
diadinoxanthin is regulated by the xanthophyll cycle. Phytoplankton within the classes Bacillariophyceae,
Xanthophyceae, Haptophyceae, and Dinophyceae have a xanthophyll cycle (Goss & Jakob, 2010) (see
subsection 3.6 for an introduction of the xanthophyll cycle). The quenching capability of the xanthophyll
cycle gives excellent protection during high or intermittent light exposure (Lavaud et al., 2002). Cells with
a xanthophyll cycle do not transport the available photons to the reaction center when they are exposed
to high light, but discard them from the cell as heat due to the quenching pigments (Geider et al., 1996;
Mostofa et al., 2013). Hence, at high light, the pigment complexes become saturated, and large antenna
pigments become redundant (Blankenship & Chen, 2013).

In reaction to light inhibition, the amount of functioning Chlorophyll or other pigments can

chlorophylls per phytoplankton cell decreases (Cruz & Serddio, become bleached when a pigment
2008; Partensky et al., 1993; Zhu et al., 2010). Such a reaction absorbs a photon that carries

] enough energy not only to excite an
includes the detachment of chlorophyll from the photosystem electron but to free an electron
which decreases light absorption and thus also decreases damage from the atom. This causes changes

the charge of the atom, making the
pigment less efficient for absorbing
et al., 2013). The observed decrease in chlorophyll might be also light.

to the core of the photosystem caused by excess energy (Mostofa
caused by the bleaching of chlorophyll caused by photo oxidative

damage (Cruz & Serodio, 2008) (see textbox). Another adaptation against damage of the photosystem, is
by increasing the number of quenching pigments such as photo protective carotenoids. This results in an
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increase of the Car:Chl ratio, with increasing light irradiance (Lavaud & Kroth, 2006; Partensky et al.,
1993; Zhu et al., 2010). However, the composition of pigments in reaction to light inhibition differs per
class, species and even strain and often depends on their habitat.

4.2.1 The composition of pigments during high light availability
Diatom cells are most efficient in

dealing with high light exposure, and 1.5
can down-regulate their photosystem I

by 90% during prolonged light

inhibition. The down regulation of

photosystems prevents photo g 1.0
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Figure 4-2 The absorption spectra of cryptomonas over increasing time

complex, such as fucoxanthin and to unfiltered solar radiation exposure. After 16 hours the light
diatoxanthin (Grabowski et al., 2001; absorption of PE (=560nm) is drastically decreased (Gerber & Hader,
Premvardhan et al., 2000). Diatoms are 1993)
able to synthesize two LHCs that are specifically involved in photo protective mechanisms. The light
harvesting complex stress-related proteins (LHCsR) and the fucoxanthin chlorophyll a/c2 complex (FCP)
(Grabowski et al., 2001; Premvardhan et al., 2000). Diatoms, always contain maximum amounts of the
LHCsR family pigment-protein complexes with high amounts of Car and are therefore always prepared
for excess light irradiance (Abe & Gianesella-Galvao, 1991; Bailleul et al., 2010; Falkowski, & Owens,
1980; Niyogi & Truong, 2013). This preventive protection causes a very efficient non photochemical
guenching (NPQ) for diatoms. Compared to higher plants, the diatom’s NPQ is three to five times higher
(Ruban et al., 2004). Thus, the high NPQ and therefore the possibility for diatoms to maintain the

reaction center during high light makes diatom cells well-adjusted to high light conditions.

In contrast to diatoms, green algae have to synthesize extra quenching pigments to protect the cell from
damage caused by excess energy (Holt et al., 2005). Cells grown in high light environments synthesize six
times more zeaxanthin than cells grown in low light (Perrine et al., 2012). In fact, under light inhibition,
the pigment content of some species of green algae can consists of up to 59% of carotenoids (Qin et al.,
2008). Also dinoflagellates exposed to high light synthesize large amounts of quenching pigments and
also increase the Chlc content (Berdalet et al., 1992). Hence, even though their quenching pigments have
to be induced, green algae and dinoflagellates are classes that are also well adapted to high light
environments.
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Cyanobacteria, too, increase their carotenoid content (Pattanaik et al., 2012). Furthermore, cells
exposed to high light synthesize less but larger PBPs, and less thylakoid membranes (Kana & Glibert,
1987; Pattanaik et al., 2012). Within the PBPs the PE:PC ratio increases up to 26:1 (Ardoz & Hader, 1999).
Within PE, the chromophores phycourobilin (PUB) and phycoerythrobilin (PEB) ratios change. If cells are
exposed to bright light the PUB:PEB ratio increases (Kipper et al., 2009). Ardoz & Hader (1999) suggest
that PE might have an additional protective function, due to the high losses of absorbed energy as
fluorescence. However, little evidence is available to support this hypothesis. Furthermore, in all species
that synthesize PE, PE drastically decreases when cells are exposed to high light (Figure 4-2) (Gerber &
Hader, 1993; Kana & Glibert, 1987). Although cyanobacteria decrease all PBP pigments, a strong
decrease in chlorophyll has not been observed (Pattanaik et al., 2012). When exposed to high light,
cyanobacteria accumulate the CP43 complex (IsiA) (Table 4-1). If the IsiA operon is removed, pigments
become bleached when exposed to high light. Therefore, IsiA has an important function in the protection
against light inhibition (Cadoret et al., 2004; Havaux et al., 2005). In contrast, the DV-Chl a binding PCB
light-harvesting protein complex of Prochlorococcus is highly sensitive to high light exposure and
bleaches quickly once exposed to high light (Andrizhiyevskaya et al., 2005; Mella-Flores et al., 2012;
Mimuro et al., 2011). Consequently, Prochlorococcus marines must depend on the quenching function of
zeaxanthin to limit protein damage (Partensky et al., 1999).

When the high light adapted Synechococcus strain MED4 and the low light adapted strain S$120 strain
are being exposed to high light (80 umol photons m™ s™) both strains reduce their D1 (reaction center)
concentration. However, MED4 reduces the concentration of D1 more strongly compared with SS120.
The decrease in D1 is part of the photo inhibition process and might be due to the rapid replacement of
the alternate D1 protein (D1,) or the degradation of D1 that might be replaced later on in the process or
is not be replaced at all when irradiance stays high (Aro et al., 1992; Clarke et al., 1993; Garczarek et al.,
2008; Thiele et al., 1996).

Another adaptation of cyanobacteria to high light is the orange carotenoid protein (OCP). OCP has a low
guantum yield of about 0.03 (Punginelli et al., 2009). Compared to CPC and B-PE with a quantum yield of
0.51 and 0.98, energy transfer by OCP is negligible and OCP probably only functions as a sensor for high
blue light irradiance and as a non-photochemical quencher (NPQ) (Wilson et al., 2008). A closely related
protein complex is the red carotenoid protein (RCP) which is derived from OCP by removal of
approximately 160 amino acids (Kerfeld, 2004a).This removal exposes the carotenoid molecule 3'-
hydroxyechinenone (Chabera et al., 2011). Therefore RCP has a higher quenching capability (Kerfeld,
2004b). However, at this day little is known about the adaptive capabilities and the distribution of OCPs
and RCPs.

4.2.2 The efficiency of pigments during high light availability

Too much light energy may become damaging to pigment as well as protein-complexes such as reaction
centers. To protect the reaction centers during high-light, the total number of photosynthetic pigments
decreases or pigment-complexes can decouple from PSII, which decreases the interaction between
pigments and suppresses the energy transfer (Akimoto et al., 2012). Hence, less energy reaches the
reaction center, therefore less damage to the reaction centers will occur (Nakajima & Ueda, 2000). As a
result the photosynthetic productivity of phytoplankton with fewer interacting pigments increases
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compared to cells that become light damage due to excess transfer of energy (Nakajima & Ueda, 2000).
Yet, compared to low light, under high light the photosynthetic efficiency decreases and cells become
light saturated faster and therefore have a lower maximum photosynthetic rate (P..x) (Falkowski, 1984).
However, this only applies to the photosynthetic efficiency per phytoplankton biomass, the
photosynthetic efficiency per chlorophyll is higher when light availability is higher (Zou & Gao, 2009).

How much the photosynthetic efficiency increases or decreases per biomass depends not only on the
number of functional photosynthetic pigments but also on the number of quenching carotenoids (Zhu et
al., 2010). Because quenching pigments have a low photosynthetic efficiency, the 6.8 fold increase of
guenching pigments in green algae might be the reason for the strong decrease in maximum
photosynthetic rate during prolonged light inhibition (Perrine et al., 2012). Similarly, the increase of
diatoxanthin in diatoms also causes a significant decrease in the maximum quantum yield of
photosynthesis (Domingues et al., 2012). However, more damage occurs when fewer carotenoids are
available (Sandmann et al., 1993) which also results in a decrease of photosynthetic efficiency. Thus,
species that are capable of coping with high light irradiance can, despite their lowered P,,,, grow better
when exposed to high light (Falkowski, & Owens, 1980). In example, many species of green algae do not
experience growth inhibition while exposed to a constant high irradiance (Deblois et al., 2013).

In Prochlorococcus, DV-Chl is prone to damage caused by singlet oxygen and becomes therefore non-
reactive quickly in high-light environments (Andrizhiyevskaya et al., 2005; Domingues et al., 2012; Mella-
Flores et al., 2012; Mimuro et al., 2011). In addition, cyanobacteria that contain high PC amounts also
have low photosynthetic activity when exposed to high light (Nakajima & Ueda, 2000). Hence, their
photosynthetic activity increased when cells were modified to synthesize fewer PCs (Nakajima, et al,,
1998). PE-rich strains are also sensitive to high light conditions and reached highest photosynthetic and
growth rates at low light intensities (Moser et al., 2009). It is suggested that cyanobacterial growth is
inhibited under high light conditions (1000 umol photons m™) (Deblois et al., 2013), and that
cyanobacteria therefore are superior light competitors in light limited waters (Downing et al., 2001).

4.3 Temporal dynamics in pigment composition in reaction to light

Unlike most photosynthetic organisms, phytoplankton are not fixed within their environment, but drift
along different light environments depending on the currents or the wind mixing the water body.
Therefore, depending on the habitat, most phytoplankton can adapt to light changes. However, species
like Prochlorococcus that live deep in the ocean and that are adapted to low light environments may face
fewer changes in light environments than species living at the water surface, or in coastal waters that
have, because of tides and waves, more fluctuation in light environments. Therefore, changes in pigment
composition in response to light changes varies among phytoplankton classes (Falkowski, & Owens,
1980).

Diatoms that are suddenly exposed to high light showed little changes in their chlorophyll content and
donor chlorophyll Chl p700 (located in the reaction center converting energy). This implies that the
number of photosynthetic systems in the diatoms’ thylakoid membrane stays the same when exposed to
different light irradiances (Anning et al., 2000; Falkowski, & Owens, 1980). However, when cells are
exposed for a longer time to high light the chlorophyll level decreased by 2.5 fold. This adaptation was
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reached after five days. Thereafter, when cells were exposed to low light it took three days to get back to
the steady state (Anning et al., 2000). Anning et al., (2000) suggested that the lower quantity of
chlorophyll during periods of high light exposure is not due to degradation of chlorophyll, but is due to a
higher growth rate, while the chlorophyll synthesis rate lowers or remains the same (Post et al., 1984).
Nevertheless, chlorophyll exposed to high light produces singlet oxygen that harm the pigment-protein
complex which could be an additional cause for the reduction of chlorophyll in high-light exposed cells.

While changes in Chl concentrations take places over days the xanthophyll cycle of diatoms is a fast
process (Ruban et al., 2004). Diatoxanthin (DT) concentration in diatom cells sharply rise within 10
minutes when exposed to high light and within 1 hour 62% of diadinoxanthin (DD) was converted to DT
(Domingues et al., 2012). Hence, the ratio of DD and DT differed significantly between high and low light
irradiance. The fact that the total DD+DT in cells exposed to high-light and low-light stayed the same,
confirmed that DTs are involved in the xanthophyll cycle (Domingues et al., 2012). Furthermore, cells
may synthesize additional diadinoxanthin when chlorophyll is damaged due to photo oxidative stress
(Cruz & Serodio, 2008). When diatom cells were relived from light stress DD fully recovered (non-
photochemical quenching relaxation) within =20 minutes (Domingues et al., 2012).

The fast changes in the xanthophyll cycle of diatoms when they are faced to high light pose an excellent
protection during intermittent light exposure, and thus in turbulent waters (Lavaud et al., 2002). The fast
synthesis of LHCsR also in non-light stressed situations (Bailleul et al., 2010; Niyogi & Truong, 2013),
which maintains the photosynthetic reaction center (Falkowski, & Owens, 1980) together with the
diatoms xanthophyll cycle, make diatoms well-adjusted to fast changing light environments.

In green algae, during exposure to high light, zeaxanthin is formed from violaxanthin to quench excess
energy (Holt et al., 2005). Non-photochemical quenching already sharply increased after 15 seconds
(Bautista & Necchi-Junior, 2008). However, when green algae are exposed to high light for a longer
period of time (28 days) the maximum photosynthetic rate decreases significantly, whereas no
difference is seen after four days high-light exposure (Bautista & Necchi-Junior, 2008). Furthermore, in
contrast to diatoms, in green algae the number of Chl p700 changes when adapting to light shaded
environments (Falkowski, & Owens, 1980). Some green algae are well adapted to changing environments
because of the synthesis of LHCsR which in green algae, consist of 7 chlorophylls and 6 carotenoids
(Table 3-4) and are capable of activating the xanthophyll cycle (Bonente et al., 2011; Mou et al., 2013).
However, unlike diatoms, green algae only express the genes encoding for LHCsR under light stressed
situation (Dong et al., 2012; Liguori et al., 2013; Niyogi & Truong, 2013). Therefore, green algae are less
efficient in dealing with short light saturating intensities than diatoms.

Cyanobacteria are capable of changing the composition of their PBSs and compared to Prochlorococcus,
cyanobacteria that do synthesize PBS have an advantage in habitats where light may alternate between
high and low (Six et al., 2007a). Such adaptation is seen in PE, which can change the PUB:PEB ratio
depending on the environment and strain. For example, PE under low light showed a 20 fold higher
plasticity in adaptation compared to cells exposed to high light (Harrison et al., 1990). Furthermore,
strains with a low PUB:PEB ratio tend to adapt the PUB:PEB ratio more strongly in reaction to a changing
environment (Palenik, 2001). Hence, high light adapted strains with fewer but larger PBS may already
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contain the maximum number of PEs with a maximum PUB:PEB ratio which leaves little space left for
further adaption.

When light drastically increases, PBS starts to decouple from the donor chlorophyll in the reaction center
within =20 seconds and after within =5 minutes most PBPs are decoupled (Klpper et al., 2009). However,
how fast PBPs such as PE decrease after decoupling may depend on the strain. The higher light adapted
strain Synechococcus, has a relatively fast response in reducing PE levels when exposed to high light.
After five days PE levels have plummeted as a reaction to high irradiance. In contrast, the PE levels from
the strain BO8808 adapted to lower light starts to decrease PE levels after five days and PE levels are
dropped steadily only after 12 days (Postius et al., 1998). Hence this slow reaction from the strain
BO8808 could lead to significant damage to the photosystem when exposed to high light irradiance.
Furthermore, not only cyanobacteria are capable of decoupling their PBS, also red algae are capable of
decoupling their PBS from the PS (Stadnichuk et al., 2011).

While, in cyanobacteria, PBS decreases in high light environments, levels of CP43 (expressed by the isiA
gene) increase (Partensky et al., 1997). In the presence of CP43 cells recover within 24 hours from light
stress, whereas cells without CP43 did not recover to the original pigment content (Park et al., 1999). In
addition cyanobacteria respond quickly to UV-B; within 15 minutes the reaction center D1, gets replaced
by an alternatively high light adapted D1, protein (Campbell 1998; Clarke et al., 1993; WU et al., 2011).
However, in contrast to the decoupling process of D1, it takes 16 hours before the concentration of the
original D1, is fully recovered (Lohscheider et al., 2011). And although cyanobacteria are capable of
adjusting the concentration of their photo protective chromophores they do not possess a xanthophyll
cycle (Rascher et al., 2003; Schagerl & Miiller, 2006), therefore the synthesis of photo protective
chromophores takes longer than in e.g. diatoms and green algae.
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4.4 Light quality
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1991; Aidar et al, 1994). However, the Chla/Car

ratio does not increase, corresponding to reports that diatoms in general assemble Car when Chl is

assembled (Abe & Gianesella-Galvao, 1991). Cyanobacteria grown under red-light synthesize more PC

compared to PE (De Marsac, 1977; Parmar et al., 2013; Stomp et al., 2008; Whitaker et al., 2011;

Whitaker et al., 2009), also more APC is synthesized and therefore cells synthesize more but smaller PBSs

(Whitaker et al., 2011; Whitaker et al., 2009). However, not always do cyanobacteria need to synthesize

more PBS. If the freshwater cyanobacteria Arthrospira platensis is exposed to red light they synthesize

lower quantities of PBSs compared to other colors. In addition cells of A. platensis did grow even more

rapidly under red light (Akimoto et al., 2012). Hence, cells of A. platensis grown under red light can

harvest the light by using the donor Chl in the reaction center ChIF760 and therefore directly invest the

energy in growth rather than in pigment content (Akimoto et al., 2012).

Due to the high efficiency of PBSs, energy transfer is most efficient when cells are exposed to yellow/red
light (Akimoto et al., 2012; Gloag et al., 2007). Therefore, phytoplankton species synthesizing PBS have
an advantage in turbid waters with a red shifted light spectrum. Some cyanobacteria such as
Acaryochloris marina synthesize Chld, a far red light (710nm) absorbing chromophore (Gloag et al.,
2007).Hence, the growth rate of cyanobacteria Acaryochloris marina is higher when it is exposed to red
light compared to green light (Gloag et al., 2007). Yet, not all species are more efficient while exposed to
red light. For example, the growth rate of diatoms, when exposed to red light, is lower than when cells
are exposed to blue or white light (Costa et al., 2013).
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4.4.2 Composition of pigments during blue shifted light

Blue light triggers the synthesizes of photoprotective pigments such as fucoxanthin, MAAs (Cadoret et
al., 2004; Costa et al., 2013; Montgomery, 2007; Wilson et al., 2008). Hence, under blue light fucoxanthin
amounts are higher compared to other colors, but also Chlc increases (Aidar et al, 1994; Costa et al.,
2013; Mouget et al., 2004; Valle et al., 2014). The increase of Chlc and carotenoids results in a strong
absorption in the blue part of the spectrum (450-500nm) (Bidigare et al., 1990). The strong absorption of
pigments like Chlc and carotenoids which occur in diatoms, dinoflagellates and coccolithophores results
in a high photosynthetic activity in the blue part of the spectrum by these classes (Jiang et al., 2012;
Glover et al., 1997). This coincides with a high growth rate under blue light of in diatoms, dinoflagellates
and coccolithophores (Abe & Gianesella-Galvao, 1991; Aidar et al, 1994; Costa et al., 2013; Holdsworth,
1985; Mouget et al., 2004; Oh et al., 2008).

In cyanobacteria the synthesis of the photo protective pigment-complex such as CP43 is triggered by
blue light (Cadoret et al., 2004). Furthermore, under blue light PE/Chl ratio increases compared to other
colors or white light in red algae (Brody & Emerson, 1959). The cyanobacterium F. diplosiphon grown
under green light synthesizes =4 fold higher amounts of PE compared to PC (Whitaker et al., 2011;
Whitaker et al., 2009). However, when light shifts towards UV-B the concentration of PE decreases
(Ardoz & Hader, 1999). Furthermore, during blue light exposure the cyanobacteria Spirulina fussiformis
decreases the number of PBPs and up regulate Chl that can result in Chla numbers that exceed the
number of the other pigments (Madhyastha & Vatsala, 2007). Because PBPs are highly efficient in
transferring energy, cells lose this efficiency when exposed to blue light (Akimoto et al., 2012) that result
in a lower photosynthetic efficiency and therefore a lower growth rate when cyanobacteria and red
algae are grown under blue light (Aguilera et al, 2000; Figueroa et al., 1995).

The role of mycosporine like amino acids

Mycosporine like amino acids (MAA) are light absorbing secondary metabolites that are associated with
the absorption of UV light and the protection of cells against photo oxidative stress (described in Chapter
3.6.1). The exact role of MAA's in different species of phytoplankton seems to differ. For example,
concentrations in symbiotic dinoflagellates did not seem to depend on UV irradiation (Banaszak et al.,
2000). However in non-symbiotic oceanic dinoflagellates MAAs do seem to play a role in UV protection
(Singh et al., 2008). In the cyanobacteria Microcystis aeruginosa MAA’s do not seem to play a crucial role
in photo protection (Hu et al., 2014). In contrast, MAA concentrations do increase significantly in
response to UV-B exposure in Aulosira fertilissima, Scytonema, Nostoc, and Anabaena (Mishra & Richa,
2014; Mushir & Fatma, 2011; Sinha et al., 2001). The difference between these cyanobacteria and their
reaction to the exposure of UV-B might be due to the differences in habitat. Aulosira, Scytonema,
Nostoc, and Anabaena occur both in freshwater and terrestrial habitats and must therefore be well
adapted to high UV light irradiance. In contrast Microcystis only inhabits freshwaters and is therefore
less exposed to UV light (Bharadwaja, 1934). However, the adaptation through MAAs to higher UV-B
irradiance is a relative slow process and showed no difference in concentration after 24 hours increased
UV-B irradiance. After 48 hours of increased UV-B a =1.5 fold increase of MAA was observed (Mishra &
Richa, 2014). This might indicate that MAA unlike e.g. the xanthophyll cycle is less functional in adapting
to high or low light irradiance but might form an important protection in species continuously exposed to
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high UV irradiance such as mat forming species, or species habiting alpine lakes (Mishra & Richa, 2014;
Mushir & Fatma, 2011; Sinha et al., 2001; Tartarotti & Sommaruga, 2006).

4.4.3 Dynamic pigment composition in changing light quality

Many cyanobacteria are well capable of adjusting to a changes in light quality through chromatic
adaption. Chromatic adaption leads to a change in the PUB:PEB ratio. However, strains with a low
PUB:PEB ratio tend to adapt more strongly and faster to a changing environment (Palenik, 2001). The
Synechococcus coastal strains, CC9311 and CC9617 or the motile strain WH8113 double their PUB:PEB
ratio when faced with increasing blue light (Palenik, 2001). However, high light adapted strains with high
PUB:PEB ratios are not capable of increasing the PUB:PEB ratio even more in response to increased blue
light irradiance (Harrison et al., 1990). In contrast, the red or low light adapted species could convert PE
rich PUB into PC or into PE rich PEB shifting the light absorption to the blue part of the spectrum.

The high-light adapted open ocean
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changes in light quality due to the Figure 4-4 The light penetration as a function of available light quantity and quality of
turbidity of its habitat and has clear oceans (subtropical Pacific Ocean), coastal waters (Baltic Sea) and a peat lake

N (Lake Groote Moost, Netherlands) (d,e,f) as a result of light absorption by dissolved
overall a greater ability to adapt to a organic matter (a,b,c). Prochlorococcus found in clear oceans has a strong absorption
changing environment (Palenik et al., ©on the blue part of the spectrum (g), while the light absorption of red cyanobacteria is
2006 shifted to the green part of the light spectrum (h). Green cyanobacteria found in peat

)- lakes absorb light more strongly in the red part of the light spectrum (I)
Within the marine cyanobacteria Synechococcus, light quality did not have an effect on the
concentration of APC or the size of the PBS. This implies that the number of PBSs stays the same while
exposed to different colors, (De Marsac, 1977; Everroad et al., 2006). But also the far-red light adapted
marine species Acaryochloris marina adapts less well by chromatic adaptation to light changes compared
to freshwater cyanobacteria species (Gloag et al., 2007).
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4.6 Phytoplankton distribution in response to light

The distribution of phytoplankton depends on a great number of factors and light quantity and quality is
one of them. Pure distilled water absorbs photons with a wavelength higher than 550nm (Morel, 1974),
while dissolved substances in water cause more photons to be absorbed in the blue part of the spectrum
(=440nm) (see Figure 4-4 a till c) (Davies-Colley & Vant, 1987; Kirk, 1994). Furthermore, the availability of
photons also differ over the depth of the water column. In the deeper layers of the water column less
light is available for photosynthesis and in clear water only the blue light is capable of penetrating the
column to the deeper layers (Blankenship & Chen, 2013). By synthesizing pigments with an absorption
spectrum that fits the light irradiance, phytoplankton can adjust to different light environments (see 4-4
light quantity and 4-5 light quality) (Figure 4-4). However, phytoplankton classes differ in the pigment
types they can synthesize. For example, diatoms synthesize protein-pigment complexes that are
efficient in light harvesting during exposure to high light or blue light (Glover et al., 1997) but they are
not capable of synthesizing PBPs that are efficient in harvesting red light or harvesting light when light is
limiting. It is therefore expected that the pigment composition differs per light environment and that
some species might not be able to inhabit water with light irradiance that do not suit their absorption
spectrum.

4.6.1 Light quantity and phytoplankton distribution

The fast changes induced by the xanthophyll cycle of e.g. diatoms, coccolithophores and dinoflagellates
pose an excellent protection during intermittent light exposure, and thus in turbulent waters (Lavaud et
al., 2002). Hence, species that possess a xanthophyll cycle and or fucoxanthin are well adapted to
environments such as coastal areas, estuaries, or surface mixed layers (Figure 4-5) (Ansotegui et al.,

2001; Brunet & Lavaud, 2010; Gévaert et al., 2003; Lavaud et al., 2007; Seoane et al., 2006).

,— ¢ e,
Figure 4-5 Diatoms can thrive well in swallow streams and rivers, such as the film of diatoms formed on the rock (giving the
rock its brown color) showed on the right-hand side (Lange-Bertalot & Ulrich, 2014).

Furthermore, species with good NPQ abilities are more resistant to high light. For example, the high
amount of LHCsR in diatoms give an advantage in high-light environments (Bailleul et al., 2010; Niyogi &
Truong, 2013). Furthermore, the ability to maintain the photosynthetic reaction center (Falkowski, &
Owens, 1980) makes diatom cells well-adjusted and well capable of anticipating to fast changes in light
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irradiance. In addition, diatoms are capable of coping with 2,000 pmol photons m*s™, corresponding
water surface light intensities at noon on a bright day in the Atlantic Ocean, for at least one hour (Lavaud
& Kroth, 2006; Lavaud et al., 2002). Dinoflagellates are also well adapted to high (intermittent) light but
are also poor competitors for light at low light intensities (Ansotegui et al., 2001; Schwaderer et al.,
2011). Phytoplankton that synthesize PBPs like cryptomonads, do not possess a xanthophyll cycle, and
are therefore poorly adapted to high light intensities. Hence, the number of cryptomonads cells
decreases when light in the environment increases, while the number of diatoms increases (Henriksen et
al., 2002).

Distribution of phytoplankton in environments with changing light quantities

Phytoplankton classes that have a xanthophyll cycle such as diatoms, Xanthophytes, coccolithophores,
and dinoflagellates synthesize photoprotective pigments at a fast rate. Cyanobacteria, cryptomonads
and red algae lack such cycles (Goss & Jakob, 2010; Holt et al., 2005; Rascher et al., 2003; Raven, 2011;
Schagerl & Miiller, 2006). Hence, cyanobacteria exposed to high light, have to include quenching
carotenoids in their PBPs or detach their PBPs to protect the reaction center from excess light energy
(Niyogi & Truong, 2013). Thus, adjusting to light-changing environments takes longer for cyanobacteria
than for species that can activate a xanthophyll cycle such as diatoms or green algae. However,
cyanobacteria have better NPQ abilities at the surface, which indicates that they can discard excess
energy better than species such as diatoms,
green algae and dinoflagellates (Zhang et
al., 2008). This suggests that cyanobacteria
are favored by stratified water columns that
offer a steady light environment (Figure 4-
6). Not only are cyanobacteria favored by a
non-mixing environment, but also the PBS
containing red algae, cryptomonads and
even dinoflagellates that have a xanthophyll
cycle are dominant in stratified waters or
poorly mixed waters (Bleiker & Schanz,
1997). However, compared to other
phytoplankton classes, cyanobacteria are

relatively bad competitors in waters with a

Figure 4-6 A cyanobacteria bloom (referred to as ‘pea soup’ because
of the thickness and color) in a stratified lake.
(Schwaderer et al., 2011). Source: http://ks.water.usgs.gov/cyanobacteria

high irradiance and thus a high visibility

The fast adaptation of the xanthophyll cycle poses a good protection in turbulent waters. However, it
might not be the best adaptation to constant high light. Generally, it is efficient for diatoms, to maintain
the reaction center during light changes (Anning et al., 2000; Falkowski, & Owens, 1980); for diatoms in a
changing light environment, this adaptation might be redundant because it costs too much time.
However, many diatoms might therefore not be well adapted to constant high light environments. Since
the green algae D. tertiolecta mainly lives in habitats that are constantly exposed to high irradiance, it
might strategically decrease its number of reaction centers, which might be a slower but a more efficient
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adaptation to constant high light exposure. For example, the diatom Skeletonema costatum has a low
light-saturated rate of photosynthesis and is therefore faster saturated in higher light irradiance than the
green algae Dunaliella tertiolecta (Falkowski, & Owens, 1980). But, compared to diatoms and
coccolithophores, green algae absorb least in the blue part of the spectrum and are therefore less able
to absorb light in clear open oceans (Fujiki & Taguchi, 2002).

4.6.2 Light quality and phytoplankton distribution
PC rich cyanobacteria are more likely to be found in

Solar spectra under water
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have significantly higher concentrations of
photoprotective B-carotenoid like pigments

compared to PE rich strains from several meters Figure 4-7 Light penetration as a function of pein and wavelength

depth (Lohscheider et al., 2011). in clear water measured over different depths (Blankenship &
Chen, 2013)

4.6.2.1 The distribution of marine cyanobacteria

Open ocean cyanobacterial species often contain high quantities of PE with high levels of PUB or variable
PUB:PEB ratios. Whereas freshwater- or coastal marine species contain low concentrations of PE that
bind low numbers of PUB or, in some cases species may even lack PE and thus PUB (Everroad, & Wood,
2012; Olson et al., 1988). For example, species of Synechococcus that inhabit fresh waters or turbid
marine waters, are rich in PC compared to PE and often only bind PEB and no PUB to the PE (Haverkamp
et al., 2008; Patel et al., 2005; Quinlan & Phlips, 2007). This difference is not only seen between fresh-
and marine water species, but also among marine species. The Synechococcus strain WH8102 is found in
open marine waters and uses PE as the main light harvesting pigment with a high PUB:PEB ratio and thus
absorbs light shifted towards the blue part of the spectrum. While the Synechococcus strain WH7803,
which is mainly found in coastal waters, also uses PE as the main pigment but has a low PUB:PEB ratios
and thus absorbs more in the green part of the spectrum (Figure 4-8) (Everroad & Wood, 2012; Scanlan
et al., 2003; Six et al., 2007). Furthermore, coastal strains overall have a low PUB:PEB ratio and a greater
ability to adapt to changing environments than strains found in open oceans (Palenik et al., 2001, 2006).
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Often deeper aquatic environments have low visible light irradiance due to the absorbed photons of
organisms in the upper layers of the water column. Therefore, phytoplankton species living in these
environments absorb photons in the infrared part of the spectrum up to 750 nm by binding high
guantities of Chl d and phycobilins (Blankenship & Chen, 2013; Gan et al., 2014). An extreme example of
a marine species with a red light shifted absorption spectrum is the cyanobacteria A. marina that often
lives in these environments with low visible light irradiance (Gan et al., 2014).
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Figure 4-8 The relative PUB:PEB ratio and fluorescence of different Synechococcus strains from different habitats. Strains with a high PUB:PEB

ratio inhabit clear open oceans and absorb strongly in the blue part of the light spectrum (orange line), while strains with a low PUB:PEB
ratio or PUB lacking strain inhabit coastal area and absorb stronger in the red part of the spectrum (pink and red respectively)

As discussed in subsection 4.3, there is a difference in the size and quantity of PBS per cell in different
cyanobacterial species and strains. In higher light intensities cells synthesize larger but less PBS. In
addition, mesotrophic marine species, such as the strain Synechococcus RCC307 have many but smaller
PBSs compared to the strains living in oligotrophic waters such as R$9917 (Six et al., 2007b). The
difference between the quantities of PBSs is even larger when fresh- and marine species are compared.
For example, the freshwater cyanobacterium Spirulina sp. has up to 4 fold higher PBS concentrations
compared to marine species (Patel et al., 2005). In conclusion, species living in high light or blue light
contain larger PBS probably due to the linking of PE to PC. In addition, linking PE to PC gives the
advantage of absorbing light shifted to the blue part of the spectrum. However, due to higher irradiance
less thylakoid membranes are present in the cells of high-light adapted marine species, so less PBS can
be attached to reaction centers (Kana & Glibert, 1987).

In fresh waters, cyanobacteria are likely to be found in waters with a light irradiance between 565 and
620 nm (Ssebiyonga et al., 2013). Considering that turbid waters have green to red light (500-650nm),
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this gives cyanobacteria that contain PBSs an advantage over phytoplankton that mainly contain high
amounts of chlorophyll and carotenoids. Indeed, most of the cyanobacterial absorption spectrum
matches the irradiance (500-650nm) of turbid waters (Bryant et al., 1976; Six et al., 2010; Wang et al.,
2014).

4.7 Similar patterns in light availability and light quality

There are several similarities between the adaptation to changes in light quality and light quantity.
Phytoplankton cells exposed to high light often adapt by absorbing more light in the blue part of the
spectrum (Bidigare et al., 1990; Harrison et al., 1990; Jiang et al., 2012; Tamary et al., 2012). An
exception to this rule are DV-Chl a binding PCB light-harvesting protein complexes and Chlid that are
prone to damage caused by excess light (Andrizhiyevskaya et al., 2005; Domingues et al., 2012; Mella-
Flores et al., 2012; Mimuro et al., 2011). Cells exposed to low light absorb more light in the red part of
the spectrum (De Marsac, 1977; Kwon et al., 2013; Six et al., 2007a). For example, when cryptomonads
cells are exposed to high light (550 pmol quanta m™ s ™) a large part of the light absorption is being
absorbed in the blue part of the light spectrum. However, this shifts once cells are exposed to lower light
irradiance (18 pmol quanta m™s™), when more light is absorbed in the red part of the light spectrum
(Sciandra et al., 2000). Cyanobacteria grown in red light or low light availability become smaller in cell
size but contain more PBSs, while cyanobacteria grown in blue light or bright light are larger but contain
fewer PBSs (Whitaker et al., 2009 & 2011). However, some wavelength of light are also triggers for the
synthesis of specific pigments. Such as blue light triggers the synthesis of quenching pigments such as
carotenoids, CP43 and OCD (Cadoret et al., 2004; Costa et al., 2013; Wilson et al., 2008) that may cause
the concurrence of an adaptation to high light. Therefore, in further research it is advised to take these
concurrences between light quantity and quality into account.
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5. Nitrogen availability
All proteins and all chromophores contain nitrogen (Figure 5-1). Without nitrogen, photosynthetic
activity would not be possible. Consequently, higher nitrogen concentrations result in a higher quantum
yield, a higher maximum rate of electron transport and higher oxygen production, which are all signs of
CHoCH;  CHy improved photosynthetic performance (Ostrowska,
2011; Palmer et al., 2013; Sutherland et al., 2014). In
= = contrast, when phytoplankton species experience a

CO,CH, shortage in N availability, the most obvious change is
Mg a decrease in nitrogen-rich photosynthetic proteins

\

HyC=CH Sy~

(reviewed in Turpin, 1991).
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Figure 5-1 The chemical structure of chlorophyll, which contains 4 N atoms per molecule. (Source picture: Chemical of
the Week — CHLOROPHYLL scifun.chem.wisc.edu)

Several chemical forms of nitrogen (hereafter referred to as ‘N’), such as nitrate (NOs’) and ammonium
(NH,4) can be used by phytoplankton to build chromophores, proteins and other N-requiring structures.
However, the cost in terms of light energy to assimilate the N-atoms depends on the chemical form of
nitrogen. If NOs" is used as an N-source, 1.5 fold more photons are required for protein synthesis than
when NH," is used (Raven, 1984). Consequently, if nitrogen is available as NOj3’, cells need to use 1.5 fold
more light energy to build the same protein-pigment complex as when NH," is available (Figure 5-2).
Because NH," is cheaper to assimilate, more photons can be used for growth (Raven & Hurd, 2012). The
concentrations of NH," are usually higher in the top layers of the water column where sufficient light
might be available, while NO;’is limited in the top layers (Figure 5-3). Furthermore, the uptake of NOs-
can be inhibited by high

concentration of NH,", but onl n wall Il 1 i 1 < -
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Thus, the variety in qualitative
and quantitative N-demands of

different phytoplankton species
phytop P Figuur 5-2 A schematic map of the intracellular pathways if different sources of N

may (partly) explain their are used. If NO; is used, it first has to be reduced to NH," that in terms requires
ecological distribution. more light energy (Mulholland & Lomas, 2008)

The effect of different light and nitrogen availability on the composition of phytoplankton communities 53 | Page


http://scifun.chem.wisc.edu/chemweek/chlrphyl/chlrphyl.html

5.1 Different chemical forms of nitrogen

When discussing N-availability it is of great importance to take the different chemical forms of N into
account. Some species prefer NH," while others prefer NO; (Lomas, 2004; Maldonado & Price, 1996;
Waser et al., 1999). In general, cyanobacteria prefer to assimilate the cheaper NH," as a source for N,
even when NOs- is =40 fold more abundant, while diatoms seem to prefer NO;” (MacFarlane & Raven,
1990; Kolodny et al., 2006; Raven & Hurd, 2012). For example, even though the cyanobacterium
Synechococcus can use both NOs- and NH,", in North Atlantic, Synechococcus has a higher growth rate
when using NH," (Maldonado & Price, 1996). In contrast, diatoms in the North Atlantic have a faster
growth rate when using NOs™ (Ludwig & Bryant, 2012; Maldonado & Price, 1996). Furthermore,
cyanobacteria grown on NH," contain a higher PBP concentration per cell than cells grown on NO3”
(Carmona et al., 2006; Kolodny et al., 2006). Hence, these differences have a great influence on the
distribution and competitive qualities of phytoplankton. For example, the Haptophyte Phaeocystis also
has a higher growth rate when NH," is used as a source of N, allowing them to outcompete diatoms in
NOs- limited environments (Tungaraza et al., 2003).

These differences in preference for N-source are also seen among different strains of one species, for
example among the MED4, MIT9313 and S5120 strains of Prochlorococcus. The high-light ocean surface
inhabiting strain MED4 has lost its NOs- and NO,- transporter and NOs- reductase genes (Figure 5-2).
Consequently MED4 can only use NH," as a source for N. The mid-light adapted strain MIT9313 has also
lost the capacity to use NOs-, but is able to use NO,- (Rocap et al., 2003; Scanlan & West, 2002; Ting et
al., 2002). The only strain of Prochlorococcus capable of using NOs- and NO,- is the low-light adapted
strain $5120 (Scanlan & West, 2002). Strain SS120 however, originates from the deep waters of the
oceans (below 170 meters ) where NO3- becomes more abundant (Malmstrom et al., 2010; World ocean
atlas, 2009; Figure 5-5) and where the uptake of NOs- is not inhibited by NH," such as in high light
environments (Mulholland & Lomas, 2008).
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Figuur 5-3 A schematic picture of “the biological pump” where N is being fixated by N-fixating bacteria forming NH; and
NH," that is regenerated at the surface. NOj; is transported to the top layers by mixing of waterlayers throught waves,
currents or changes in watertemperature (Sohm et al., 2011).
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5.2 Differences in nitrogen availability and pigment composition

Because all photosynthetic phytoplankton contain chlorophyll a and reaction centers, there are some
general effects of N-availability that occur among all phytoplankton species. Other effects are more
species or pigment specific. In general, when N becomes limiting, the quantity of chlorophylls decrease
while the number of carotenoids and MAAs increases (Berges et al., 1996; Frada et al., 2013; Llewellyn et
al., 2012; Merzlyak et al., 2007; Peperzak et al., 2014). The increase of carotenoids during N-limitation
often coincides with the increase of the lipid/N ratio. Diatoms and coccolithophores from N limited
environments store energy absorbed from light in lipids, which function as a high energy source, while
less energy is invested in photosystems that are in high demand of N (Frada et al., 2013; Kaffes et al.,
2010). In addition, during N-limitation, carotenoids accumulate between lipids in the membrane and
diatoms therefore do not have to assemble protective carotenoids in expensive pigment-protein
complexes (Deruere et al., 1994; Havaux, 1998; Niyogi, 1999).

Despite the fact that chlorophyll content decreases during N-limitation, the concentrations of different
types of chlorophyll such as Chla, Chlb and Chl ¢ may differ. For example, at decreasing N availability, the
Chlc:Chla ratio increases, while the ratio Chlb:Chla decreases (Herzig & Falkowski, 1989; Silva et al., 2009;
Young & Beardall, 2003). Furthermore, the quantity of the D1 reaction center and the protein-pigment
complex CP43 (relative expensive pigment-protein complexes (Table 3-4) also decrease as a reaction to
N-limitation (Berges et al., 1996; Falkowski et al., 1992; Kolber et al., 1988). As a result of the decrease of
reaction centra, the photo efficiency decreases too (Berges et al., 1996; Kolber et al., 1988). PBPs are
compared to other pigments expensive in terms of N. Hence, in cyanobacteria, cryptomonads and red
algae, PBPs such as PC and PE decrease at a fast rate (=within 14 to 20 hours) after N becomes depleted
(Davies et al., 2014; Ludwig & Bryant, 2012; Sciandra et al., 2000; Silva et al., 2009; Stevens et al., 1981;
Wanner et al., 1986).

5.2.1 Cellular adaptation to low nitrogen availability

Exclusive to diatoms is the ornithine-urea cycle with multiple transporters for N. Other than diatoms only
animals have a similar urea cycle (Allen et al., 2011). However, diatoms do not use the urea cycle the
same way animals do, but use is to redistribute carbon and nitrogen in times of low nitrogen availability.
The possibility to redistribute N in an effective manner, gives diatoms the possibility to continue growth
when N is limited (Allen et al., 2011). Other N regulating transporters that become active when N is
limited have been found in the cell surface of coccolithophores, which also gives coccolithophores an
advantage in N-limited environments (Palenik & Koke, 1995).

The high efficiency of diatoms in the uptake and reduction of NO3 is shown by the leaking of reduced N,
which in turns also has a great impact on the environment. While diatoms take up NOs-, they release
NH.+ in reaction to increased light irradiance (Lomas et al., 2000). Although leaking of NH," is common
among more species, diatoms reduce NOs- faster and leak more N from their cells than species less
efficient in N uptake and with higher N demand such as dinoflagellates. The fast leaking of N, suggests
that diatoms are more efficient in the uptake and reduction of NO;" relative to their N demands for
growth (Lomas et al., 2000).
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Not all phytoplankton are phototrophic, some dinoflagellates are mixotrophic and are therefore capable
of ingesting macromolecules (Bockstahler & Coats, 1993; Klut et al., 1987), or can store N in a vacuole
(Kromkamp, 1987). Dinoflagellates therefore can maintain their expensive pigment-protein structures
during short term N-depletion. Another example of adaptation to low N availability is N, fixation by
certain cyanobacteria (diazotrophs). When N becomes depleted, diazotrophs have the capability to
convert N, to NH; and maintain or may even increase N expensive structures. When N, fixing
cyanobacteria are compared to non N, fixing cyanobacteria, little difference is found in the amount of
Chl and Car. However, where non N,-fixing cyanobacteria synthesize on average only 1% C-PE of all
pigments, N, fixing cyanobacteria assemble 8% of C-PE (Rodriguez et al., 1989). However, although N,-
fixation gives an advantage in N-supply (Ferber et al., 2004), it comes with high energetic costs (Jensen et
al., 1994; Kirchman, 2012) and is therefore N, is not a common source of N.

The function of C-PE as a storage for N

In cyanobacteria, cyanophycin (CP) is a well-known structure that functions as a storage for N (Obst &
Steinbiichel, 2006). But in 1985 Wyman et al., suggested that, besides cyanophycin, PE might have an
additional function as a storage for N. PE compared to e.g. chlorophyll pigment-complexes are, in terms
of N, expensive structures. Hence, in red algae PE is being reduced under N-limitation. In cryptomonads
after six days of N depletion, only 10% of the total PE remained (Sciandra et al., 2000; Silva et al., 2009).
When the cyanobacteria Phormidium tenue is faced with nutritional stress, cells degrade the C-PE
content, releasing amino acids for the assembling of essential proteins. However, initially not the
complete C-PE is degraded; the alpha subunit of C-PE with a molecular mass of 14kDa (aC-PE) remains
(Anwer et al., 2014; Parmar et al., 2011b; Soni et al., 2010). Hence, the total molecular mass of C-PE is
strongly reduced because of the reduction in amino acids.

The relative cost of the aC-PE protein-pigment complex is 2 fold lower than its original form (179 mol N
per mol chromophore for C-PE and 85 mol N per mol chromophore for the aC-PE) while remaining
photosynthetic active (Anwer et al., 2014, 2015; Parmar et al., 2011b; Soni et al., 2010) suggesting that
C-PE, in addition to CP, functions as a storage for N. As far as known, within cyanobacteria, only one
strain of the halotolerant Synechococcus has been found to contain both CPs and PEs (Wingard et al.,
2002; Newman et al., 1987). If it is true that cyanobacteria use C-PE to store N (Silva et al., 2009; Wyman
et al., 1985), it would answer the question why cyanobacteria synthesize larger C-PE units while one sub-
unit is sufficient for sufficient light absorption (Parmar et al., 2011b). Furthermore, the breakdown of C-
PE, while remaining photosynthetic activity, results in slow continued growth of Cryptomonad cells for
=4 days after N got depleted (Silva et al., 2009). While cells lacking C-PE arrest growth immediately after
N-depletion (Silva et al., 2009).

Despite the fact that Prochlorococcus cells do not synthesize PBS, their cells do contain PE. Even though
PE in Prochlorococcus might have a photosynthetic function (Lokstein et al., 1999), the quantity is
probably too low to have an impact on the absorption spectrum (Steglich et al., 2003). In contrast to the
D1 concentration, PE concentrations in Prochlorococcus do not change under N-depletion, suggesting
that PE in Prochlorococcus does not function as N- storage (Steglich et al., 2001), which leaves the
function of PE in Prochlorococcus unknown.
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5.2.2 Photo-oxidative damage from low nitrogen availability

While a great number of phytoplankton species are adapted to cope with a decrease in N-availability,
long-term shortage may lead to significant negative effects. Cells in N-limited environments with
expensive pigments may not have enough N available to repair photo-oxidative damaged pigment-
proteins that has occurred during the day time. Pcb’s in Prochlorococcus are quickly damaged when
exposed to high light irradiance due to the high light sensitivity of DV-Chl (Six et al., 2007).

Under low nitrogen pigment-protein complexes recover slowly or not at all (Six et al., 2007). For
example, dinoflagellates with expensive pigment-proteins have a higher maintains respiration than
diatoms (Falkowksi and Raven, 2013). As a result, it takes longer for dinoflagellates to recover from
photo-oxidative damaged than for diatoms and less energy can be spend in growth. However, with
sufficient N available, dinoflagellates are capable of repairing their protein-pigment complexes (Prézelin
& Matlick, 1983).

5.3 The dynamics and photochemical efficiency of pigments and the growth

rate of cells in response to differences in nitrogen availability

How well different phytoplankton groups thrive in their habitat depends to a large extent on the
efficiency of their pigments. This, in turn affects their growth rate. The pigment composition of
phytoplankton, and consequently their photosynthetic efficiency depends highly on the availability of
nitrogen (Ostrowska, 2011; Sutherland et al., 2014). Furthermore, dynamics in pigment content and
composition, and recovery from N depletion may differ greatly among different phytoplankton species.

When red algae receive high loads of N after a period of N-depletion, they will assemble more pigments
then during the period of N-depletion. However, the rate at which the pigments are assembled differs.
For example, Chl content recovers twice as fast as PE content (40 and 80 hours respectively) (Sciandra et
al., 2000). Furthermore, under N-starvation less thylakoid membranes are present in the cell. However,
not all species degrade the thylakoid membrane. Species such as Synechococcus can decrease their
thylakoid membranes by up to 60% under N limitation (Wanner et al., 1986). In contrast, green algae
(e.g. Dunaliella tertiolecta), only altered but did not reduce its thylakoid membrane, even under long N
starvation of 60 days. Maintaining the thylakoid membrane after N-starvation suggests that after a
period of N-deprivation, cells can recover and reassemble their pigment-protein complexes at a fast rate.
Therefore, after replenishment of N the maximum quantum yield of photosynthesis recovered within 15
hours (Young & Beardall, 2003). The quick recovery of D. tertiolecta after N-starvation suggests that this
species is well adapted to N-changing environments.

Different PUB:PEB ratios in cyanobacteria and their response to N-depletion

Often the pigment composition and dynamics of cyanobacteria such as Synechococcus are more complex
than that of Prochlorococcus or other PBP lacking phytoplankton species. Because PBPs can differ in their
PUB:PEB ratio (Figure 5-4), each strain of e.g. Synechococcus can differ in its response to N-limitation.
Hence, to compare different PUB:PEB ratios three strains of Synechococcus are compared: the open
ocean strain WH8103 adapted to low nitrogen availability, with a high PUB:PEB ratio (>2.0), the oceanic
medium N adapted strain WH7803 with a low PUB:PEB ratio (0.39), and the coastal strain WH8018 which
does not contain PUB that is adapted to relatively high, but fluctuating N conditions.
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Upon N depletion, growth of the Synechococcus strain WH7803 (with low PUB:PEB ratio) becomes
immediate arrested. In contrast, cells from the WH8018 strain that contains no PUB could maintain slow
growth for at least 24 hours
(Gilbert et al., 1986; Glibert &

Ray, 1990). Furthermore, also the (a) Pigment type 1 x
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Figure 5-4 A by Six et al, (2007) proposed models of PBS structure of several strains

strain WH8018 continued growth of Synechococcus. The model is divided in 4 group: (a) strains that do not assemble
but recovered slowly after along  PUB, (b) strains that assemble PEs with a moderate PUB:PEB ratio (c)strains that
period of N depletion (Table 5-1). ?:s'zr;t;ljsl;Et;v:::;hft\.lgh PUB:PEB levels (d) strain that can alter their PUB:PEB ratio
These results suggest that the PUB-lacking strain WH8018 is better adjusted to short term N depletion
while the low PUB:PEB strain WH7803 is better adjusted to long term N depletion. However, this may
come with the cost of an overall slower growth of the strain WH7803 (Mackey et al. 2013). These results
are consistent with the finding that strains from nitrogen rich waters contain low PUB concentrations
and therefore possibly more C-PE (see Table 3-2), which might function as nitrogen storage (Silva et al.,
2009; Wyman et al., 1985). Therefore, the lower the PUB:PEB ratio the better cells can handle short term
N-depletions, but face a longer recovery time after prolonged (a couple of days) N-depletion. The higher
the PUB:PEB ratio the faster growth is arrested upon N-depletion, but the faster the recovery upon N-

repletion.
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In conclusion, the distribution of PUB:PEB coincides with the N-concentrations (Olson et al., 1988;
Scanlan et al., 2003) and fluctuations in the environment; coastal species experience high fluctuations in
N availability and are often exposed to short term N-depletion, while open oceanic strains are faced with
low N-availability. Furthermore, comparing the growth of the strains WH8103, WH7803 and WH8018 of
Synechococcus shows that the lower the PUB:PEB ratio is, the lower the doubling time of the cell is
(Binder & Chisholm, 1995; Kramer & Morris, 1990; Mackey et al., 2013). This would mean that strains
adapted to the oligotrophic oceans have fewer and cheaper pigments and are therefore less efficient in
increasing their growth rate than the coastal adapted strain (Table 5-1).

Table 5-1 The PUB:PEB ratio of the three Synechococcus strains WH8103, WH7803 and WH8018 compared with the
percentage of remaining PE and growth after N-depletion. Growth rate at =150 uE m-2 s-1 Reference in texts with the
exception of: 1. Binder & Chisholm, (1995)

Strain WH8103 WH7803 WH8018
Origin sample Open oceanic waters Oceanic waters Coastal water
PUB:PEB N-replete 2.4 0.39 No PUB

% remaining PE after N-depletion 0.98 0.83 0.32

Growth during Continued Arrested Continued
N-depletion

Growth after - Continued Arrested
N-recovery

N-uptake after starvation - Regular Increased
General cell doubling time (h) 21.6-23.31 17° =143

5.4 Phytoplankton distribution linked to nitrogen availability

Nitrogen is not uniformly available around the globe. Hence, over the depth of the water column, both
the concentrations and the chemical form of nitrogen differs (Figure 2-2). In the open ocean at the
surface layer only small amounts of NOs- (0-0.25 pmol NOs- /L) are found while at 200 meters depth or
more, relatively large amounts of NO3- (20-25 umol NOs-/L) are found (Acker & Leptoukh, 2007; World
ocean atlas, 2009; Figure 5-5). Unfortunately, less information is available on the distribution of NH,", or
nitrogen sources such as urea and N,. However, it is known the total dissolve nitrogen (TDN) does not
significantly differ over the latitudes (reviewed in: Berman & Bronk 2003). The fact that diatoms
preferentially take up nitrate whereas cyanobacteria, cryptomonads and dinoflagellates prefer to take up
reduced nitrogen forms such as ammonium, urea, dissolved free amino acids and adenine (Berg et al.,

2003), the availability and chemical form of nitrogen are likely to have an impact on phytoplankton
distribution.

5.4.1 Marine environments

The most abundant cyanobacteria Synechococcus and Prochlorococcus occur in the open oceans, where
Prochlorococcus is responsible for a large part of the total primary production and is the most abounded
cyanobacterium in the North Atlantic (McClain, 2009; Lane et al., 1994). Considering the nitrogen costs
of their pigment-protein complexes one would expect that these cyanobacteria occur in regions with
high amounts of nitrogen. However, when the distribution of cyanobacteria is compared to the global
nitrate concentration, such a pattern is not shown.
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Figure 5-5 Three world maps of the annual nitrate distribution (umol/l) in the oceanic waters at 50 meters depth, 100m depth and 200

meters depth.
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As discussed before in subsection 5.1, there is a great difference in the preference for nitrogen sources
between diatoms and cyanobacteria (Lomas, 2004; Maldonado & Price, 1996; Waser et al., 1999). For
example, Synechococcus can use both NOs- as NH," as nitrogen sources, however in Fe limited
environments such as the North Atlantic, Synechococcus has a higher growth rate when using NH," than
NOs". While the Prochlorococcus strains MED4 and MIT931 have lost their NOs- transporter and NOs-
reductase genes and are not capable of using NH," (Rocap et al., 2003; Scanlan & West, 2002; Ting et al.,
2002). Diatoms, on the other hand have a faster growth rate using NO; as nitrogen sources in Fe limited
waters (Maldonado & Price, 1996). Hence, when comparing satellite data from NASA’s Ocean
Biogeochemical Model no apparent correlation is found between cyanobacteria and NOj'. In contrast,
diatoms are abundant in NOs' rich but Fe limited waters, such as around the equator and in the Antarctic
sea (Figure 5-6) where diatoms have the highest growth (Lomas et al., 2000; Maldonado & Price, 1996).

NOBM_DAdia.CR NOBM Dagily Diatoms [mg/m*3 NOBM_DAcya.CR NOBM Dail anobacteria [mg/m*3
et O beastor) [mo/m*3] = ¥ Bec26830 ia [mg/m*3]
A R B
s
2.5 1
1 0.7
0.7 0.6
0.6 108 0.5
0.5 . 0.4
0.4 0.3
30s
0.3 0.2
0.2 w0s ) 0.1
0.1 0.05
50s
©.05 ©.01

£80S

708 e -
12011511 0OSNOOYEEWIOWESWEBONTSWTONESWEOW

NOBM_DAirn.CR NOBM Do‘lg Iron Confenh'oﬁon [nanomoales/L]
24 (310652667

D

40 208
1554 108
20

EQ
10
5 108
2.5

208

30s

1 40S

508

120W1 511 0OSHOOYESWIOWSSIWEON7SN7ONESWEBON

Figure 5-6 Four distribution maps from the date 31-12-2007 of the oceanic water between the latitudes 30N — 70S and
120W-60W. (a) the distribution of diatoms in mg/m3 (b) the distribution of cyanobacteria in mg/m3 (c) the concentration
of nitrate in the upper 50 meter (micromoles/L) and (d) the iron concentration in the upper 50 meters (nanomoles/L).
Graphs created with Giovanni system utilizing data from the MODIS mission (NASA).
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Cyanobacteria dominate NOs™ limited areas such as the Gulf of Mexico and the Caribbean Sea. Areas that
are limited in both Fe and NO5;” may favor small cells that use NH," as a source of nitrogen (Price et al.,
1994). Since the N, fixing nitrogenase protein is rich in Fe, waters rich in Fe may stimulate the growth of
N, fixing cyanobacteria which release vast amounts of dissolved organic nitrogen (DON) such as urea.
And indeed, N, fixing bacteria are the greatest component of phytoplankton in the Caribbean Sea (that is
poor in NO3” but rich in Fe) releasing substantial amount of DON (Carpenter & Price, 1977; Glibert &
Bronk, 1994 Paerl, et al., 1994) that in turns can be used by other species of cyanobacteria. Furthermore,
due to their small size (and possibly due the lack of phycobilisomes) Prochlorococcus dominates in
oligotrophic tropical oceans (McClain, 2009).

Species distribution does not only differ in space due to differences in N availability but also in due to the
availability of other nutrients. In addition to NO3’, diatom cells depend on silicate for their shell
structures. Therefore, diatoms are also often dominant in nutrient rich waters (DeMaster et al., 1995).
Furthermore, because diatoms rely on NO3,, while other species are capable of using NH,", changes in
NO;s™ concentrations over time can influence diatom abundance. For example, off the coast of Belgium,
NOs" concentration declined in 1997 and consequently the diatom bloom decreased and got replaced by
the Haptophyte Phaeocystis that prefers NH," as an N-source (Tungaraza et al., 2003). Among other
factors such as a high sinking rate of the cells, the demand for NO;™ causes diatoms to bloom when the
water column is mixed from late autumn to the beginning of spring (Berg et al., 2003; Ferber et al., 2004,
Marty et al., 2002). For example, in the Baltic Sea and the gulf of Riga diatoms, cyanobacteria,
cryptomonads and dinoflagellates form the dominate group. However, with increasing temperatures due
to the seasons and thus increasing stratification diatoms decreased to the point they were almost not
present anymore (Berg et al., 2003).

Dinoflagellates such as Heterocapsa triquetra assemble relative expensive pigment complexes in terms
of nitrogen: the peridinin-chlorophyll a-protein (Table 3-4) (Waller et al., 2006). Hence, dinoflagellate
blooms often occur in coastal regions (Roy et al., 2011). For example, near the coast of Finland cell
abundance increases along with nitrogen availability (Lindholm & Nummelin, 1999). Many dinoflagellates
however, including H. triquetra can become phagotrophic when nutrients are limited (Legrand et al.,
1998). In contrast to phytoplankton species with expensive pigments, coccolithophores bloom when
nutrients are low and when there is little competition with other phytoplankton (McClain, 2009).

5.4.2 Freshwater habitats

The nitrogen availability in freshwater habitats differs hugely among different water bodies and more
extremes are encountered compared to the N-availability in ocean waters (Hecky et al., 1993). Hence,
fresh water bodies can be extreme eutrophic and rich in N. Therefore, a major difference between
freshwater and marine cyanobacteria is the assembly of PC. With the exception of Oscillatoria amoera,
freshwater cyanobacteria have higher concentrations of the N-rich PC compared to oceanic
cyanobacteria that contain mostly PE (Ong & Glazer, 1991; Patel et al., 2005; Pawar & Puranik, 2014).
However, cyanobacteria are not only found in N-rich waters, N-fixing cyanobacteria can also thrive well
in waters that are not replete in N (Schindler et al., 2008). It has even been suggested that low N-
concentrations favor (N-fixing) cyanobacterial blooms in freshwaters (Havens et al., 2003; Smith, 1983).
However, energetically it is more beneficial to use other sources of N instead of fixing N,. Consequently,
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a correlation between N-depleted water and N-fixing cyanobacteria is not always found (Jensen et al.,
1994). In freshwater, N,-fixation by cyanobacteria is only a small percentage (less than 2%) of N uptake,
which is minimal compared to the 82-98% uptake of NH," (Ferber et al., 2004). But N,-fixing
cyanobacteria are capable of assembling more PBS than non N,-fixing cyanobacteria (Rodriguez et al.,
1989). Surprisingly, in NO; limited environments the diatom Nitzschia perminuta outcompetes the N,-
fixing cyanobacteria, whereas the N,-fixing cyanobacteria dominate at high NOs™ concentration (Van der
Grinten et al., 2004). This suggests that diatoms with cheaper pigment-protein complexes are better
competitors for NOs” than cyanobacteria with relative N-costly pigment-protein complexes. It might
therefore not be beneficial for cyanobacteria to compete with phytoplankton species with cheap
pigments in NOs limited waters.

Low N-concentrations in lakes might be also a result of cyanobacteria blooms rather than the reason why
cyanobacteria blooms occur since NH," and NOj3 levels drop by up to 18 times (Carmona et al., 2006;
Ferber et al., 2004; Xie et al., 2003). For example, Porphyra spp. was able to deplete 150 uM of N within
four days (Carmona et al., 2006). In fact, most freshwater cyanobacteria are capable of storing a
substantial amounts of N in cyanophycin (Whitton & Potts, 2000) and that therefore at that moment not
all N has be assembled in protein structures such as pigments.
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6. Nitrogen and light
Light absorbed for photosynthesis mainly depends on the pigment composition, while the pigment
composition depends largely on the availability of N (Geider et al., 1998). However, light and nitrogen
availability across different habitats are negatively correlated. For example, with increasing depth in the
ocean, light gradually decreases while nitrogen rapidly increases. How cells deal with (fluctuations in)
light and N-limitation depends per phytoplankton class (Anderson et al., 2006; Figueroa et al., 2010;
Berges et al., 1996). These differences between phytoplankton classes might be explained by the costs
and absorption spectrum of the pigments. If photosynthetic pigment-protein complexes require high
amounts of N, they tend to absorb
250 more in the red part of the
¢ Pigment-protein  gpectrum (Figure 6-1: r, 0.851,
complex
p=<0.001). This is most likely due
to the lattice structure of
” phycobilins in the phycobiliprotein

200 *

150

complexes. In this lattice structure
the phycobilins are strongly

100 stretched, making them more
- * unstable reacting to low energy

molN per mol chromophore

% light such as red light (Fetisova et
é al., 1988; Zehetmayer et al., 2004)
and therefore absorb light in the
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B so 50 coo OSSN red part of the spectrum.
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Figure 6-1 The costs of photosynthtic pigment-protein complexes in mol nitrogen complexes such as phycobiliprotein
per mol chromophore as a function of the maximum peak of light absortption. are probably more affected by a
Pigments with higher N requirements absorb in the red part of the spectrum while
pigments withlower N requirements absorb in the blue part of the spectrum. Full
data including references is attached in appendix Il. cheaper pigment—protein

reduction in N-availability than the

complexes such as LHCsR (light
harvesting complex stress response). However, these cheap protein-pigment complexes are less adapted
to absorb light in turbid water because of their strong absorption in the blue part of the spectrum.
Therefore, cheap pigment-protein complexes which absorb mainly in the blue part of the spectrum
might be most limited by light availability in contrast to N. The interplay between light and nitrogen
availability is phytoplankton class specific. Therefore, in the following section the interplay between light
and nitrogen availability is discussed per phytoplankton class.

6.1 Cyanobacteria

Cyanobacteria are considered to be superior light competitors and will therefore become abundant in
enviroments with high nutrition loads (since there is no competition over nutrients but light will become
limited)( Brauer et al., 2012; Yang & Jin, 2008). A low nitrogen availability, some cyanobacterial species
are strongly limited by N-depletion, while others dominate in N-limitated waters depending on the PE/PC
ratio, PUB:PEB ratios, the concentrations of PBS associated with the thylakoid membrane and therefore
the costs of photosyntesis in terms of N (Everroad, & Wood, 2012; Olson et a., 1988). An example of a
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strain adapted to low N-availability is Synechococcus CCMP 839 that continued to grow under N-
depletion and only showed a decreased growth rate at a light irradiance lower than 10 mol photons m™
s™'. However, there is a trade-off in being a good competitor for N and or light; compared to other
phytoplankton species, CCMP 839 grows slow at high N, high light conditions (Timmermans et al., 2005).

Under N limited conditions, more light is absorbed in the blue part of the spectrum, compared to N
replete conditions. This shift is most notable in the Synechococcus strain WH 5701 with high quantities of
PC. At high N availability, light is being absorbed in the red part of the spectrum. However, when N
becomes depleted the light absorption shifts to the blue part of the spectrum (Scanlan, 2003). This is due
to the fact that under nitrogen starvation PBPs which absorb in the red part of the spectrum are being
degraded first (Sciandra et al., 2000) while relatively more chlorophyll which absorb light in the blue part
of the spectrum, remain.

Cyanobacteria inhabiting the open surface oceans often rely more on NH," than on NO5" as a nitrogen
source (Maldonado & Price, 1996; Scanlan & West, 2002; Findlay et al., 2014). Synechococcus grown on
NH.," contained more Chla and less PC compared to cells grown on NO3 (Forchhammer & de Marsac,
1995). One would expect that NH," would be used to assemble more PC, because PC is more abundant in
surface layers and in turbid waters with low light irradiance compared to PE (Lohscheider et al., 2011;
Glover et al., 1985). Assimilation of NH4+ requires less photons to build new pigment-protein complexes
(Raven, 1984) and is therefore considered to be a cheaper source of N in turbid waters. However, the
surface oceans also contain high-light adapted cyanobacteria. Under high light conditions, cyanobacteria
produce more chlorophyll than PBS (Glover et al., 1987). The assembling of different pigments when
different N-sources are available could be therefore an additional adaptive advantage for cyanobacteria,
thus absorbing more in red part of the spectrum when more NOs- is available. Another change in use of
nitrogen sources is seen in N-fixating cyanobacteria. N fixation inceases with increasing light intensities,
and decreases with increasing inorganic nitrogen concentrations (de Tezanos Pinto & Litchman, 2010;
Lehtimaki et al., 1997).

Light absorption of the relative ‘cheap’ Pcb of Prochlorococcus shows a strong absorption in the blue part
of the spectrum matching the deep layers of oligotrophic waters (Lohscheider et al., 2011). In contrast,
expensive pigment-protein complexes tend to have less sharp absorption peaks and absorb less in the
blue part of the spectrum (Sciandra et al., 2000) matching the underwater light environment of turbid
waters. Therefore, in oligotrophic waters Prochlorococcus dominates over Synechococcus (Six et al.,
2007) and vice a versa.

Pico-cyanobacteria such as Synechococcus often assemble high levels of PUB or variable PUB:PEB ratios
in their PE, whereas freshwater- or turbulent marine species lack PUB in their PE or even lack PE
(Everroad, & Wood, 2012). PUB rich PEs are cheaper in terms of nitrogen and absorb more light in the
blue part of the spectrum than low PUB containing PEs. Furthermore, it seems that cyanobacteria with
more expensive PBP and thus with lower PUB:PEB ratio tend to adapt better in fluctuating light
environments. Furthermore, high PUB containing PEs can stand N-limitation for a short time but suffer
from long recovery times (see subunit 5.3). The cheaper PBPs with a high PUB:PEB ratio have an
absorption spectrum shifted to the blue part and are often found in N-limited waters (Gilbert et al.,
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1986; Glibert & Ray, 1990; Kana et al., 1992). When Synechococcus sp. WH7803 with low PUB:PEB ratio
was cultured under non-limiting light and N supply, cells assembled PE. However, the PE did not transfer
the energy of the light to the reaction center suggesting that this excess PE functioned as N storage
(Heathcote et al., 1992). Therefore, assembly of PE when N is not yet depleted and light is still available
seems to give the cells an advantage and make them better adapted to possible N and light limitation
(Barrett et al., 1996).

6.2 Cryptomonads

At high N-availability and low light the Cryptomonad Rhodomonas marina has the highest chlorophyll
content. Furthermore, the change in Chl content in response to changes in light was greater than the
change in Chl content in response to changes in nitrogen availability (Sciandra et al., 2000). Hence, Chl
increases strong with decreasing light while Chl increases less strong with increasing N-loads. This
suggests that chlorophyll is more sensitive to changes in light than to changes in nitrogen supply. In
contrast, levels of the photoprotective pigment alloxanthin remain constant and do not change in
response to differences in N- or light availability (Henriksen et al., 2002). The PE content of
cryptomonads does not change significantly in response to changes in light irradiance, but the PE
content decreases when nitrogen availability becomes limiting. In conclusion, chlorophyll content
responds strongly to changes in to light, whereas PE content respond strongly to changes in N-supply
(Sciandra et al., 2000). These changes in pigment composition due to N availability impact the light
absorption strongly. At high NOs levels, light is more strongly absorbed in the blue part of the spectrum
compared to low NOj levels (Sciandra et al., 2000). Furthermore, the density of cryptomonads is
influenced more by nitrogen concentration than by light irradiance (Cruz et al., 2006).

6.3 Red algae

Red algae in N-replete media can tolerate sudden changes in the environment, like short term irradiance
stress, better than N-depleted cells. When N becomes limiting and irradiance is high, MAAs increase
(Figueroa et al., 2010). However, despite the increase in MAA, the red alga Gracilaria conferta still
suffered from photo inhibition (Figueroa et al., 2010). Because N-repletion stimulates the accumulation
of PBPs, red algae might recover faster form light stress than cells exposed to low N-availability
(Anderson et al., 2006; Figueroa et al., 2010). Furthermore, when both light and nitrogen is limiting, the
growth rate decreases (Lapointe & Duke, 1984). In conclusion, red algae with expensive pigments are
able to recover from high-light stress or low light availability as long as sufficient N is available.

6.4 Diatoms

In diatoms, the amount of diadinoxanthin doubled while the amount of chlorophyll and the antenna size
remained constant under intermittent light exposure compared to constant light exposure. This suggests
that in diatoms, little nitrogen costs are involved in adaptation to changing light conditions (Lavaud et al.,
2002). Diatoms mainly dominate in high-latitude eutrophic waters (appendix Il). As described in chapter
4 and 5, diatoms are capable of adjusting their pigment composition, and contain high levels of
fucoxanthin and diatoxanthin which function in the xanthophyll cycle and protect the cell from photo
induced damage (lkeda et al., 2013). Xanthophyll cycle pigments might have low nitrogen costs because
the molecule structure changes but no proteins are synthesized. Therefore, diatoms have an advantage
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Figure 6-2 (a) The chlorophyll specific productivity (g C*g Chla-1 h -1) and (b) volumetric Chla content of the diatom
Thalassiosira fluviatilis given as a function of light irradiance and N content, data retrieved from Laws & Bannister (1980).

However, the chlorophyll specific productivity diatom responds more strongly to light limitation than to
N-limitation (Figure 6-2; Laws & Bannister, 1980). Hence, cell density increases up to three fold under
high-light even when N is limited (Leonardos & Geider, 2004). In addition, the highest growth rate is
measured when cells are grown under bright blue light (Abe & Gianesella-Galvdo, 1991). When light
irradiance is low the chlorophyll specific productivity is low while the chlorophyll content in the diatom
cells is high. Furthermore, the metabolic cycling of N increases from 1% in low light to 14% in high light
(Li et al., 2014). Therefore, under high light, diatoms might be capable of repairing PSII without
additional N costs and can continue photosynthesis in N-limited environments.

6.5 Green algae

Green alga such as Dunaliella and Scenedesmus quadricauda become dominant under high- to moderate
light intensities at a relative low N load (Sciandra et al., 1997; de Tezanos Pinto & Litchman, 2010). Yet,
too much of high light can cause photo oxidative damage that brings extra costs in terms of N (Zhang et
al., 1997). Also, a strong N depletion results in lower chlorophyll synthesis, C fixation rates and
respiration rates and therefore growth decreases (Sciandra et al., 1997). In contrast to photosynthetic
pigments the concentration of B-Car is almost three times higher when cells are exposed to both high
light and N starvation, than when cells are exposed to only high light or N depletion (Lamers et al., 2012).

6.6 Dinoflagellates

Results discussed in chapter 4 showed that dinoflagellates are capable of adjusting to low light by
decreasing blue light absorbing pigments such as Chlc and peridinin and that cells usually contain high
amounts of chlorophylls (Berdalet et al., 1992; Vaillancourt et al., 2004). However, when cells were
exposed to low light irradiance (80 LE m?s-) after being adapted to high-light irradiance (330 pE m?s-%),
without the addition of N, chlorophyll content temporarily increased and then decreased. In contrast,
when cells received additional N, chlorophyll concentration rose during the first 3 days and thereafter
the quantity remained steady. Furthermore, under nitrogen depletion dinoflagellates are also more
sensitive to UV induces damage, because cells are less efficient in repairing damaged proteins (Litchman
et al., 2002). Because the assembly of new pigment-protein complexes requires nitrogen, dinoflagellates
are only under high nitrogen availability well capable of adjusting to lower or higher light irradiance
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(Prézelin & Matlick, 1983). The high demand for N during photoadaptation might explain why
dinoflagellates are considered to be poor competitors for light (Schwaderer et al., 2011) and why red
tides are often found in N rich environments near the coastline (Prézelin & Matlick, 1983).
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7. Application

Concerns regarding environmental anthropogenic changes are gradually increasing. Such concerns

include the decrease in and the pollution by fossil fuels, doubling of atmospheric CO, since 1870, the

large energy and water consumption of wheat production and water pollution and eutrophication (H66k

& Tang, 2013; IPCC, 2007; Khoshnevisan et al., 2013; Obilonu
et al., 2013). To predict the impact of global change the
Intergovernmental Panel on Climate Change (IPCC) defined
four scenarios known as the Special Report on Emissions
Scenarios (SRES). These four scenarios are based on
economic (A) versus environment (B) development, and
global (1) versus regional (2) development. Within the SRES
the B1 scenario is predicted to cause the least climate change
in the future (see text box). To be able to carry out the B1
scenario, problems such as energy demand, CO, emission
and water pollution, may be solved by phytoplankton.
Phytoplankton can meet the demands for resource efficient
and environmental sustainable solutions without the
additional negative impact on the environment. Solutions can
be found in phytoplankton cultures grown for biofuel and
food production, but also for waste water treatment and
possibly prevention of harmful algae blooms. This chapter

B1 scenario: “The B1 scenario
family describes a convergent
world with the same global
population, but with a rapid
change in economic structures
toward a service and
information economy, with
reductions in material intensity
and the introduction of clean
and resource-efficient
technologies. The emphasis is
on global solutions to economic,
social and environmental
sustainability, including
improved equity, but without

additional climate initiatives.”

will describe how the information on the impact of nitrogen B
. . . ext adapted from IPCC, 2007
and light on phytoplankton pigments may be used in

sustainable and innovative solutions.

7.1 Phytoplankton cultures

Culturing phytoplankton is of interest for many products such as phycocyanin used for its blue color,
carotenoids used in health supplements and lipids used for biofuels (Table 7-1). Furthermore, harvesting
products such as biofuel from phytoplankton is more sustainable than the current harvested fossil fuels.
Depending on the product different demands for N and light may be required. One of the key problems
in massive dense phytoplankton cultures that use natural light is that they require high irradiances,
which may only be available near the equator. Furthermore, to stimulate the synthesis of specific
pigments, specific wavelengths are required. Using artificial light in phytoplankton cultures may solve
these problems, but artificial light requires additional energy. Nevertheless, using artificial light allows
more control over the culture, and may increase productivity and CO, uptake while requiring less space
for installations (De Buisonjé & Aarnink, 2011).
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Table 7-1 An example of phytoplankton (species) products cultivated for commercial product. Table adapted from Pulz &

Species (group) Product of interest Example of application area
Spirulina platensis (Cyanobacteria) Phycocyanin Cosmetics and make-up
Chlorella vulgaris (Chlorophyta) Biomass Food surrogates/color enhancers
Dunaliella salina (Chlorophyta) Carotenoids Health food supplement
Porphyridium cruentum (Rhodophyta) Polysaccharides Pharmaceuticals

Isochrysis galbana (Chlorophyta) Fatty acids Animal nutrition/health products
Phaedactylum tricornutum (Bacillariohyta) Lipids Fuel production

Gross (2004)

Difficulties with phytoplankton cultures not only concern their energy
use, but also the establishment of mass production. Algal mass culture
systems can be infected by algal parasites such as viruses, or by
herbivores. The larger the culture, the higher the chance of infections,
and the higher the losses (Lane & Carney, 2014 Smith & Crews, 2014).
Despite the fact that the chance of infection by unwanted species is high
in open ponds, for now open pond cultures are the only economical
possible culturing method for biofuels considering that biofuel
production costs may not exceed $0.14US per kilogram dry biomass to
compete with gasoline. However, future hope lies culturing
phytoplankton in photobioreactors because it offers more control over
the development of the cultures. Current research, like research
conducted by Wetsus (the Netherlands), focuses on an energy efficient

Figure 7-1 A small flat
photobioreactor used for
cultivation of phytoplankton
(picture retreived from:
http://www.psi.cz/)

way of culturing phytoplankton in photobioreactors. Solutions are seeked in for example intermittent
light exposure to limit energy costs. Also, flat-plate photobioreactors (Figure 7-1) may be economically

feasible because more energy

is gained from this system % 40 1
. . . O 35+
than invested into it, and flat- = 30
2 i
plate photobioreactors are R 5
therefore cheaper than other § 20 - M N-replete
-
. = 15 -
photobioreactors (Jonathan & S 1. H N-deplete
Mordechai, 2013; Sun et al., T .
s i
2011). Therefore, in the three = i
following sections 2 e o o @ g
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phycobiliproteins are Phytoplankton classes
discussed that are grown in Figure 7-2 The lipid content of phytoplankton classes in N-repelted or N-depleted

photobioreactors with light (2009), Griffiths et al. (2012), Zheng et al. (2013)

cultures. Full data and references are attached in appendix IV Griffiths & Harrison
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emitted from light-emitting diodes (LEDs).

7.1.1 Culturing phytoplankton for lipid production

Lipids are of major importance for the production of biofuels and dietary supplements. It is therefore
important to know which phytoplankton species are capable of producing high amount of lipids and
under which conditions these lipids are formed. Overall there seems to be a trend in high synthesis of
lipid when phytoplankton contain cheap pigments (Figure 7-2). Compared to other species (also from
other classes) the diatoms Amphora sp., Nitzschia palea and Chaetoceros calcitrans produce the highest
percentage of lipids per dry weight. In contrast, the cyanobacterium Anabaena cylindrica produces the
least percentage (90% less than the diatom Amphora sp.) of lipids per dry weight (Griffiths & Harrison,
2009). In all classes except for cyanobacteria (and dinoflagellates) the percentage of lipid increased when
cell were grown in N-depleted media (Deruere et al., 1994; Griffiths et al., 2012; McGinnis et al., 1997,
Xin et al., 2010). In the green alga Scenedesmus sp. lipid percentage could increase up to 4-fold when
cells were N-limited (Griffiths & Harrison, 2009; Griffiths et al., 2012). Another important aspect of green
algae exposed to N-deprivation, is that cells also contain unsaturated lipids (Merzlyak et al., 2007) that
are beneficial for human health and thus a desirable substance in a daily diet (Horrocks & Yeo, 1999;
Nagao & Yanagita, 2005).

Under high (blue intermittent) light and low N-concentration stress adapted species with cheap pigments
such as diatoms and green algae, increase their growth rate and lipid content (See Figure 7-3, Abe &
Gianesella-Galvao, 1991; Anning et al., 2000; Deblois et al., 2013; Glover et al., 1997; Yoshioka et al.,
2012). Hence, under these conditions, chlorophyll content in green algae decreases and carotenoids
accumulate in oily globules within interthylakoid spaces of the chloroplasts or outside the chloroplast
(Bar et al., 1995; Hejazi et al., 2004; Kleinegris et al., 2010; Lamers et al., 2012; Mendoza et al., 1999) and
may function as a protection mechanism against high light irradiance (Ben Amotz et al., 1982). Hence,
green algae, seem more suitable for biofuel production than e.g. diatoms because of their high lipid
production and their high growth rate (Gouveia & Oliveira, 2009; Griffiths et al., 2012). Phytoplankton
with expensive pigments seem least
suitable for lipid production, especially
in N-limited cultures. However,
prokaryotes are easier to genetically
modify than eukaryotes such as green
algae. Therefore, a lot of research is
conducted on genetic engineering of
cyanobacteria (Hays & Ducat, 2014; Liu
et al., 2011; Rosenberg et al., 2008).
Considering that most cyanobacteria
are superior light competitors, they
might need less light to produce a

voluminous amount of lipid. Hence,

Figure 7-3 A picture of green algae before (A) and after nitrogen starvation  using modified cyanobacterial strains
(B). Before nitrogen starvation more chloroplast (C) is visible in the cell.
After nitrogen starvation the chloroplast decreases in size while the starch
granules (S) and oil bodies (OB) increase in size (Wang et al., 2011).

that require less light will eventually
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cost less energy and will be more profitable than using natural green algae. Nevertheless, in the hope to
produce affordable lipids that can be used for biofuel in the future, research on modification of
eukaryotic phytoplankton continues, because in general they produce more lipids (Radakovits et al.,
2010).

7.1.2 Culturing phytoplankton for carotenoids

Carotenoids are used for a broad range of applications. Some of these applications include food coloring
and enhancing the color of egg yolk, but carotenoids are also used as antioxidant, sun protection and
cancer prevention (Raja et al., 2007; Zhang et al., 2014). Carotenoid production is, like the accumulation
of lipids, a stress response to environmental factors such as high light and low N-availability (Lavaud &
Kroth, 2006; Merzlyak et al., 2007; Partensky et al., 1993; Zhu et al., 2010). Similar to lipid production,
carotenoid production is high in stress adapted strains with cheap protein-pigment complexes (Takaichi,
2011). Carotenoids of major importance for commercial use are B-carotenes and the powerful
antioxidant astaxanthin, which are both assembled by green algae such as Chlorella and Scenedesmus
(Takaichi, 2011; Spolaore et al., 2006). The highest amounts of astaxanthin per cell are achieved when
cells are grown in nutrient limited media under high light irradiance (Bar et al., 1995; Ben Amotz et al.,
1982; Phillips et al., 1995). However, low N also inhibits the growth rate of different species of green
algae, which results in a lower total carotenoid yield (Borowitzka et al., 1991; Orosa et al., 2000; Xia et
al., 2013). Therefore, the highest concentration of carotenoids was achieved under high light (=300 umol
photons m™ s7'), while the optimal quantity of N used for the total yield of carotenoids is still debatable
and differs greatly per species.

7.1.3 Culturing phytoplankton for phycobiliproteins

The most important use of phycobiliproteins is the use of phycocyanin as a food coloring product due to
their unique blue color that is for example used for coloring blue Smarties. C-phycocyanin may also be
effective in preventing cancer and is thus of interest for medical purposes (Marzieh Hosseini et al., 2013).

Iina platensis

Blue filter

Often, the freshwater cyanobacteria Spirulina platensis is
used for the production of phycocyanin. To favor the

assembly of phycobiliproteins, N-depletion should be
avoided since N-depletion decreases the number PBS and
size of PBS (Berges et al., 1996; Stevens et al., 1981).
Furthermore, more photosynthetic pigments are
assembled when cells are grown in lower light irradiance
(Geider et al., 1996). When cyanobacteria are exposed to
light irradiances ranging from 7 to 42 pmol m? s, the
highest PBP production per pg/ml cells is found at 28
umol m?s™ (Maurya et al., 2014).

Phytoplankton can adjust the composition of PBPs to a

. . change in light quality. Hence, the production of PBPs can
Figure 7-4 Two cultures of S. platensis grown under

blue light and red light. Cultures grown under blue be influenced by the color of irradiance (Figure 7-4). The
light assamble more PE while cultures grown under production of PC is highest under red- and yellow light
red light assamble more PC. (Picture adapted . . ey .
from:gWaIteret al., 2011) ( P while these light colors inhibit cell growth (Chainapong et
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al., 2012; Whitaker et al., 2011; Whitaker et al., 2009). Under white light growth rate is maximum, but

PC concentrations are relatively low (Chainapong et al., 2012; Walter et al., 2011; Whitaker et al., 2011;
Whitaker et al., 2009). This trade-off between pigment composition and growth rate is also seen in the

production of carotenoids. Where high light is limiting the growth rate. Therefore, a trade-off between

pigment content and growth rate may be a general phenomenon.

7.2 Water management

A growing concern within water management is the increasing eutrophication of water bodies. The
annual atmospheric deposition and groundwater discharge of NOs- and NH,4- has been increasing over
the past years and is expected to continue to increase (Beusen et al, 2013; Paerl, 1997) and increases
more rapidly than P concentrations (Anderson et al., 2002). Atmospheric N deposited (AND) is of a major
contributor of N enrichment in the oceans and coastal waters, while near estuaries the runoff of N is as
important as AND in the eutrophication of coastal waters (Kim et al., 2011). Because N-enrichment
increases CO, uptake by phytoplankton and the total Chla concentration (Paerl, 1995), it may also
increase the occurrence of toxic- and non-toxic blooms of phytoplankton (Zhang, 1994). Increasing N in
oligotrophic oceans may shift the composition of phytoplankton blooms from N-limited species to light-
limited species, and favor phytoplankton with expensive pigments such as cyanobacteria and
dinoflagellates (Domingues et al., 2011a; Domingues et al., 2011b; Kim et al., 2011).

Important tasks of water management are increasing the ecological value of water bodies and
guaranteeing the safety of waters for recreational, agricultural and industrial purposes. Consequently,
water managers should try to prevent the development of Harmful Algal Blooms (HABs). HABs can be a
great risk to human health. HABs can cause direct toxic reactions when people get in contact with
phytoplankton through e.g. swimming, but HABs can also cause indirect toxic reactions through ingestion
of food which was exposed to HABs. For example, HAB's can be responsible for seafood-borne illnesses
such as neurotoxic shellfish poisoning or ciguatera fish poisoning (Schoelinck et al., 2014; Watkins et al.,
2008). Cyanobacteria are often responsible for intoxication caused by skin contact while dinoflagellates
are often responsible for food-borne ilinesses. Both phytoplankton groups are mostly responsible for
HABs. In particular, cyanobacteria often cause HABs in freshwaters, while dinoflagellates tend to cause
HABs in saline environments (>5% salinity) (Paerl, 1988). Toxic blooms of dinoflagellates may be difficult
to battle because blooms in oceans and coastal waters are difficult to manage.

7.2.1 Preventing or predicting cyanobacteria blooms

Cyanobacteria blooms occur mostly in eutrophic freshwaters (Davis et al., 2009; Sellner, 1997). The
occurrence of cyanobacterial blooms have increased over the last years and are expected to increase
with increasing anthropogenic eutrophication and climate change (Figure 7-5) (Heisler et al., 2008; O’Neil
et al., 2012; Paerl & Huisman, 2009; Paerl & Paul, 2012). Toxins produced by cyanobacteria can damage
the nerves, liver and skin of mammals and are tumor promoters (Falconer & Humpage, 2005; and
reviewed in: O’Neil et al., 2012). Blooms often start in early summer when waters are stratified and
nutrient concentrations are adequate (Berg et al., 2003; Deng et al., 2014). Therefore, cyanobacteria are
favored by warmer springs and bloom earlier in warm springs (Deng et al., 2014). Many cyanobacterial
species contain gas vesicles, which give them buoyancy: the ability to float up in the water column.
When lakes are stratified and water mixing is poor, dense blooms of cyanobacteria can form scums in
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the top layer of the water column, thereby shading other phytoplankton (Berg et al., 2003; Carr &
Whitton 1982). Hence, sinking species like diatoms and green algae are outcompeted by buoyant
cyanobacteria when lakes are stratified. The occurrence of cyanobacterial blooms in stratified- N-
enriched lakes corresponds with the effect of light and N on cyanobacteria. Because cyanobacteria are
better adapted to long term light changes, a stable, stratified environment is favorable where (N-
fixating) cyanobacteria are capable of using NH4+ or in lesser amounts N, as their source of nitrogen
(Ferber et al., 2004). Therefore, artificial water mixing as applied in eutrophic lakes (such as Nieuwe
Meer, Amsterdam) with cyanobacteria blooms is a successful management strategy that has a negative
impact on buoyant cyanobacterial blooms but favors diatom and green algae growth (Jungo et al., 2001;
Huisman et al., 2004).

drought =
LOW FLOW =

stronger storms =

€O, CH,, N,O goenhones )

Incroased water withdrawal
from reservoir =

less freshwater input = Agricultural,
longer resndem:e time _Industrial,

vmr water =
suonger stratification, lower viscosity,

Figure 7-5 A conceptual picture, of interacting environmental factor controlling cyanobacteria blooms, such as: nutrient
availability, water column transparency and shading by cyanobateria, water residence times, temperature and mixing
conditions (Paerl & Paul, 2012).

Extensive cyanobacterial blooms are often a result of eutrophication (Figure 7-5, Paerl et al., 2011).
However, the strategy to limit eutrophication of lakes and coastal waters is still under debate. Although
reduction of P is generally accepted as a powerful strategy against phytoplankton blooms, it is not always
feasible or sufficient to reduce only P concentrations (Abell et al., 2010; Jeppesen et al., 2005; Raudsepp
et al., 2013; Wang & Wang, 2009). For example, N-enrichment has been found to favor cyanobacterial
blooms in freshwaters and oceanic waters (Scott & McCarthy, 2011; Stal et al., 1999). Therefore, beside
P reduction, a long term solution would be to also reduce N-concentrations in the water. Since
phytoplankton growth rates respond more strongly to increases in NH,", not only NOs- concentrations
should be abated (Chaffin & Bridgeman, 2014).

7.2.2 Preventing or predicting dinoflagellates blooms

90% of HABs consist of flagellate phytoplankton, and 75% of the flagellate phytoplankton are
dinoflagellates. The toxins dinoflagellates produce can be much more toxic than cyanobacterial toxins.
For example, ciguatoxin produced by the dinoflagellate Gambierdiscus toxicus, is 22.000 more toxic than
cyanide produced by cyanobacteria (Zingone & Oksfeldt Enevoldsen, 2000). Dinoflagellate HABs have
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increased over the last years as a result of anthropogenic eutrophication (Brand & Compton, 2007,
Zingone & Oksfeldt Enevoldsen, 2000). Toxic dinoflagellate blooms are mainly found when the
turbulence of the coastal waters is low and are often triggered by rainfall events (Hallegraeff et al.,
1995). Blooming of the toxic dinoflagellate

Karenia selliformis is strongly promoted by % o0
NOs- (Feki et al., 2013). Rainfall fuels coastal P 1
areas with terrestrial runoff rich inNOs- and ':,"2“ [ "
NH,- (Beusen et al, 2013). Since dinoflagellates ‘E ] a0 'E
are only capable of adapting to different light 215 1 3
environments when sufficient N is available E 130 %
(Prézelin & Matlick, 1983), stratified N-rich S0}
waters are favorable considering the sensitivity _E 12 5
of dinoflagellates for turbulence, velocity and g 5
low nutrient affinity (Smayda, 1997; Smayda, - . 1"
2002). Therefore, to prevent dinoflagellate 0 " apnd X . , 0
blooms near coastal areas that are used to 1970 1975 1980 1985 1990 1995 2000
Year

produce or to collect seafood it is favored to

stimulate water mixing, causing dinoflagellates
to be exposed to changing light environments
and thus creating a disadvantageous
environment for dinoflagellates. However, this

Figure 7-6 The trend of fertilizer use and the occurrence of red
tides of the coast of China between the years 1970 to 2000.
While there is a trend between fertilizer use and the number of
red tides, it is thought that atmospheric deposit also plays a
role in the occurrence of these blooms (Anderson et al., 2002)

solution would treat the symptoms but not the

cause of the problem. Treating the cause of the blooms, namely eutrophication, would involve limiting
run-off of nutrients favoring phytoplankton growth (Figure 7-6). Only limiting PO,>~ run-off into rivers
would not be sufficient because of limited growth and limited uptake of N by phytoplankton in the rivers.
This will cause a larger N run-off in the coastal areas that are usually N-limited (Conley et al., 2009)
favoring dinoflagellate blooms. Regardless of reductions in nutrient loads it remains important to
monitor the weakly weather conditions such as wind, rain and temperature and predict the chances for
the development of dinoflagellate blooms and thus toxic seafood catches.

7.2. Waste water treatment

Cyanobacteria have a high growth rate when urea is used as a source of N compared to NOs-.
Cyanobacteria would be therefore suitable to be cultured on urine. More importantly for the
environment, cyanobacteria remove within seven days 97% of NH4+, 96.5% of total phosphorus (TP) and
85-98% of urea and are more efficient in removing N than the green algae Chlorella sorokiniana (Chang
et al., 2013; Tuantet et al., 2014a). When glucose is added to the urine compounds in the cell increases
to a level that makes the cells suitable for conversion into to bio-crude oil (a substitute for petroleum)
(Chang et al., 2013). Even though phytoplankton can efficiently remove nutrients from waste water and
produce useful products, conventional waste water treatment plants can treat about 20000 m® d*
(Sotirakou et al., 1999), while waste water treatment using phytoplankton needs further adaptations to
reach this amount (in a flow through of a =0.95 L™ tank with 1:1 urine dilution is about 0.97 L™* d™%)
(Tuantet et al., 2014). However, the future perspective of using urine for algae growth and water
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purification looks positive and plausible especially because growth, protein concentration and pigments
are not affected by the use of urine (Chang et al., 2013; Tuantet et al., 2014a; Tuantet et al., 2014b;
Zhang et al., 2014). However, although adding glucose to the waste water makes the cells suitable for
bio-crude oil, it does not reach the same quantity as when a cell is stressed by i.e. nutrient limitation.
Therefore, secondary effluents that have been already purified of nutrients could be a potential solution
for mass-cultivation and biofuel production (Cho et al., 2010).Limiting N (flow) in the environment might
not decrease the total chlorophyll amount, but will influences the species composition. When N is
reduced the total biomass of cyanobacteria decreases but is replaced by phytoplankton groups with less
expensive pigments such as cryptomonads (Scott & McCarthy, 2011). Therefore, it is expected that by
decreasing the N load, diatoms and green algae with cheaper pigment might become dominant. Since
often cyanobacteria and dinoflagellates are responsible for HABs decreasing N would prevent most of
the HABs (Cai et al., 2013).

7.2.4 Global change and future perspective of phytoplankton distribution

Eutrophication might help dinoflagellates, red algae and cyanobacteria with expensive pigments to
recover after environmental stress such as sudden high light irradiance (Figueroa et al., 2010). In
agreement with other diversity models, the diversity of phytoplankton is the highest when resources are
limited (Interlandi & Kilham, 2001). In this case, light could also be considered as a limiting resource,
decreasing with depth and might favor niche partitioning. However, the shading of other species as seen
during cyanobacteria blooms and thus limiting light irradiance does not favor species diversity.
Considering future perspectives, with eutrophication due to anthropogenic activities, phytoplankton
with expensive pigments could become dominant, favored by high N-availability and stratified water due
to an increased temperature, over shading other phytoplankton species in freshwater bodies. Whereas
strong winds will stimulate upwelling and therefore increase the N-availability that might stimulate
HABs, such as dinoflagellates, along the coastlines. However, the extra N-load due to runoff and even
increased inorganic nitrogen deposit is not climate change depended and mainly depends on
anthropogenic activities (Baron et al., 2013).

The distribution of phytoplankton is, however, not only depending on light and N availability or N:P
ratios. The distribution of phytoplankton is dynamic and also influenced by e.g. pH, temperature, CO,,
and the occurrence of El Nifio and La Nifia (Calbet et al., 2014; Dandonneau et al., 2004). Furthermore,
often the factors are influenced by one another, such as a low pH favors diatoms by a faster uptake of
NOs- (Calbet et al., 2014). Future prediction of the distribution of phytoplankton solely based on pigment
composition would not be suitable because genetic adaptation to increased temperatures and increased
CO, is an even greater component of prediction of future distribution considering climate chance and in
that a large interspecific difference is expected (Costas et al., 2014).
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8. Conclusion

The effects of light intensity, light color and nitrogen availability on pigment composition often show a
similar response. In particular, high light availability causes an increase in carotenoids, MAAs, Chlc, PUB
(relative to PEB) while Chlb, Chld, PC and PS decrease. This same reaction is seen when cells are exposed
to blue light or low nitrogen availability (Figure 8-1). In contrast, when cells are exposed to low light, they
synthesize more phycobilins, PBS (especially PC) Chlb and Chld, while photoprotective pigments
decrease. This response is very similar to the response of cells exposed to red light or high nitrogen
loads. Also N-rich protein-pigment complexes tend to absorb strong in the red part of the light spectrum
while N-poor protein-pigment complexes absorb more strongly in the blue part of the spectrum.

PS & PBS
Chlb

Chid

Low N , , High N

High light Low light
Blue light - - Red light

Figure 8-1 The effects of light intensity, light color and nitrogen availability on pigment composition shown in a conceptual
picture. If nitrogen availibilty increases, light decreases or red light availability increases then Chib, Chid, PEB and complexes
such as PS and PBS relatively increase. While a relative increase of carotenoids, MAAs Chlc and PUB is seen when nitrogen is
depleted, high light irradiance or blue light is available.

Species such as diatoms and green algae that synthesize cheap pigment-protein structures in terms of
nitrogen such LHCaR and LHCsR respond fast to changes in the light intensity. Both of these LCHsR are
capable of a xanthophyll cycle due to the binding of diadinoxanthin and violaxanthin that will protect the
cells within one hour from excess light. Hence, species with cheaper pigments generally thrive well in
high light environments and can deal well with short fluctuations in light and NO; availability.
Dinoflagellates also possess a xanthophyll cycle and are therefore well protected against intermittent
high light. However, they also synthesize N-rich structure for photosynthesis and, therefore, require high
loads of reduced nitrogen. Structures that are expensive in terms of nitrogen are also often large protein
structures that take time to assemble. Therefore, expensive structures such as phycobilosomes and
reaction centers may be decoupled fast in reaction to high light or nitrogen depletion but take time to
synthesize when light becomes limited or nitrogen availability increases. Therefore, phytoplankton
classes such as cyanobacteria, red algae and cryptomonads that synthesize N-rich structures and do not
possess a xanthophyll cycle thrive better in stable environments with sufficient reduced nitrogen.
Species with expensive pigment-protein complexes in these environments are good competitors for
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light. In contrast to fast changes in light availably, most cyanobacteria are well capable of alternating the
composition of phycobilins to changes in light quality. Coastal or freshwater cyanobacteria with a low
PUB:PEB ratio are often better in adapting to changes in light quality than cyanobacteria inhabiting the
open ocean with high PUB:PEB ratios (Palenik, 2001). However, this adaptation also takes time because
structures have to synthesize and therefore also costs nitrogen.

Application of the results

Phytoplankton species with cheap pigments in terms of nitrogen synthesize more carotenoids which can
be used in food processing or health care and also contain lipids that can be used to produce biofuels. By
stressing the cells, more of these product are synthesized, however, the total biomass decreases due to
lower growth rates. If pigments from species with expensive pigment-protein structures are of interest,
cells should be exposed to low or moderate light and should have sufficient nitrogen available.
Furthermore, classes with expensive pigment-protein complexes can be used to deplete nutrients from
water and can be used in sustainable waste water treatment plants. This will reduce the N-load in the
environment and limit HABs caused by classes with expensive pigments such as cyanobacteria and
dinoflagellates. Due to increasing temperatures and therefore increased stratification, increased rainfall
and therefore increased N-deposit HABs might increase over the years. Therefore, the possibilities of
limiting the N-load and limiting HABs caused by cyanobacteria and dinoflagellates are of great
importance to investigate.

Further research

This report shows that the effects of light quantity, light quality and nitrogen demand on pigment
composition often coincide in phytoplankton. This raises the question if these similar responses is an
evolutionary adaptation because low nutrient waters are often clear waters with high blue light
availability, or if the absorption of red and low light requires more nitrogen? To this day, little research
has been done on the combined effects of light and nitrogen availibility. So far it is unkown if by
combining these factors their impact on pigments composition is intensified or not. When conducting
future experiments it is recommended to take the availibilty of different chemical forms of nitrogen into
acount since different classes have different preferences. For example, future competition experiment
can be conducted under different light environments with different chemical sources of nitrogen.
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Appendix I The costs of pigment-protein complexes

Appendix IA
g/mol mol protein algae g/mol protein aandeel
C 12 4,43 53,16 53,42670612
H 1 7 7 7,035119316
(o) 16 1,44 23,04 23,15559272
N 14 1,16 16,24 16,32147681
S 32 0,0019 0,0608 0,061105036

The effect of different light and nitrogen availability on the composition of phytoplankton communities
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Appendix IB

molecular mass protein kg proteins

chromo

kg protein per mol

Pigment-protein complex composition complex (g/mol) per mol phores chromophore
peridinin-chlorophyll a-protein (PCP) 2Chl a; 6 peridinin 34688 34.688 8 4.336
fucoxanthin chlorophyll a/c2proteins (FCP: 8 Chl a; 8 Fuco; 2 Chl-c2 36000 36 18 2
violaxanthin—chlorophyll a Chl a; violaxanthin 22000 22 unkown -

LHCaR1 (Rhodophyceae) 8Chla;4Zea 21300 21.3 12 1.775
LHCaR1 (Bacillariophyceae) 7 Chla; 1Chlc;1Fuco; 2diadin 21300 21.3 11 1.936363636
LHCsR3 6Chla;1Chlb; 3 B-car; 1Viox; 2 Lut 25000 25 13 1.923076923
PcbA gene (prochlorococcus) 6 Chl a; 2 pheophytina 38511 38.511 8 4.813875
PcbB gene (prochlorococcus) 16Chla 40737 40.737 16 2.5460625
PcbC gene (prochlorococcus) 14 Chl a; BCar 43000 43 15 2.866666667
PcbD gene(prochlorococcus) 6 Chl a; 2 pheophytin a; B-car 33000 33 9 3.666666667
R -Phycoerythrin (R-PE) a 2 PEB; B 2 PEB; B PUB; y 1PUB; 3y PEB 260000 260 34 7.647058824
B-Phycoerythrin (B-PE) o 2 PEB; B 3PEB; y 2PEB; y 2PUB 260000 260 34 7.647058824
C-Phycoerythrin (C-PE) a 2 PEB; B 3PEB 230000 230 15 15.33
Phycoerythrocyanin (PEC) a PVB; B 2PCB 103000 103 9 11.44
R-Phycocyanin (RPC) o PCB; B PCB; B PEB 130000 130 9 14.44444444
C-Phycocyanin (CPC) a PCB; B 2PCB 120000 120 9 13.33333333
allophycocyanin (APC) o PCB; B PCB 105000 105 6 17.5
FCP1-PSI 252 Chl a; 23 Chl c; 56 Fux; 34 Diax; 1Vio; 21 B-car; 2 MK4 1050000 1050 389 2.699228792
FCP1-PSl-core (minus) 205 Chl a; 13 Chl ¢; 30 Fux; 23 Diax; 1Vio; 20 B-car; 2 MK4 725000 725 294 2.465986395
FCP1-1 8Chl a; 2Chl c; 5 Fux; 2 Diax; 1 B-car 0 18 0

FCP1-2 8 Chla;1Chlc; 3 Fux; 2 Diax 0 14 0

Cr-PE545 6 PEB; 2DBV 52240 52.24 8 6.53
Cr-PES55 6 PEB; 2DBV 44657 44.657 8 5.582125
Cr-PC612 6 PCB; 2DBV 40950 40.95 8 5.11875
Cr-PC645 4 PCB; 2DBV; 2 MBV 53056 53.056 8 6.632
Cr-PC577 6 PCB; 2DBV 50000 50 8 6.25
Cr-PC612 6 PCB; 2DBV 59507 59.507 8 7.438375
peridinin-chlorophyll a-protein (PCP) Il 2Chl a; 6 Per 34000 34 8 4.25

PSI + core Cyanobacteria 96 Chl a; 22 B-car 257161 257.161 118 2.179330508
Starved C-PE 2 PEB 14645 14.645 2 7.3225
Diatom LHC 2Chla;1Chlc;5fux 17750 17.75 8 2.21875
C-PC 18 PCB 214128 214.128 18 11.896
Orange carotenoid protein (OCP) 2 Car 34622 34.622 2 17.311

Red carotenoid protein (RCP) 3'-hydroxyechinenone 16000 16 1 16
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kg N per mol gNpermol molN per mol pdb
chromophore  chromphore |chromophore Source organism found in classes ref reference
0.707699235 707.6992346 50.550 Amphidinium carterae dinoflagellate Haxo et al., (1976); Kamiya & Shen (2003) 2C9E
0.326429536 326.4295362 23.316 Cyclotella meneghiniana diatom and cocco Premvardhan et al., (2000)

0.289706213 289.7062134 20.693 Porphyridium cruentum red algea Grabowski et al., (2001)

0.316043142 316.0431419 22.575 Thalassiosira fluviatilis diatoms Grabowski et al., (2001)

0.313874554 313.8745541 22.420 Chlamydomonas reinhardtii green and brown Bonente et al., (2011)

0.785695492 785.6954919 56.121 MIT 9313 Cyanobacteria  Bibby et al., (2013); Dekker & Boekema, (2005)
0.415555001 415.5550006 29.683 MIT 9313 Cyanobacteria  Bibby et al., (2013); Dekker & Boekema, (2005); Kamiya & She
0.467882335 467.8823353 [33.420 MIT 9313 Cyanobacteria  Rocap et al., (2003); Kamiya & Shen, (2003) TIGR01153
0.59845415 598.4541498 42.747 MIT 9313 Cyanobacteria  Bibby et al., (2013); Dekker & Boekema, (2005)
1.248112933 1248.112933 189.151 Gracilaria chilensis Cyanobacteria  Gantt (1981)

1.248112933 1248.112933 [89.151 Cyanobacteria  Gantt (1981)

2.502626445 2502.626445 178.759 Cyanobacteria  Gantt (1981)

1.867902346 1867.902346 133.422 Cyanobacteria  Gantt (1981)

2.357546651 2357.546651 | 168.396 Cyanobacteria  Gantt (1981)

2.176196908 2176.196908 155.443 Lyngbya Spp. (Marine) and Sp Cyanobacteria  Satyanarayana et al. (2011)

2.856258442 2856.258442 204.018 Cyanobacteria  Marx & Adir (2013)

0.440554001 440.5540014 13.767 Chaetoceros gracilis Diatoms Ikeda et al., (2013)

0.402485398 402.4853976 1 28.749 Chaetoceros gracilis Diatoms Ikeda et al., (2013)

0 0 0.000 Chaetoceros gracilis Diatoms Ikeda et al., (2013)

0 0 0.000 Chaetoceros gracilis Diatoms Ikeda et al., (2013)

1.065792436 1065.792436 |76.128 Chroomonas sp. CS24 cryptophyta Doust et al., 2004

0.911085238 911.0852375 65.078 Hemiselmis andersenii CCMP cryptophyta Harrop et al., (2014)

0.835455594 835.4555943 59.675 Hemiselmis virescens M1635 cryptophyta Harrop et al., (2014)

1.082440342 1082.440342 |77.317 Chroomonas sp. CCMP 270  cryptophyta Harrop et al., (2014) 4LM6
1.020092301 1020.092301 |72.864 Hemiselmis pacifica CCMP 70 cryptophyta McClure et al., (2014); Overkamp et al,. (2014)
1.214052651 1214.052651 86.718 Hemiselmis virescens M1635 cryptophyta Harrop et al., (2014)

0.693662765 693.6627645 49.547 Amphidinium carterae dinoflagellate  Schulte et al., (2008); Sharples et al., (1996)
0.355698924 355.6989236 25.407 Synechococcus elongatus Cyanobacteria  Jordan et al., (2001)

1.19514014 1195.14014  |85.367 Phormidium Tenue Cyanobacteria  Soni et al., (2010) 3MWN
0.362132767 362.1327668 25.867 Phaeodactylm ticornntam  Diatoms Lepetit et al., (2007)

1.941602882 1941.602882 138.686 Thermosynechococcus vulcan Cyanobacteria  David et al., (2014)

2.825410851 2825.410851 201.815 Synechocystis PCC 6803 Cyanobacteria  Wu & Krogmann (1997)

2.61143629 2611.43629 186.531 Arthrospira maxima Cyanobacteria  Chaberaetal., (2011)

8l|Page

The effect of different light and nitrogen availability on the composition of phytoplankton communities



Appendix II The costs of photosynthetic pigment-protein complexes in
terms of nitrogen as a function of the maximum absorption peak.

molN per mol

Pigment-protein complex chromophore AAmax Reference
peridinin-chlorophyll a-protein 50,55 463 Song et al., (1976)
fucoxanthin chlorophyll a/c2 complex (FCPa+b) 23,32 438 Premvardhan et al., (2010)
LHCaR1 (Rhodophyceae) 20,69 470 Grabowski et al., (2001)
LHCaR1 (Bacillariophyceae) 22,57 465 Grabowski et al., (2001)
LHCsR3 22,42 440 Bonente et al., (2011)

PEI 77,72 550 Six et al., (2010)

PEII 77,72 544 Six et al., (2010)

R -Phycoerythrin (R-PE) 89,15 565 Contreras-Martel et al., (2001)
B-Phycoerythrin (B-PE) 89,15 545 Camara-Artigas et al., (2012)
C-Phycoerythrin (C-PE) 178,76 562 Gantt (1981)
Phycoerythrocyanin (PEC) 133,42 568 Bryant et al., (1976)
R-Phycocyanin (RPC) 168,40 617 Wang et al., (2014)
C-Phycocyanin (CPC) 155,44 620 Six et al., (2010)
allophycocyanin (APC) 204,02 650 Gantt (1981)

FCP1-PSI 13,767 440 lkeda et al., (2013)
FCP1-PSI-core (minus) 28,749 470 Ikeda et al., (2013)
Cr-PE545 76,128 545 Doust et al., (2004)
Cr-PE555 65,078 555 Harrop et al., (2014)
Cr-PC612 86,718 600 Harrop et al., (2014)
Cr-PC645 77,317 625 Harrop et al., (2014)
Cr-PC577 72,864 578 McClure et al., (2014)
peridinin-chlorophyll a-protein (PCP) Il 49,547 480 Schulte et al., (2008)
peridinin-chlorophyll a/c-protein (PCP) Il 25,407 440 Kennis et al., (2001)
Starved PE 85,367 557 Soni et al., (2010)

Diatom LHC 25,867 441 Lepetit et al., (2007)

C-PC 138,686 635 David et al., (2014)
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Appendix III Distribution maps of the phytoplankton classes
Chlorophytes, Coccolithophores, cyanobacteria and diatoms
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Appendix IV The average lipid content in percentage dry weight per cell
of cyanobacteria, diatoms, green algae dinoflagellates, coccolithophores,
red algae and green algae

Phytoplankton lipid content (%DW per |Phytoplankton lipid content (%DW per
Class cell) Class cell)
N-replete N-deplete N-replete N-deplete
Cyanobacteria 5 13 Green algae 19 50
7 10 24 42
27 5 18 28
7 21 26
13 29 32
11 31 33
4 2 13 63
Diatoms 22 26 16 57
51 25 18 23
27 26 25 64
33 24 36 18
27 16 22 42
24 28 23 14
28 27 19 10
26 34 15 18
47 27 12 42
40 35 14 35
18 45 13 52
21 51 9 30
16 46 26 41
40 21 46
27 32 18
18 28 21
dinoflagellates 15 17
25 16
20 22
coccolithophores 20 14 12
25 29 12 30
7 14 57
36 13 44
31 9 43
30 9 13
7 15 48,7
11 14 50,3
red algae 11 38,7
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